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Abstract
The endocrine system allows for the communication between the multiple cells
and organs and is comprised of complex network of hormones, hormone recep-
tors, carrier molecules, and signaling pathways. Characteristic of this system is
that hormones generally act on cells that are physically separated from the
secretory cell/gland, often traveling through the circulatory system to reach target
tissues. Hormonal regulation is achieved by the ability of hormones to have
specific biologic activity at their target tissues, important for energy production
and metabolism, somatic growth and development, reproduction, and ability for
the body to respond to internal and external stimuli. These complex interactions
utilize controlled mechanisms of hormone synthesis and secretion and commu-
nication with other signaling molecules. Hormone deficiency or excess can each
result from glandular or extraglandular processes and can be assessed clinically
by laboratory testing that may include provocative testing if indicated.

Keywords
Endocrine • Hormone • Hormone receptor • Signaling

Introduction

The endocrine system refers to the complex, interrelated mechanisms of communi-
cation between cells of an organism. The system is comprised of a diverse series of
signaling mechanisms required for the regulation, processes, and functions required
of multiple organs. Communication in the endocrine system is made possible by
hormones, biologically active chemical substances that are secreted from ductless
glands in the body and circulate through the bloodstream to act on target cells or
organs. The actions of hormones in the endocrine system allow for the exquisite
regulation of energy production and metabolism, somatic growth and development,
reproduction, and responses to internal and external stimuli.

Hormone action can be classified into endocrine, paracrine, and autocrine actions
(Fig. 1). The endocrine action of hormones refers to the transport of hormones in
circulation to exert their metabolic actions at target tissues. Hormones can bind to
carrier proteins in the circulatory system and thus exist in both their unbound (also
termed free) and bound forms. However, in most cases, only the unbound/free
hormone has biological activity. The differential affinity of binding proteins to
hormones enables the precise availability of hormones in circulation and at target
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site(s). Once at their target sites, hormones interact with hormone receptors, proteins
which recognize a unique binding site of the hormone. Hormone receptors facilitate
the transmission of information carried by the hormone to generate a cellular
response. Hormone receptors may be located on the target cell’s surface or intracel-
lularly, the latter which requires a mechanism of entry of the hormone into the cell to
exert its action.

However, some hormones also or exclusively have paracrine actions, in which
hormones are locally secreted to act upon surrounding cells. Examples of paracrine
actions include the release of testosterone by the testes to control spermatogenesis,
insulin-like growth factor in most tissues to control cell proliferation, somatostatin
by the delta cells of the pancreatic islets to inhibit secretion of insulin from the beta
cells and glucagon from the alpha cells, and growth factors in bone. Paracrine factors
are usually produced and secreted in much smaller quantities than hormones which
have endocrine action, given the specificity of the paracrine factor at local tissues and
absence of the need to circulate throughout the body. Finally, a hormone can also act
on its own cell of origin (autocrine action), such as the inhibitory action of insulin on
its own secretion by the pancreatic beta cells.

The ability to achieve high hormone concentrations within a tissue is also
facilitated by local diffusion of the hormone from its site of secretion. One example
is the delivery of testosterone from the Leydig cells of the testes to the adjacent
spermatogenetic tubules. Additionally, the local production of active hormone from
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Fig. 1 Classes of hormone action
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a circulating hormone precursor can increase the intracellular concentration of a
hormone. This is demonstrated by the conversion of testosterone to dihydrotestos-
terone (DHT) in the prostate and the production of 3,5,30-triiodothyronine (T3) from
the deiodination of thyroxine in the pituitary, within the brain, and in other tissues.

The above definitions are adequate to define the concepts of hormones and
receptors in most cases. However, increased understanding of the actions of other
molecules has led to some broadened definitions. Regulatory molecules that mainly
act as neurotransmitters, such as catecholamines and acetylcholine, may also act as
classic hormones. Conversely, small peptides, such as thyrotropin-releasing hor-
mone (TRH) that is produced in the hypothalamus and acts on the anterior pituitary
to release thyrotropin and prolactin, are also found in neurons throughout the body
and can function as neurotransmitters.

The classic endocrine glands, whose primary function is hormone production,
include the thyroid, pituitary, adrenal, and parathyroid glands and the pancreatic
islets. However, not all hormones are produced by pure endocrine glands. The ovary
and testes, which produce the sex hormones, also produce oocytes and sperm. The
brain is a major source for many peptide hormones, including proopiomelanocortin
(POMC), the precursor molecule for corticotropin (ACTH), endorphins, and
melanocyte-stimulating hormone (MSH). Lipotropin is synthesized not only in the
anterior pituitary but also in the placenta and the gastrointestinal tract. Other body
systems that produce hormones, yet while serving other primary functions, include
the heart (which secretes atrial natriuretic factor), the liver (which secretes insulin-
like growth factor-I and angiotensinogen and enables the conversion of thyroxine
(T4) into the metabolically active T3), the kidney (which secretes erythropoietin and
the active form of vitamin D), and the gastrointestinal tract (which secretes gastrin,
cholecystokinin, somatostatin, and other hormones).

Interrelationships with Other Systems

The functions and actions of the endocrine system overlap considerably with the
nervous system and the immune system, which also have key roles in extracellular
communication. Like the endocrine system, the nervous system has evolved to
release regulatory substances from nerve cells that act across synaptic junctions to
transmit a signal to adjacent cells. As noted above, these neurotransmitters may also
function as true circulating hormones, while some hormones also function as
neurogenic mediators in the central nervous system. Thus, if a regulatory molecule
is released into the circulation to act, it is considered a hormone; if it is released from
a nerve terminal to act locally, it is a neurotransmitter. The same regulatory molecule
may therefore be both a hormone and a neurotransmitter.

The hypothalamus serves as a direct connection between the nervous and endo-
crine systems, as the source of both hormones that are stored in the posterior pituitary
and releasing peptides that regulate hormone secretion from the anterior pituitary.
The autonomic nervous system often exerts control over the function of endocrine
tissues. The pituitary, pancreatic islets, renal juxtaglomerular cells, and the adrenal
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gland all respond to neural stimulation. Thus, the same cell can function as both an
endocrine and a neural cell.

The immune system, initially thought to function autonomously, is now known to
be subject to both neural and endocrine regulation. The cytokine regulators of the
immune system are not usually considered hormones, but they clearly fit the
definition as regulatory molecules that are secreted by one cell and influence another
cell. The actions of cytokines are not limited to immunomodulation, as interleukins,
interferons, and tumor necrosis factor produced by the immune system during
systemic illness exert a major influence on hormone metabolism, especially that of
thyroid hormone. Similarly, corticosteroids are major immunomodulators, as are the
metabolic derangements produced by endocrine dysfunction, such as hyperglycemia
in uncontrolled diabetes mellitus. Thus, while the central focus of endocrinology is
on hormones, it is clear that not all hormones belong to the endocrine system and that
there is considerable overlap between the endocrine, nervous, and immune systems.

Classes of Hormones

Hormones can be categorized into three classes according to their major compo-
nents: peptide hormones, amino acid analogues, and steroid hormones (Table 1).

Peptide hormones are the most prevalent and diverse. They include hormones
that are defined by a wide range of sizes, composition, number of chains, modifica-
tion of groups, and mechanisms of production. Some examples are large single-chain
peptides, such as the 192-amino acid growth hormone (GH), the cyclic peptide of
TRH that is comprised of just three amino acids, and prolactin. The anterior pituitary
hormones, thyrotropin (TSH), follicle-stimulating hormone (FSH), and luteinizing
hormone (LH) are glycosylated and consist of two chains each, one of which is
common to all three hormones (α chain), while the other is distinct and confers
specificity to the hormone (β chain). Insulin is comprised of two chains that are
derived from posttranslational cleavage of a single gene product (preproinsulin),
while adrenocorticotropic hormone (ACTH), melanocyte-stimulating hormone
(MSH), and β-endorphin are single-chain proteolytic products of a large precursor
molecule, proopiomelanocortin (POMC).

The amino acid analogue hormones are water-soluble and derived from amino
acids. Specifically, the amines are derived from tyrosine and secreted from the
thyroid (these are termed iodothyronines) and adrenal medulla. The precursor of
the iodothyronines is thyroglobulin, a 660,000-Da glycoprotein that is synthesized
by the thyroid follicular cell containing >100 tyrosine residues. The iodothyronines
are formed by iodination and coupling of two tyrosines and are the only iodinated
compounds with significant biologic activity. In the adrenal catecholamine-secreting
cells, tyrosine is converted sequentially to dopamine, norepinephrine, and epineph-
rine. Serotonin (5-hydroxytryptamine) is derived from tryptophan.

Steroid hormones are derivatives of cholesterol containing a similar core known
as the cyclopentanoperhydrophenanthrene ring. Synthesis of the steroid hormones
occurs as a result of enzymatically induced changes to the cholesterol core. Synthesis
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Table 1 Classes of hormones

Peptide hormones

Small peptides Vasopressin (ADH)

Oxytocin

Melanocyte-stimulating hormone (MSH)

Thyrotropin-releasing hormone (TRH)

Gonadotropin-releasing hormone (GnRH)

Intermediate peptides Insulin

Glucagon

Growth hormone (GH)

Prolactin (PRL)

Parathyroid hormone (PTH)

Calcitonin

Corticotropin (ACTH)

Corticotropin-releasing hormone (CRH)

β-Endorphin
Gastrointestinal peptides

Cytokines

Growth factors

Glycoproteins Proopiomelanocortin (POMC)

Follicle-stimulating hormone (FSH)

Luteinizing hormone (LH)

Thyrotropin (TSH)

Chorionic gonadotropin (CG)

Amino acid analogues

Iodothyronines Thyroxine (T4)

3,5,30-Triiodothyronine (T3)
30,50,3-Triiodothyronine (rT3)

Amines Dopamine

Epinephrine

Norepinephrine

Melatonin

Serotonin

Steroid hormones

Estrogens

Progesterone (P)

Testosterone (T)

Dihydrotestosterone (DHT)

Cortisol

Aldosterone

Vitamin D

Retinoic acid

Prostaglandins
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of the adrenal and sex steroids occurs in the adrenal cortex and testes or ovaries,
respectively.

Hormone-Receptor Binding

Hormone action requires binding of the hormone to a receptor at the target cell. This
allows the hormone to be distinguished from all other substances and to activate a
cellular response upon hormone binding. Further regulation is achieved by a variable
number of hormone receptors per type of target cell. Hormones can be grouped into
two categories according to the location of its receptor at the target cell: on the cell
surface (cell surface receptors) or intracellularly at the level of the nucleus (nuclear
receptors). Most peptide hormones bind to cell surface receptors, while the amino
acid derivatives and steroid hormones are usually ligands for nuclear receptors. In
some instances, mutational changes in the structure of a hormone receptor result in
the constitutive inactivation or activation of the hormone binding, leading to clinical
scenarios of hormone deficiency and excess, respectively.

Hormones Binding to Cell Surface Receptors

Cell surface receptors are glycoproteins that are highly mobile within the plasma
membrane. Hydrophilic portions of the receptor are exposed at the cell surface, while
the hydrophobic portions of the molecule are buried within the lipid bilayer. Cell
surface receptors bind water-soluble hormones, such as peptide hormones, mono-
amines, and prostaglandins. Since these water-soluble hormones are not able to
transverse the lipid bilayer to enter the cell, the cell surface receptor serves to
transmit the hormonal “message” to the interior of the cell. The binding of the
hormone to the cell surface receptor is reversible, allowing the receptor to be
activated repeatedly, although the hormone-receptor complex may also be internal-
ized, thus producing a single response from a single ligand-receptor interaction.
Although there may be a variable number of cell surface receptors, the principal
target tissues for a particular hormone generally contain the largest complement of
receptor molecules and are exposed to the highest concentration of hormone.

The binding of a hormone to a cell surface receptor stimulates a cascade of
complex events through the generation of second messengers. The activation of
protein kinases results in phosphorylations and altered conformation of a diverse
number of molecules, which then produces a series of metabolic effects. Posttrans-
lational modifications of the receptor can affect downstream signaling pathways.
Pathologic factors, such as genetics, autoimmune processes, and exogenous toxin
exposures, may further contribute toward regulation of hormone sensitivity.

Cell surface receptors which trigger intracellular signaling pathways can be
subcategorized by their different molecular mechanisms: ligand-gated ion channels,
receptor tyrosine kinases, receptor serine/threonine kinases, receptor guanylate
cyclase, G-protein-coupled receptors, and cytokine receptors (Fig. 2). The action
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of G-protein-coupled receptors and cytokine receptors depends on the recruitment of
other molecules, while the remaining types of cell surface receptors can also function
as ion channels or enzymes to achieve effector function. Thus, hormones may utilize
a variety of intracellular mediators, and a given hormone may utilize one or more of
these intracellular pathways. The metabolic events regulated by the activation of cell
surface receptors may either be rapid alterations in ion or substrate flux across the
plasma membrane or slower alterations in protein levels by modulation of gene
transcription.

Hormones Binding to Nuclear Receptors

Lipid-soluble hormones are small ligands (molecular mass<1,000 Da) and thus able
to penetrate the plasma membrane to interact with intracellular nuclear receptors,
which are much larger proteins (molecular mass 50,000–100,000 Da) (Fig. 3). The
classic nuclear receptors are those for the thyroid and steroid hormones, the latter
which include aldosterone, cortisol, estradiol, progesterone, and testosterone. Vita-
mins A and D metabolites are other lipophilic signaling molecules that also utilize
nuclear receptors.

While most lipid-soluble hormones enter cells by passive diffusion, the thyroid
hormones utilize active transport proteins, such as monocarboxylate transporter
8 (MCT8), MCT10, and organic anion transporting polypeptide 1 (OATP1C1), to
interact with the thyroid nuclear receptors. Vitamin A is stored in the liver and
metabolized to retinoic acid, which acts as a ligand for the retinoic acid receptor

Receptor 
Kinase

Protein
Kinase

G Protein-coupled 
Receptors

Ligand Gated 
Ion Channels

Second 
Messenger

Ions

Protein
Kinases

Phosphorylation-
mediated Actions

Non Phosphorylation-
mediated Actions

Fig. 2 Cell surface receptor response pathways
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(RARs) in the nucleus, or if converted to its isomer, another nuclear receptor termed
the retinoid X receptor (RXR). Vitamin D3 is produced in the skin as a result of the
action of ultraviolet radiation on 7-dehydrocholesterol. Vitamin D3 is transported to
the liver, where it is converted to 25-hydroxy vitamin D, and then to the kidney
tubule to be converted to its active form, 1,25-dihydroxy vitamin D. This active form
of vitamin D binds to the vitamin D receptor (VDR) that is located in cells of almost
all organs.

Nuclear hormone receptors can also be encoded by more than one gene, such as
thyroid and estrogen; both of these receptors have an α and a β gene. Some receptors
can also mediate the signals of more than one hormone, such as the androgen
receptor that can interact with both DHT and testosterone.

Nuclear receptors bind to lipophilic ligands with high affinity. This binding is
mediated by the C-terminal ligand-binding domain and domains D and E of the
nuclear receptor. Meanwhile, specificity of ligand-receptor binding is accomplished
by binding of the C domain of nuclear receptors to the hormone response element
(HRE) gene sequences of the ligand. Most nuclear receptors bind to HREs as dimers.
As the metabolic effects of these proteins are then produced by the translation
products of the thyroid or steroid hormone-regulated mRNAs, the actions of these
hormones are relatively slow, compared to cell surface receptors.

hormone

nucleus

HRE

transcription -> mRNA -> protein  

Fig. 3 Nuclear receptor signaling pathways
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Roles of Hormones

Hormones have many roles that work together to achieve the exquisite regulation
required of many body processes. This regulation by the endocrine system is often
the result of different mechanisms at many targets, thereby allowing the body to
respond to a diverse variety of concurrent physiologic changes and pathologic
insults. The major body processes regulated by hormones include energy production,
utilization and storage (intermediary metabolism), growth, development, reproduc-
tion, and maintenance of the internal environment (mineral and water metabolism
and cardiovascular effects).

Energy Production

Hormones are the primary mediators of substrate flux and the conversion of food into
energy production. The utilization of glucose and other fuels is regulated by a
number of different hormones. Catecholamines, ghrelin, growth hormone, testoster-
one, and cortisol induce the breakdown of lipids and the hydrolysis of triglycerides
into glycerol and free fatty acids (lipolysis). Glucocorticoids, catecholamines,
growth hormone, cortisol, and glucagon promote hyperglycemia. Consistent with
the occasional need for rapid mobilization of fuels, many of these catabolic hor-
mones exert their actions by the activation of adenyl cyclase. In contrast, insulin and
the insulin growth factors (IGFs) are anabolic hormones and store fuel for later use.
Finally, the thyroid hormones directly affect energy production at the level of the
mitochondria, which have their own specific thyroid hormone receptors.

Intermediary Metabolism, Growth, and Development

Hormones are crucial for normal somatic growth and development. The major
hormones involved in development and growth are thyroid hormone, growth hor-
mone, the sex steroids, insulin, and other growth factors. Thyroid hormone affects
both growth and development and has a particularly critical role in early
neurodevelopment. Growth hormone primarily regulates growth, and the sex ste-
roids mainly regulate sexual development.

Androgens, estrogens, growth hormone, thyroid hormone, and prolactin can act
as growth factors. The action of some of these is reliant on the availability of other
hormones to act as growth factors. One example is growth hormone, which requires
thyroid hormone for its normal synthesis and secretion, in part through the stimula-
tion and action of IGF-1 by thyroid hormone. In contrast, glucocorticoids in excess
and somatostatin inhibit the secretion of growth hormone and TSH.
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Reproduction

Hormonal regulation is essential for normal reproductive processes. Hormones are
required for both the production of ova and sperm from the gonads and the
dimorphic anatomical, functional, and behavioral development of males and females
that is essential for sexual reproduction. Regulation is achieved by the negative
feedback within the hypothalamic-pituitary-gonadal axis. Gonadotropin-releasing
hormone (GnRH) is secreted in pulsatile fashion from the hypothalamus to stimulate
gonadotropin production in the pituitary. The gonadotropins are essential regulators
of ovarian and testicular function and the subsequent secretion of the sex steroids
from the gonads. The sex steroids control functions crucial for pregnancy and for
sexual differentiation and development.

Mineral and Water Metabolism

Aldosterone, parathyroid hormone (PTH), and vitamin D have primary functions in
ion regulation, while vasopressin (also termed antidiuretic hormone, ADH) regulates
water metabolism. These hormones bind to specific receptors at various target
tissues. Aldosterone binds to mineralocorticoid receptors (MRs) located in the
kidney, distal colon, heart, central nervous system (hippocampus), brown adipose
tissue, and sweat glands and is important for the regulation of extracellular volume
and potassium homeostasis. The mineralocorticoid receptor (MR) can be stimulated
by both aldosterone and cortisol. Parathyroid hormone binds to one of the two
parathyroid hormone receptors: parathyroid hormone 1 receptor (PTH1R) is
expressed in bone and kidney to increase serum calcium concentrations, while
parathyroid hormone 2 receptor (PTH2R) is expressed in the central nervous system,
pancreas, testes, and placenta. The nuclear vitamin D receptor (VDR), which binds
1,25-dihydroxy vitamin D, is more diverse and located in cells of almost all organs.
In addition, several other hormones (insulin, glucagon, catecholamines, thyroid
hormone, and glucocorticoids) have secondary effects on water and electrolyte
metabolism.

Cardiovascular Functions

While not usually considered an endocrine organ, the heart, specifically the atria,
produces atrial natriuretic peptide (ANP), which has extensive effects on the cardio-
vascular system. Important to the regulation of water, sodium, and potassium, ANP
acts on the kidneys to decrease extracellular fluid volume, renal arterial pressure, and
urinary potassium excretion.
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Many other hormones also affect cardiovascular function, including catechol-
amines, thyroid hormone, mineralocorticoids, and the sex steroids. Catecholamines
increase pulse, blood pressure, myocardial contractility, and cardiac conduction
velocity. Thyroid hormones have an important role in maintaining heart rate, stroke
volume, peripheral vascular resistance, and cardiac contraction. Mineralocorticoids
maintain fluid and sodium homeostasis that is important within the cardiovascular
system. Finally, the sex steroids have varied roles in cardiovascular health: testos-
terone stimulates the renin-angiotensin-aldosterone system, while estrogen inhibits
this; progesterone has both vasodilatory and vasoconstrictive effects.

Tropic Actions

Some hormones have primary roles to regulate the production of other hormones
(tropic effects), and many of these are produced in and secreted from the anterior
pituitary. TSH regulates thyroid hormone production, LH regulates estrogen pro-
duction in the female and testosterone production in the male, and ACTH regulates
glucocorticoid production in the adrenal gland. These hormones share a similar
mechanism by the activation of adenyl cyclase to increase the rate of hormone
synthesis and secretion. They may also promote cell division to result in enlargement
(hyperplasia) of the target gland.

Hormone Synthesis, Storage, and Secretion

Some hormones are secreted in their active forms, while others later undergo
activation in order to be biologically active. The rates and mechanisms of hormone
synthesis, storage, and secretion are generally different between the peptide and
amine hormones, compared to the steroid hormones.

Peptide and Amine Hormones

Cells that synthesize peptide or amine hormones store the hormones in granules and,
thus, have a readily releasable pool of hormone. Specific subcellular pathways
consist of interactions between the endoplasmic reticulum (ER), Golgi apparatus,
and secretory granules. Upon the appropriate stimulus, the storage granules migrate
to the cell surface and fuse with the plasma membrane, and hormone is secreted into
the extracellular space (exocytosis). In some cells, this process is dependent upon
calcium influx into the cell. In the second pathway of intracellular hormone transport
and secretion, vesicles instead mediate this process and enable the movement of
hormone stored within them toward the cell surface.

In some pathways, the stimulus for hormone release also induces synthesis of new
hormone, resulting in a biphasic secretion pattern. There is an early release of
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preformed hormone from secretory vesicles, followed by release of newly synthe-
sized hormone.

Steroid Hormones

The release of steroid hormones provides the stimulus for increased synthesis of
hormone. Secretion of steroid hormones follows simple bulk transfer pathways
involving concentration gradients into the circulation. While the tropic hormones
from the anterior pituitary are secreted in the microgram range, their corresponding
peripheral hormone levels are usually produced in milligram amounts and have
much longer half-lives. The classic steroid hormones are the thyroid hormones and
corticosteroids (aldosterone, cortisol, estradiol, progesterone, and testosterone).

Thyroid hormone synthesis requires the uptake on iodine from circulation into the
thyroid follicular cell. Iodine is transferred to the follicular lumen and becomes
oxidized by thyroid peroxidase for the iodination of thyroglobulin to form the
thyroid hormone precursors, MIT and DIT. Stimulation of the thyrocyte by TSH
results in proteolysis of thyroglobulin and release of the thyroid hormones, T3 and
T4, into circulation. However, despite a large amount of preformed hormone stored
in the thyroid gland, secretion of thyroid hormone does not respond as quickly to the
stimulus, in contrast to the peptide and amine hormones.

The corticosteroids are synthesized from cholesterol within the zona glomerulosa
of adrenal cortical cells. Low-density lipoprotein (LDL) binds to LDL receptors on
the cell surface of adrenal tissue, then undergoes endocytosis, and fuses with
lysozymes to produce cholesterol. Cholesterol can also be synthesized within the
adrenal cortex or be derived from other lipid subfractions. Cholesterol then
undergoes various hydroxylations, methylations, and demethylation processes that
ultimately result in the production of glucocorticoids, androgens, estrogen, and their
derivatives. Most of the steroidogenic synthetic actions are mediated by cytochrome
P450 enzymes.

Rates of Hormone Secretion

The secretion rates of hormones are dependent on usually multiple signals, including
nutrient intake, stress, and adrenergic pathways. Pathways are interconnected with
and adapt to the local environment. In general, only limited quantities of hormones
are stored within the body, and even stores of peptide hormones are depleted within
hours to days. Most peptide hormones are secreted in episodic bursts at irregular
intervals on daily, hourly, or minute-by-minute frequencies.

The pattern of secretion of some hormones is dependent on local stimuli. Sleep-
related release occurs with many hormones, including growth hormone (mostly
secreted during slow-wave sleep) and prolactin from the anterior pituitary. Other
hormones are subject to circadian variation (which is dependent on environmental
cues, primarily light exposure), such as ACTH, and subsequent cortisol, secretion.
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Insulin is secreted upon nutrient intake and other signals. Prolactin secretion is
relatively tonic, but peaks in episodic bursts when prompted by suckling. Parathy-
roid hormone secretion is stimulated by decreasing serum calcium concentrations.
The frequency of pulses of secretion of some of the tropic hormones, such as the
gonadotropins, determines whether these hormones will be stimulatory or inhibitory.

Ultimately, the rate of release of hormone is determined by its rate of synthesis.
Two exceptions are thyroid hormone and vitamin D. Both hormones are stored in
large amounts, providing a safeguard against long periods of iodine deficiency or
absence of sunlight exposure, respectively. The thyroid gland contains an approxi-
mate 2-month supply of stored thyroid hormone for this purpose.

Transport of Hormones

For the most part, hormones must be transported some distance to their target organs.
Thus, they must be synthesized in relatively higher concentrations, compared to their
requirement at target cells. The primary transport medium is the plasma, although the
lymphatic system and the cerebrospinal fluid are also important. Since delivery of
the hormone to its target tissue is required before a hormone can exert its effects, the
presence or absence of specific transport mechanisms plays a major role in mediating
hormonal action.

The water-soluble hormones (peptide hormones, catecholamines) are transported
in plasma in solution and require no specific transport mechanism. Because of this,
the water-soluble hormones are generally short-lived, circulating in the plasma in
concentrations in the femtomolar range. These properties allow for rapid shifts in
circulating hormone concentrations, which is necessary with the pulsatile tropic
hormones or the catecholamines. This is consistent with the rapid onset of action
of the water-soluble hormones.

The lipid-soluble hormones (thyroid hormone, steroids) circulate in the plasma
bound to specific carrier proteins. This ensures the appropriate distribution of the
water-insoluble ligands and prevents the loss of the hormones through urine or bile
excretion routes. Many of the proteins have a high affinity for a specific hormone,
such as thyronine-binding globulin (TBG), sex hormone-binding globulin (SHBG),
and cortisol-binding globulin (CBG). Nonspecific, low-affinity binding of these
hormones to albumin also occurs.

Carrier proteins act as reservoirs of hormone, resulting in picomolar to micromo-
lar circulating hormone concentrations. Since it is generally believed that only the
free hormone can enter cells and, thus, can exert its biological actions, a dynamic
equilibrium must exist between the bound and free hormone. The protein-bound
hormones are in rapid equilibrium with the unbound, or free, fractions, thus ensuring
the immediate availability of the free hormones to target cells. Thus, alterations in
the amount of binding protein available or in the affinity of the hormone for the
binding protein can markedly alter the total circulating pool of hormone without
affecting the free concentration of hormone.
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Carrier proteins act as buffers to both blunt sudden increases in hormone con-
centration and diminish degradation of the hormone once it is secreted. The half-life
of hormones that utilize carrier proteins is thus longer than those that are not protein
bound. Indeed, carrier proteins have a profound effect on the clearance rate of
hormones; the greater the capacity for high-affinity binding of the hormone in the
plasma, the slower the clearance rate. In some instance, the carrier proteins allow
slow, tonic delivery of the hormone to its target tissue. This is consistent with the
slower onset of action of the lipid-soluble hormones.

Hormone Metabolism

Clearance of hormones from the circulation plays a critical role in the modulation of
hormone levels in response to varied physiologic and pathologic processes. The time
required to reach a new steady-state concentration in response to changes in hor-
mone release is dependent upon the half-life of the hormone in circulation. Thus, an
increase in hormone release or administration will have a much more marked effect
if the hormone is cleared rapidly from the circulation as opposed to one that is
cleared more slowly.

Hormone metabolism is also linked to the processes that they regulate. For
example, insulin and catecholamines participate in rapid cellular responses, and
their short half-lives facilitate the wide swings in their levels that are essential for
their regulatory actions. Conversely, hormones that participate in transcriptional
regulation control more long-term cellular responses; their longer half-lives buffer
rapid fluctuations in free hormone levels. Most peptide hormones have a plasma
half-life measured in minutes, consistent with the rapid actions and pulsatile nature
of secretion of these hormones.

Rapid clearance of hormone is achieved by the lack of protein binding in the
plasma, degradation or internalization of the hormone at its site of action, and ready
clearance of the hormone by the kidney. Binding to serum proteins markedly
decreases hormone clearance, as is observed with the steroid hormones and the
iodothyronines. Metabolism of the steroid hormones occurs primarily in the liver by
reductions, conjugations, oxidations, and hydroxylations that serve to inactivate the
hormone and increase their water solubility, facilitating their excretion in the urine
and the bile. Metabolic transformation also may serve to activate an inactive
hormone precursor, such as the deiodination of thyroxine to form T3 and the
hydroxylation of vitamin D at the 1 and 25 positions.

Hormone metabolism is not as tightly regulated as hormone synthesis and release.
However, alterations in the metabolic pathways may be clinically important. Drugs
that increase activity of the liver P450 enzymes, such as phenytoin, rifampin,
carbamazepine, and large doses of barbiturates also increase the turnover of steroid
and thyroid hormones and may expose latent adrenal insufficiency or decreased
thyroid reserve. More commonly, the administration of these drugs may require
increases in the dose of steroids or thyroid hormone administered to achieve the
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same effect. Thus, large doses of barbiturates may decrease the effectiveness of oral
contraceptives.

Alterations in the binding capacity of serum transport proteins also alter the
dynamic equilibrium between bound and free hormone, leading to changes in
hormone release or replacement requirements. For example, the estrogen-induced
increase in TBG may be one possible explanation for the frequently observed
increase in the administered dose of L-thyroxine required in the pregnant patient
with hypothyroidism. Finally, starvation and illness markedly inhibit the activity of
the 50-deiodinase in the liver. This results in decreased serum T3 concentrations due
to the impaired production of T3 from T4 and increased concentrations of the
metabolically inactive 3,30,50- triiodothyronine (reverse T3) due to decreased clear-
ance. This may be a physiologic response to conserve the body’s energy stores.

Regulation of Hormone Secretion

A distinguishing characteristic of endocrine systems is the feedback regulation of
hormone production. Two major influences that are essential to feedback control of
hormone secretion are input from higher neural centers and changing plasma levels
of hormone or other substances. These regulatory networks allow (1) hormone
levels, and subsequent hormone action, to be controlled within relatively narrow
parameters in the basal state, (2) the establishment of circadian rhythms for hormonal
secretion, and (3) the stimulation or inhibition of hormone secretion in response to a
variety of sensory inputs.

The classic paradigm for feedback regulation is the hypothalamic-pituitary-target
gland axis, where the target gland is either the thyroid, adrenal, or the gonads

Hypothalamus 

Pituitary

Endocrine Gland

releasing hormone

trophic hormone

hormone

Target Tissues

(-)

(-)

Fig. 4 Feedback regulation
of the hypothalamic-pituitary-
target gland axis
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(Fig. 4). Neural input from higher centers lead to the secretion of a releasing factor
from the hypothalamus that acts upon the pituitary to release a tropic hormone. The
tropic hormone then stimulates hormone production and release from the target
gland. The increase in circulating hormone levels then inhibits further production
of the hypothalamic releasing factor, the tropic hormone, or both. Other factors that
exert feedback regulation on hormone production include ions (i.e., the effect of
calcium on PTH secretion), metabolites (glucose on insulin and glucagon secre-
tions), and osmolarity and fluid volume (vasopressin, renin, and aldosterone).

While most examples of feedback regulation are inhibitory, positive feedback
systems also exist. Oxytocin release is stimulated by uterine contractions, which, in
turn, stimulates further uterine contractions. The result of this positive feedback loop
is eventual expulsion of the newborn from the uterus. During the menstrual cycle,
the gonadotropins are subject to both positive and negative control. In general,
estradiol exerts a negative influence on gonadotropin secretion. However, during
the late follicular phase, estradiol concentrations reach a critical level and trigger the
LH and FSH surges, leading to ovulation.

Disorders of the Endocrine System

The clinical consequences of dysfunction of the endocrine glands are primarily those
associated with hormone deficiency or excess. The disorders that produce these
clinical syndromes are diverse and occur by a variety of mechanisms. These include
abnormalities with the endocrine glands themselves, including genetic defects,
ectopic production of hormones, abnormal conversion of prohormones to their active
form, diminished or enhanced response of target tissues to hormones, and iatrogenic
factors. The few disorders of the endocrine glands that do not involve altered
hormone secretion include simple goiter in the thyroid and nonfunctioning adeno-
mas or carcinomas, which may occur at all endocrine glands.

The negative feedback regulation of many of the endocrine glands allows diag-
nosis of both overt dysfunction, which is often clinically apparent, and subclinical
dysfunction, the management of which is often controversial. In addition, measure-
ment of the levels of the components of the feedback loop will also provide
information about the location of the abnormality. In the classical example of
negative feedback involving the pituitary trophic hormones and the hormones
secreted by the peripheral glands (thyroid, adrenal, testis), decreased peripheral
hormone levels and increased pituitary hormone levels are consistent with primary
gland deficiency, which is the typical cause of hormone deficiency. Conversely, if
both the pituitary and peripheral hormones are low, a central (pituitary, hypothala-
mus) source is the likely cause of the deficiency. In the case of hormone excess,
suppressed pituitary hormone levels indicate primary gland hyperactivity, while
increased pituitary hormones suggest pituitary hypersecretion, a far less common
condition. A similar example is seen with the PTH-calcium axis. Thus, the labora-
tory plays a significant role in the evaluation of endocrine dysfunction.
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Hormone Deficiency Syndromes

Gland Dysfunction
The most common cause of hormone deficiency is autoimmune destruction of
endocrine tissue. All endocrine glands are susceptible to autoimmune involvement,
and some syndromes include dysfunction of more than a single gland.

Endocrine glands also may be injured or destroyed by infectious agents (tuber-
culosis of the adrenals), infection or hemorrhage (postpartum necrosis of the pitui-
tary and adrenal hemorrhage), chemical or radiation exposure (testicular damage
with chemotherapy, hypothyroidism after mantle irradiation for lymphoma, and, less
commonly, hypopituitarism after brain irradiation), space-occupying lesions (hypo-
pituitarism due to craniopharyngioma), primary or secondary neoplasia, or surgical
removal.

Defects in embryogenesis can lead to absence or malformation of the endocrine
glands, as seen with thyroid agenesis, sublingual thyroid, and chromosomal abnor-
malities leading to gonadal dysgenesis or agenesis (Turner’s syndrome) or
hyalinization of the seminiferous tubules and decreased testosterone production
(Klinefelter’s syndrome). Alternatively, gland development may be normal, but an
enzyme necessary for hormone production may be absent, as in congenital adrenal
hyperplasia and some forms of congenital goiter.

Finally, hormone production may be diminished or absent due to lack of a nutrient
or an environmental factor, such as iodine-deficient goiter or vitamin D deficiency
due to lack of exposure to sunlight or malabsorption.

Extraglandular Dysfunction
Extraglandular disorders can also result in hormone deficiency. These processes
include the defective conversion of a prohormone to its active form (e.g., impaired
conversions of 25-hydroxy vitamin D to 1,25-dihydroxy vitamin D in vitamin
D-dependent rickets and chronic renal failure and absent or dysfunctional
5-α-reductase, which converts testosterone to dihydrotestosterone, resulting in
androgen deficiency).

There may also be enhanced degradation of the hormone to result in hormone
deficiency. Enhanced degradation of hormone usually affects the response to exog-
enously administered hormone, as in the phenytoin-induced increase in metabolism
of steroid hormones in patients with adrenal insufficiency or L-thyroxine in patients
with hypothyroidism, the increased metabolism of T3 and T4 in individuals with
tumors expressing high levels of the iodothyronine deiodinase type
3 (D3) (consumptive hypothyroidism), and the unmasking of Addison’s disease by
the administration of thyroid hormone in individuals with Hashimoto’s thyroiditis
(Schmidt’s syndrome).

Finally, a target tissue may be unable to respond to a hormone (hormone
resistance). This may be due to either dysfunction or absence of hormone receptors
or the production of substances that block access of the hormone to its receptor.
Hormone resistance produces a clinical picture of hormone deficiency in the pres-
ence of normal or supernormal hormone secretion or administration.
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Other examples of hormone resistance include those to a G-protein subunit α
receptor (pseudohypoparathyroidism type 1A), GH receptor (Laron syndrome),
insulin receptor (as in type 2 diabetes mellitus), TSH receptor (thyroid hormone
resistance), and androgen receptor (androgen insensitivity syndrome). Albright and
his colleagues first recognized hormone resistance in their characterization of
pseudohypoparathyroidism in 1942. This disorder is now known to be a result of
altered receptor signaling due to absent or subnormal amounts of a G-protein subunit
which couples hormone-receptor binding to the activation of the catalytic subunit of
adenyl cyclase. These individuals have hypocalcemia in the presence of high
circulating levels of PTH. Presently, the most common disorder of hormone resis-
tance occurs in obese patients with type 2 diabetes mellitus. The pathogenesis of this
disorder is multifactorial and includes abnormal downregulation of the insulin
receptor as well as post-receptor defects. The absence of one or more of the thyroid
hormone-receptor isoforms has been described in patients with generalized thyroid
hormone resistance. Familial resistance to TSH, due to point mutations in the TSH
receptor, the production of biologically less active TSH, or as yet undetermined
abnormalities, may result in elevated serum TSH and normal or even low serum
thyroid hormone concentrations. In androgen insensitivity syndrome, the absence of
testosterone receptors results in female development, despite a 46XY karyotype and
high circulating testosterone concentrations.

Finally, receptor antibodies may also rarely produce clinical hormone deficiency
in the presence of elevated hormone concentrations and normal hormone receptors,
as in rare forms of diabetes mellitus due to antibodies to the insulin receptor and
hypothyroidism due to TSH receptor-blocking antibodies.

Hormone Excess Syndromes

Gland Dysfunction
Hyperfunctioning tumors of endocrine glands are usually well-differentiated adeno-
mas which usually manifest clinically as excess hormone production. Despite their
benign histopathology, endocrine adenomas can cause serious morbidity and mor-
tality due to their excessive hormone secretion. A pheochromocytoma may cause
death due to a catecholamine-induced hypertensive crisis. Acromegaly (due to
excess growth hormone) and Cushing’s disease (due to excess cortisol) may cause
physical deformity, organ damage, and potentially lethal cardiovascular and meta-
bolic perturbations. A pituitary macroadenoma, even though nonfunctional (not
producing hormones), may cause visual loss due to damage of the optic chiasm
caused by suprasellar extension and increased tumor growth.

More rarely, endocrine cells that continually produce excessive amounts of
hormone can be also hyperplastic or neoplastic. While an autonomously functioning
tumor (adenoma) is made up of a subset of cells in an endocrine gland, hyperplasia
involves all of the cells in the gland. A potential mechanism for hyperplasia is the
abnormal set point for the negative feedback control of hormone secretion, resulting
in excess secretion of the tropic hormone and excess production of the target gland
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hormones. Examples of hyperplasia are hyperparathyroidism secondary to the
chronically low serum calcium concentrations, as seen in end-stage renal disease
(tertiary hyperparathyroidism), bilateral adrenal hyperplasia secondary to excess
ACTH stimulation, and thyroid hyperplasia (goiter) in response to TSH stimulation
among iodine-deficient individuals. The clinical syndromes caused by excess hor-
mone production due to an autonomously functioning adenoma are often indistin-
guishable from that caused by gland hyperplasia.

Finally, virtually all endocrine cells have the potential to lose their responsiveness
to normal regulatory mechanisms and undergo neoplastic change. Hormone-
secreting carcinomas, while rare, can be lethal despite the presence of a hormone
marker, as in adrenal and parathyroid carcinoma.

Extraglandular Dysfunction
Non-endocrine tumors, mainly carcinomas, can occasionally produce hormones in
excess and present as an endocrine disorder. In most cases, the hormones produced
ectopically are those that arise from a single gene, such as ACTH, PTH, erythropoi-
etin, growth hormone, and serotonin. While a large number of non-endocrine cells
can produce hormones, ectopic hormone production is primarily associated with
APUD (amine precursor uptake and decarboxylation) cells. These cells are found in
small cell lung carcinomas, carcinoid tumors, thymomas, and hormone-secreting
tumors of the gastrointestinal system, among others.

Gland hyperplasia can occur in the absence of intrinsic glandular dysfunction if
the hyperfunctioning gland is reacting appropriately to another stimulus. In Graves’
disease, hypersecretion of thyroid hormone is caused by an antibody that binds to
and activates the TSH receptor on the thyroid follicular cells. The chronic stimula-
tion of the thyroid leads to follicular cell hyperplasia and hyperthyroidism.

While hormone resistance usually produces a clinical picture of hormone defi-
ciency in the setting of hormone hypersecretion, thyrotoxicosis due to pituitary
thyroid hormone resistance has also been described. The only abnormal or deficient
T3 receptors are located in the pituitary in this disorder, making the pituitary resistant
to the inhibitory feedback inhibition of T3. Most cases of thyroid hormone resistance
are caused by mutations in the thyroid hormone-receptor β (THRB) gene, although
in the past decade, novel mutations in also the thyroid hormone receptor α (THRA)
gene have also been identified in a few individuals.

Not all causes of hormone excess syndromes are due to hyperfunctioning glands
or tumors. Leakage of preformed thyroid hormone into the circulation following
acute destruction of thyroid follicles may also produce thyrotoxicosis, whether due
to a virus (e.g., subacute thyroiditis), an autoimmune-mediated process (e.g., post-
partum thyroiditis), or manipulation of the neck, such as in rare cases following
parathyroid or other neck surgery. In contrast to autonomous adenomas and hyper-
plasia, these disorders are usually transient.

Hormone excess states can also occur by the administration of supraphysiologic
doses of hormones, both as overreplacement of a primary hormone-deficient disor-
der and as treatment of a non-endocrine disorder. Cushing’s syndrome due to
pituitary or adrenal dysfunction is relatively rare, while iatrogenic Cushing’s
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syndrome is more common due to the widespread use of corticosteroids as thera-
peutic agents. Rarely, the administration of a nonhormonal substance can have
hormonal effects, as in the case of licorice ingestion producing a syndrome indis-
tinguishable from primary hyperaldosteronism and exposure to supraphysiologic
doses of iodine resulting in iodine-induced thyrotoxicosis.

Evaluation of the Endocrine System

Clinical Evaluation

The evaluation of the endocrine patient, as with any medical patient, begins with the
history and physical exam. Consistent with the systemic nature of endocrine disor-
ders, all organ systems may be affected, some to a greater degree than others. Many
signs and symptoms of hormone excess or deficiency, especially in long-standing or
advanced cases, are readily apparent at the time of initial presentation. More often,
the clinical presentation is subtle, and the use of laboratory testing is necessary to
make a diagnosis.

However, with the advent of sensitive hormone assays, the concept of subclinical
disease, defined as abnormal hormone levels in the absence of clinical symptoms or
signs, relies exclusively upon the laboratory to establish a diagnosis. The presenting
signs and symptoms of many endocrine disorders are sufficiently vague as to include
endocrine dysfunction in the differential diagnosis of many common problems, such
as weakness, fatigue, weight loss or gain, hypertension, and diarrhea or constipation.
Furthermore, endocrine disorders may be secondary to other medical disorders that
dominate the clinical presentation.

Laboratory Evaluation

The biochemical assessment is an integral part of the evaluation of an endocrine
disorder. Assays are currently available to measure most, if not all, of the clinically
important hormones. However, measurements must be obtained with regard to an
understanding of their variability in relation to fasting status, environmental stress,
age, gender, diurnal pattern, and pulsatility.

Immunoassays are the most common measurement techniques utilized by com-
mercial laboratories. Using this technique, hormones are measured by assessing the
ability of the hormone in the sample to compete with a known amount of labeled
hormone for binding to a hormone-specific antibody. The initial assays utilized
radioactive labeling of hormones for quantification (radioimmunoassay, RIA), but
recently nonradioactive labels (such as enzymes in enzyme-linked immunosorbent
assays [ELISA]) are being used that increase the sensitivity of the assay. Other
techniques utilized for measurement of hormones include high-performance liquid
chromatography (HPLC) and mass spectrometry (MS). The sensitivity and
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specificity of these various measurement techniques, particularly in relation to other
coexisting clinical factors, influence their applicability.

Concentrations of free hormones can be measured or estimated by several
methods. The most accurate method is by physically separating the free from the
bound hormone, as is done by equilibrium dialysis, and measuring the free hormone
directly. However, this is not routinely done due to the time-consuming, labor-
intensive process required. Alternatively, measurement of the serum binding proteins
will allow an estimate of free hormone. This may be done by direct measurement of
the serum binding proteins or an indirect measurement achieved by assessing the
saturation of the binding proteins. The latter approach is used frequently in the
determination of free thyroid hormone concentrations.

In some instances, measurement of urinary hormones or metabolites may give an
assessment of overall hormone production, particularly with hormones in which the
plasma levels are subject to frequent variations, such as catecholamines and cortisol.

In hormone excess disorders where there is potentially more than one site of
excess hormone secretion, plasma measurements of the specific hormone(s) do not
define the site(s) of the excess production and are thus of limited utility. Measure-
ment of hormone levels in samples obtained by cannulation of the venous outflow of
a gland allows the termination of the site of hormone secretion. This is useful, for
example, in evaluating adenoma vs. hyperplasia as the cause of hyperaldosteronism
and in differentiating between Cushing’s disease (pituitary ACTH secretion) and
ectopic ACTH secretion. The use of imaging techniques such as magnetic resonance
imaging (MRI), computerized tomography (CT), and specific isotope localization
studies is often helpful in defining the tumor site.

Finally, common screening laboratory tests have identified some endocrine dis-
orders before clinical symptoms arise. One example is the routine measurement of
serum calcium in many patients, which has essentially eliminated the presentation of
patients with advanced hyperparathyroidism. This practice has also resulted in
identifying a large asymptomatic population of patients with primary hyperparathy-
roidism, some of whom may never manifest clinical symptoms associated with the
disease.

Provocative Testing

Provocative testing in endocrinology is a means to assess the ability of an endocrine
gland to dynamically respond to regulatory factors. It is especially useful when the
static plasma or urinary levels are borderline abnormal. In the case of suspected
hypofunction or decreased hormonal reserve, an agent is administered to stimulate
hormone production and release. The ACTH stimulation test measures the cortisol
response to an intravenous administration of a synthetic fragment of ACTH and is
helpful in the evaluation of adrenal insufficiency, especially due to ACTH defi-
ciency. Insulin-induced hypoglycemia, intravenous arginine infusion, and exercise
are provocative tests to assess for growth hormone reserve. GnRH and TRH
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administration assess pituitary reserve for gonadotropin and thyrotropin secretion,
respectively.

In suspected cases of excess hormone production, agents that instead suppress
hormone secretion are used. The oral glucose tolerance test is useful in suppressing
growth hormone secretion in the evaluation of acromegaly. Variations of the dexa-
methasone suppression test are used to determine the etiology of Cushing’s syn-
drome, whether the defect is in the pituitary or hypothalamic or adrenal or rarely an
ectopic ACTH-secreting tumor.

Summary

In this introduction, we have laid the foundation regarding the principles of endo-
crinology that will be detailed in the subsequent chapters of this book. These general
principles are essential toward the examination of normal physiology or an evalua-
tion of endocrine dysfunction. This solid understanding of endocrine pathophysiol-
ogy provides a rational approach to the patient with endocrine disease and allows for
a logical, cost-effective evaluation.
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Synthesis, Secretion and Transport of
Peptide Hormones

Noemi Malandrino and Robert J. Smith

Abstract
Peptide hormones are composed of polypeptide chains with a size ranging from
three to hundreds of amino acids. Peptide hormone synthesis involves several
steps occurring in the nucleus and cytoplasm of secretory cells, including gene
transcription into the precursor nuclear ribonucleic acid, posttranscriptional mod-
ifications of the precursor messenger ribonucleic acid transcript, translation of the
mature messenger ribonucleic acid, and cotranslational and posttranslational
modifications of the hormonal peptide. Synthesis of peptide hormones is regu-
lated at one or more of the above-mentioned biosynthetic steps in order to meet
the secretory requirements of endocrine glands. Once they are synthesized,
peptide hormones are packaged into secretory granules until appropriate stimuli
result in their secretion into the extracellular space. Secretion is not uniform, but
rather follows pulsatile patterns and rhythmic changes which, in association with
feedback mechanisms, ensure that hormone production is adequate and prevent
the excessive release of hormones. Most peptide hormones are water soluble and
therefore do not require carrier proteins to circulate in the blood stream. This
property results in rapid hormone degradation by plasma proteases and a shorter
half-life and duration of action compared to other types of hormones, such as
steroid and thyroid hormones.
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General Characteristics of Peptide Hormones

Peptide hormones are molecules that have as their core structure one or more
polypeptide chains ranging from three to hundreds of amino acids in size. The
number of different peptide hormones exceeds that of the other major hormone
classes, i.e., steroid and amine hormones. Peptide hormones can be synthesized and
secreted by specialized cells of endocrine glands or by cells within tissues or organs
whose main function is not the synthesis of hormones, e.g., gut, heart, kidneys, and
adipose tissue (Table 1). After their synthesis, peptide hormones are stored in
membrane-bound secretory vesicles, thus enabling their rapid secretion and onset
of action when required. Once secreted, most peptide hormones are not bound to
carrier proteins in the circulation. Thus, they are subject to rapid degradation by
serum proteases, resulting in shorter half-life and duration of action compared to
steroid hormones (Pocock et al. 2013).

Peptide hormones are water-soluble and, unlike steroid hormones, do not readily
cross hydrophobic cell membranes. Most peptide hormones exert their actions by
binding to specific receptors located on the surface of target cells. The binding of
peptide hormones to the extracellular domain of plasma membrane receptors induces
the initiation of intracellular signal transduction processes, leading to the opening of
ion channels and/or activation of enzymes involved in the production of second
messengers and phosphorylated proteins causing specific cellular responses (Pocock
et al. 2013). A small number of peptide hormones, including epidermal growth
factor, the parathyroid hormone-related protein, and possibly to some extent other
hormones, are able to transmit signals by interacting with intracellular cytoplasmic
or nuclear receptors through an intracrine mechanism (Re 1999).

This chapter will review the processes involved in the synthesis, secretion, and
transport of peptide hormones, which, due to the specific characteristics of this
category of hormones, differ from the mechanisms occurring for steroid and amine
hormones.
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Table 1 Examples of human peptide hormones and their sites of synthesis

Site of synthesis Hormone

Hypothalamus Arginine vasopressin

Corticotropin-releasing hormone

Growth hormone-releasing hormone

Gonadotropin-releasing hormone

Oxytocin

Prolactin-releasing hormone

Somatostatin

Thyrotropin-releasing hormone

Anterior pituitary Adrenocorticotropin hormone

Follicle-stimulating hormone

Luteinizing hormone

Growth hormone

Prolactin

Thyroid-stimulating hormone

Parathyroid glands Calcitonin

Parathyroid hormone

Heart Atrial natriuretic peptide

Gastrointestinal tract Cholecystokinin

Gastrin

Ghrelin

Glucagon-like peptides

Glucose-dependent insulinotropic polypeptide

Obestatin

Oxyntomodulin

Secretin

Liver and multiple other tissues Insulin-like growth factor-1

Pancreas Glucagon

Insulin

Amylin

Pancreatic polypeptide

Somatostatin

Vasoactive intestinal peptide

Kidneys Erythropoietin

Renin

Adipose tissue Adiponectin

Leptin

Resistin
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Synthesis of Peptide Hormones

Peptide hormones typically are produced by secretory cells containing substantial
amounts of rough endoplasmic reticulum (RER) and Golgi sacs, which represent the
sites where peptide hormones are synthesized and packaged. These cells contain often
highly abundant secretory vesicles, which are formed from the Golgi apparatus and store
the synthesized hormones prior to their secretion in response to appropriate stimuli.

Most peptide hormones are composed of a single amino acid chain or the
association of two or more peptide subunits encoded by a single gene. Conversely,
some glycosylated (glycoprotein) peptide hormones, e.g., follicle-stimulating
hormone (FSH), luteinizing hormone (LH), chorionic gonadotropin (hCG), and
thyroid-stimulating hormone (TSH), consist of two noncovalently linked subunits
encoded by separate genes on separate chromosomes (Gharib et al. 1990). While
each individual peptide hormone has a distinct profile of molecular actions and
physiological functions, many peptide hormones are recognized to belong to families
that share genetic and peptide structural homologies in sites that are essential for
aspects of their conformation and biological activity. Examples include the growth
hormone family (growth hormone (GH), placental lactogen, and prolactin) (Cooke
et al. 1980), the glycoprotein hormone family (FSH, LH, hCG, and TSH) (Gharib et al.
1990), and the insulin-insulin-like growth factor family (insulin, IGF-1, and IGF-2)
(Blundell and Humbel 1980). The homologies in these peptide hormone families are
thought to reflect their evolutionary emergence from a common ancestral gene.

The synthesis of peptide hormones often involves several steps occurring in the
nucleus and cytoplasm of secretory cells. These steps include:

1. Gene transcription to form the precursor heterogeneous nuclear ribonucleic acid
(hnRNA)

2. Posttranscriptional modifications of the hnRNA transcript
3. Translation of the mature messenger RNA (mRNA) into the encoded peptide

chain
4. Cotranslational and posttranslational modifications of the peptide chains

Gene Transcription

The first stage in the synthesis of peptide hormones is the transcription of the genetic
information contained in double-stranded deoxyribonucleic acid (DNA) to generate
a single-stranded precursor RNA molecule, designated hnRNA. This process is
mediated by the enzyme RNA polymerase II.

The regulation of gene transcription is an important determinant of the level of
gene expression. As is the case for other structural genes, the genes encoding peptide
hormones have both coding and regulatory regions. The coding regions consist of
exons containing nucleotide sequences that are conserved in the mature mRNA, and
intron sequences that are excised during posttranscriptional modifications of
the hnRNA in the nucleus. The most important regulatory regions are located in
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a 50-flanking region positioned immediately upstream of the first transcribed nucle-
otide, and include a promoter region, which is necessary for the accurate initiation
and efficiency of transcription. Two functional domains are found in the promoter.
The first consists of an initiator element, which includes the transcription start site
and a TATA box, located 25–35 nucleotides upstream of the transcription start site.
This domain is required for the correct initiation of transcription. The second
domain, located immediately upstream of the transcription start site, contains regu-
latory sequences that play a pivotal role in determining the rate of transcription.
These sequences, denoted cis-acting regulatory elements, interact with transcription
factors, which are generally encoded by different genes and defined as trans-acting
factors. Another group of regulatory elements, called enhancers, are usually located
further upstream or downstream of the promoter region. The response elements are
additional cis-acting elements found in the promoter regulatory regions, which serve
as binding sites for multiple factors including hormones, resulting in the promotion
or suppression of transcription of the genes they regulate.

The interaction of the TATA box with specific transcription factors (i.e., TFIID,
TFIIA, TFIIB, TFIIF, TFIIE, TFIIH, TFIIJ) leads to the formation of a preinitiation
complex, which regulates the correct initiation of transcription. After the pre-
initiation complex is formed, the trans-acting factors bind to the regulatory elements
and contact the preinitiation complex with resulting increased or decreased
transcription.

Once transcription of an RNA strand is initiated, the enzyme RNA polymerase II
continues the elongation process of the transcript until a sequence is reached and
transcribed that signals cleavage and polyadenylation of the RNA at the 30 end of the
encoded mRNA, leading to transcription termination (Lodish et al. 2008).

Posttranscriptional Modifications

The primary transcript hnRNA is a precursor of mature mRNA containing both
exons and introns complementary to the DNA template. After the initiation of
transcription, the hnRNA undergoes three major modifications in the nucleus that
result in the formation of the mature mRNA. The first modification is cotranscriptional
and consists of the addition of a 7-methylguanosine cap to the 50 end of the nascent
RNA strand. The 50 cap protects the mRNA from degradation by ribonucleases and
also mediates the nuclear transport of the mRNA and the binding and assembly of
ribosomes at the 50 end of the mRNA. A second modification involves the cleavage of
the RNA strand at the 30 end, downstream of the polyadenylation signal sequence
AAUAAA, and the addition of a poly-A tail (200–250 adenylate residues) by the
poly-A polymerase enzyme. This poly-A tail further protects the mRNA from degra-
dation and regulates the transport of the mature mRNA to the cytoplasm. A third
modification is the removal of the noncoding introns by splicing. This process is
accomplished by spliceosomes, which are complexes composed of small ribonucleo-
proteins and associated nuclear proteins. Spliceosomes recognize and cut introns at
specific 50 and 30 end sequences, which are denoted splice donor and acceptor sites,
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respectively. The two ends of the introns are brought together to form a loop structure
which is rapidly degraded, and the two contiguous exons are joined together to
assemble the coding region of the mature mRNA (Lodish et al. 2008).

Alternative splicing refers to optional splicing patterns for hnRNA transcripts and
represents one of the several processes involved in the generation of biologic
diversification of the genetic information. Alternative splicing is a process whereby
the primary transcript can be spliced differently in the same or in different tissues,
resulting in the synthesis of two or more variants of mRNA and the resulting protein
from a single gene. An example of alternative splicing occurs in the processing of
calcitonin/calcitonin gene-related peptide pre-mRNA. Both calcitonin and calcitonin
gene-related peptide are encoded by the same gene. Splicing and polyadenylation of
the pre-mRNA at the end of exon 4 results in the synthesis of calcitonin mRNA,
which is mainly found in the thyroid gland. Excision of exon 4, binding of exon
3 and 5, and polyadenylation at the end of exon 6 result in the formation of calcitonin
gene-related peptide mRNA, which is mainly found in the nervous system (Amara
et al. 1982) (Fig. 1).

Translation of Mature mRNA

The transport of mature mRNA from the nucleus to the cytoplasm is mediated by a
nuclear pore complex, which is a large structure located in the nuclear envelope
composed of several copies of approximately 30 different proteins called
nucleoporins.

In the cytoplasm, the mRNA is translated into the amino acid sequence of the
respective peptide hormone. Each amino acid of the hormone peptide chain is

Poly A Site Poly A Site

Calcitonin 
gene

Thyroid Nervous System

Transcription, polyadenylation
and splicing 

E1 E2 E3 E4 E5 E6

Mature
mRNA

Poly A
E1 E2 E3 E4

Poly A
E1 E2 E3 E5 E6

Translation and post-
translational processing

Calcitonin Calcitonin
gene-related

peptide

Fig. 1 Calcitonin and calcitonin gene-related peptide are encoded by a single gene which
undergoes tissue-specific alternative splicing and polyadenylation of the RNA transcript to generate
different hormone variants. E Exon
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specified in the mRNA by nucleotide triplets called codons. The first translated
codon, or start codon, is usually AUG, which encodes methionine. At the 30 end, the
mRNA contains a stop codon (UAA, UAG, UGA) that serves to signal translation
termination. The translation process includes three steps, initiation, elongation, and
termination, and requires the interaction of the mRNAwith two other types of RNA,
namely ribosomal RNA (rRNA) and transfer RNA (tRNA). The rRNA is transcribed
in the nucleolus where it combines with ribosomal proteins to form the ribosomes.
These structures consist of two major subunits, designated 60S and 40S, and mediate
the recognition between a codon of mRNA and the appropriate anticodon of tRNA.
The tRNA is a cloverleaf-shaped molecule acting as an adapter delivering specific
amino acids to the ribosomes. Each tRNA contains a trinucleotide anticodon
sequence that is complementary to a specific mRNA codon sequence, thus resulting
in a specific attachment site for the amino acid encoded by that mRNA codon.
Binding of the appropriate amino acid to the cognate tRNA is mediated by a specific
aminoacyl-tRNA synthetase. This reaction results in amino acid activation, charac-
terized by the formation of a high-energy bond between the amino acid and the
tRNA molecule. This bond will subsequently provide the energy necessary to form a
peptide bond between adjacent amino acids as the peptide chain forms.

The first step in the initiation phase of mRNA translation is the formation of a
preinitiation complex. This complex results from the association of the ribosome
40S subunit with an initiator tRNA carrying the amino acid methionine, in a process
mediated by a group of proteins known as initiation factors. The preinitiation
complex subsequently binds to the 50 cap of mRNA, forming the initiation complex,
and slides down the mRNA in the 30 direction until the initiator tRNA carrying the
amino acid methionine recognizes the start codon AUG. The ribosome 60S subunit
then binds to the 40S subunit to initiate the translation. Once the complete ribosome
is assembled, it contains two binding sites for tRNA, designated P and A sites. The
initiator tRNA is initially bound at the P site. After the first peptide bond is formed,
the P site binds the tRNA at the end of the growing peptide chain (peptidyl tRNA).
The A site binds the tRNA carrying the subsequent amino acid to be added
(aminoacyl tRNA).

In the elongation phase, the 60S subunit enzyme peptidyl transferase catalyzes
peptide bond formation between the first amino acid methionine and the subsequent
encoded amino acid. This reaction is followed by the transfer of the nascent
polypeptide chain from the peptidyl tRNA to the amino acid bound to the aminoacyl
tRNA. The transfer of the polypeptide chain results in the P site binding the now
unacylated tRNA, while a new peptidyl tRNA occupies the A site. Due to a
conformational change, the ribosome then translocates three nucleotides along the
mRNA, displacing the unacylated tRNA into the cytosol. The new peptidyl tRNA is
transferred from the A to the P site, and the next codon to be translated now occupies
the A site to start a new elongation step. Similar to the initiation events, the
elongation process is also mediated by a series of proteins designated elongation
factors.

In the termination phase, after a stop codon is reached and recognized in the A site
by specific proteins called release factors, the completed polypeptide chain is
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cleaved and released from the last tRNA in the P site. The binding between the two
ribosomal subunits, terminal tRNA and mRNA is then released, and these molecules
become available for reassembly and synthesis of another protein chain.

Translation of peptide hormones begins on ribosomes located within the cyto-
plasm. In order to be secreted outside of the producing cell, the nascent peptide
hormone chains, while still being assembled, enter a secretory pathway that targets
these proteins to the endoplasmic reticulum (ER) membrane. This process is medi-
ated by an N-terminal signal sequence within the first segment of the nascent
polypeptide chain. The signal sequence and the ribosome 60S subunit bind a
signal-recognition particle (SRP), which is a cytosolic ribonucleoprotein complex.
The interaction of the SRP with an SRP receptor complex located on the ER
membrane results in the translocation of the ribosome and nascent polypeptide to
the ER, where translation continues (Lodish et al. 2008).

Cotranslational and Posttranslational Modifications of Peptide
Hormones

Most peptide hormones are initially synthesized as larger precursors, which then
undergo several modifications. These modifications may occur during or after
translation and lead to the formation of the mature hormones.

After the transfer of ribosomes from the cytoplasm to the ER membrane, as
translation continues, the growing polypeptide chain enters the ER lumen and the signal
sequence required for the transfer is rapidly cleaved by a signal peptidase. The peptide
hormone precursors expressing the signal sequence are defined as pre-hormones or
pre-prohormones. The release of the signal sequence results in the conversion of these
precursors to hormones or prohormones, the latter requiring additional processing in the
ER and Golgi complex to form mature active proteins. Examples of this process are
shown for pregrowth hormone and preproinsulin in Fig. 2.

Pre-Growth Hormone

Signal sequence

Growth Hormone

Pre-proinsulin Proinsulin

B-chain C-chain A-chain B-chain C-chain A-chain

Insulin

C-peptide

A-chain

B-chain

S S
S S

Fig. 2 After the translocation of the nascent polypeptide to the ER lumen, the N-terminal signal
sequence is enzymatically cleaved from the peptide precursor, generating the final hormone product
(e.g., growth hormone) or a prohormone (e.g., proinsulin), which requires further processing to be
converted to the mature hormone
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During translation in the ER lumen, nascent peptide hormones may be subjected
to additional modifications, which contribute to the stability and folding of the final
peptide hormone product. These modifications include: covalent addition of oligo-
saccharide side chains (glycosylation) to serine and threonine residues (O-linked
oligosaccharides) or asparagine residues (N-linked oligosaccharides), disulfide bond
formation, and appropriate folding and assembly of proteins.

Once translation is terminated and proper folding and assembly have occurred,
the newly synthesized hormones are transferred to the Golgi apparatus, which
consists of several membranous regions, including the cis-, medial-, and trans-
Golgi regions and the trans-Golgi network. The transport of peptide hormones
from the ER to the Golgi apparatus occurs via transport vesicles, which arise from
the ER and fuse together to form the cis-Golgi cisternae. In the cis-Golgi, peptide
hormones may undergo further proteolytic and N-linked carbohydrate modifications
through processes that are completed in the medial- and trans-Golgi regions. Other
posttranslation modifications occurring in the Golgi apparatus may include phos-
phorylation, acetylation, and acylation. Fully processed peptide hormones then enter
the trans-Golgi network where they are incorporated into membranous vesicles,
called secretory granules. Many peptide hormones in the secretory pathway are
stored as inactive prohormones in the secretory granules, where they require a
post-Golgi proteolytic cleavage mediated by a prohormone convertase to become
active hormones. The peptide hormones are stored in the secretory granules until
appropriate extracellular stimuli, including neural or hormonal signals, induce their
release by fusion of the vesicles with the plasma membrane (Lodish et al. 2008).

The complexity of posttranslational processing is illustrated by the processing of
the precursor peptide proopiomelanocortin (POMC), resulting in the generation of
multiple tissue-specific and functionally distinct peptide hormones (Fig. 3). POMC
cleavage in the human anterior pituitary gland generates adrenocorticotropin hormone
(ACTH), N-proopiomelanocortin (N-POC), joining peptide (JP) and β-lipotropin
(β-LPH). β-LPH may be then processed to β-endorphin (Gibson et al. 1993). In some
nonhuman species, POMC is also expressed in the intermediate lobe of the pituitary
gland, where ACTH, N-POC, and β-LPH are further cleaved into the smaller peptides α,
β, and γ-melanocyte stimulating hormones (α-, β-, and γ-MSH), corticotropin-like
intermediate lobe peptide (CLIP) and β-endorphin (Eipper and Mains 1980). α-MSH
and β-endorphin are also generated in the hypothalamus (Pritchard et al. 2002), while
α-MSH and ACTH are formed and secreted in the skin (Wintzen et al. 1996). This
tissue-specific alternative posttranslational processing represents an additional mecha-
nism by which polypeptide diversity is achieved.

Regulation of Peptide Hormone Synthesis

Synthesis of peptide hormones is finely regulated at one or more of the four
biosynthetic steps involved in gene expression, thus assuring that production of
specific peptide hormones matches the secretory requirements of endocrine glands
under different physiological conditions (Darnell 1982). At the transcriptional level,

Synthesis, Secretion and Transport of Peptide Hormones 9



for example, the interaction between DNA-binding proteins and regulatory elements
influences the rate of production of the initial RNA transcript. Posttranscriptional
alternative splicing in the nucleus and posttranslational modifications in the ER and
Golgi apparatus regulate the synthesis of tissue-specific hormone variants. Additional
examples of control points include the transport of RNA from the nucleus to the
cytoplasm (Palazzo and Akef 2012), the regulation of mRNA stability and the resulting
steady-state amount of the active mRNA in the cytoplasm, the formation of the initiation
complex during translation, and the control of secretory granule release (Becker 2001).

Secretion of Peptide Hormones

As a result of changes in cytoplasmic calcium concentrations, peptide hormones are
released from secretory granules by exocytosis, a process characterized by cytoskel-
etal protein-mediated migration of the granules toward the cell surface, followed by
their fusion with the plasma membrane and delivery of the hormones into the
extracellular space.

The secretion of peptide hormones from endocrine cells follows the so-called
regulated secretory pathway, where hormones are not continuously secreted, but
rather they are secreted acutely in response to a stimulus. In the absence of secretory
stimuli, endocrine cells are able to store mature granules containing high concentra-
tions of peptide hormones. When the appropriate signal occurs, endocrine cells then

Proopiomelanocortin

N-POC

Joining 
peptide

ACTH β-LPH

γ-MSH α-MSH CLIP γ-LPH β-endorphin

β-MSH

Fig. 3 Posttranslational processing of proopiomelanocortin peptide results in the production of
several tissue- and species-specific hormones. N-POC N-proopiomelanocortin, ACTH adrenocor-
ticotropin hormone, β-LPH β-lipotropin, MSH melanocyte stimulating hormone, CLIP
corticotropin-like intermediate lobe peptide, γ-LPH γ-lipotropin
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can rapidly release higher amounts of hormones than would be possible if this
depended on de novo synthesis in response to the secretory signal (Griffin and
Ojeda 2004; Lodish et al. 2008).

Peptide hormone secretion may be controlled by several stimulatory factors,
including metabolites, hormones, and neuropeptides, which are released in response
to modifications in the homeostatic balance. For example, hormones such as insulin
and parathyroid hormone are secreted in response to increases in circulating levels of
glucose and calcium, respectively. When these metabolites return to the normal range,
insulin and parathyroid hormone secretion decreases. As an example of other secretory
control mechanisms, the release of hypothalamic hormones results from the interaction
between central nervous system stimuli that include stress, afferent stimuli, and
neuropeptides. Once hypothalamic hormones are secreted, they cause the release of
pituitary hormones, which in turn control the secretion of peripheral hormones in their
respective target glands. Secretion of peptide hormones, such as insulin and glucagon,
may be also directly regulated by the autonomic nervous system through postgangli-
onic sympathetic nerves (Normal and Litwack 1997).

Circulating hormone concentrations are determined by the balance of hormone
secretion and clearance rates, patterns of hormone secretion, and feedback mecha-
nisms, thus ultimately achieving and maintaining hormone levels that are appropri-
ate to stimulate a specific response from target tissues and re-establish or preserve
homeostasis. Hormone secretion is not uniform, but rather it is characterized but a
periodic pulsatile release, with rapid increase and subsequent decrease, which is
hormone specific and induced by environmental or hormonal cues. Pulses may have
variable frequency and amplitude. The frequency of bursts of release of most peptide
hormones ranges from 4 to 30 min (e.g., for insulin, glucagon, and parathyroid
hormone) to 45–180 min (e.g., for anterior pituitary hormones). The amplitude of
pituitary hormone pulses may vary up to 1000-fold in the same individual on the
same day, while insulin release shows lower pulse amplitude (Veldhuis et al. 2008).

In addition to pulsatile patterns, hormones may show rhythmic changes. Some of
the rhythmic patterns are principally determined by environmental stimuli, such as
the light-dark cycle or the sleep-wake cycle, while other patterns are regulated by an
internal biological clock. Hormone secretion bursts occurring with a frequency of
about 1 h are defined as circhoral. A frequency of secretion longer than 1 h, but
shorter than 24 h is termed ultradian. The interaction between the retina and
hypothalamic suprachiasmatic nuclei in response to light plays a major role in
determining the circadian pattern of secretion, which shows a periodicity of about
24 h. ACTH is an example of peptide hormone with marked circadian rhythm,
characterized by a sharp increase of its plasma levels during the early morning hours.
A longer periodicity may be seen for other hormones, such as the gonadotropins,
with preovulatory peaks occurring every 30 days during the menstrual cycle (Griffin
and Ojeda 2004).

Hormone concentrations are also regulated by closed-loop feedback mechanisms,
which are the responses of target cells to control levels of the hormones that
originally stimulated them. Negative feedback, which inhibits the initial hormone
signal, is the most common mechanism modulating hormone secretion. Conversely,
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positive feedback increases the initial stimulus. Three patterns of feedback may
occur: long loop, short loop, and ultra-short loop. An example of negative feedback
is the inhibition of the adeno-hypophyseal hormone ACTH and hypothalamic
hormone corticotropin-releasing hormone (CRH) by cortisol. The secretion of
cortisol is stimulated by ACTH and CRH in the adrenal gland. The control of
ACTH and CRH by cortisol is a designated long feedback loop, because of the
need for cortisol to travel from its site of secretion in the adrenals to the central
nervous system located hypothalamus and pituitary gland. A short feedback loop is
exemplified by the inhibition of CRH by ACTH (requiring the movement of ACTH
between the spatially close pituitary and hypothalamus), whereas an ultra-short loop
is exemplified by the feedback inhibition by CRH of its own secretion in the
hypothalamus (Molina 2013). An example of positive feedback is the preovulatory
surge of luteinizing hormone (LH) during the menstrual cycle. LH induces the
secretion of estradiol by the ovary and, when estradiol reaches a threshold level, it
induces a rapid increase in LH production, the so-called preovulatory surge of LH,
which is a key driver of ovulation. This and other positive feedback mechanisms are
self-limiting. After reaching a peak, LH levels progressively decline, even if estra-
diol levels are still elevated. This results from the limited capacity of secretory cells
to produce LH, and the action of additional negative feedback loops (Griffin and
Ojeda 2004). Feedback mechanisms are essential in preventing the excessive
release of hormones, which could lead to pathologic conditions, and also in tempo-
rally balancing hormone secretion and levels to metabolic and environmental
changes (Molina 2013).

Transport of Peptide Hormones

Most peptide hormones are soluble in aqueous solvents and do not require carrier
proteins for transport in the blood stream. This makes them vulnerable to rapid
protease degradation, resulting in a short plasma half-life and duration of action. By
contrast, the nonpeptide steroid and thyroid hormones circulate in association with
specific binding proteins and have relatively long plasma half-lives (Pocock et al.
2013). A small number of peptide hormones do circulate in association with binding
proteins, including growth hormone (GH), insulin-like growth factors (IGF-1 and
IGF-2), and CRH.

The GH-binding protein (GHBP) is a soluble form of the membrane-bound GH
receptor (GHR), composed of a part of the extracellular domain of the GHR. It is
generated by a metalloproteinase proteolytic cleavage and binds approximately 50 per-
cent of circulating GH (Nussey and Whitehead 2001). The function of GHBP is not
completely understood, however it may serve to increase GH half-life in the circula-
tion or reduce GH availability to membrane-bound GHR (Fisker 2006).

IGFs are also bound to high-affinity carrier proteins in the circulation and in the
extracellular space. IGF-binding proteins (IGFBPs) are a family of six proteins
sharing homologies in gene and protein structure. All IGFBPs, with the exception
of IGFBP-6, bind IGF-1 and IGF-2 with similar affinity. IGFBP-6 binds IGF-2 with
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a 40-fold higher affinity than IGF-1. By binding IGFs, IGFBPs regulate their
transport in the blood and access to the extravascular space, their half-lives and
metabolic clearance, their tissue and cell-type distributions, and their interactions
with IGF receptors, and thereby modulate tissue-specific biological actions of the
IGFs (Jones and Clemmons 1995). IGFBP-3 is the most abundant form of IGFBP in
plasma. Binding of IGF-1 to IGFBP-3 provides a stable reservoir of the hormone in
the circulation, which can be released in a more active form at cell surface sites of
IGF-1 action. The high affinity binding of IGFs to IGFBPs and the low percentage of
IGF circulating in free unbound form results in relatively stable concentrations and a
longer half-life of IGF-1 in comparison, for example, with GH, which is much less
extensively protein bound (Nussey and Whitehead 2001).

CRH-binding protein (CRHBP) is thought to have important functions in the
regulation of CRH action. CRHBP may decrease CRH action by decreasing the
availability of CRH for binding with its cellular receptors. The complex also
influences CRH signaling activity that may include a role in terminating CRH
signaling by accelerating its clearance, enhancing activity by protecting CRH from
degradation under other conditions, and increasing signaling by contributing to the
transport of CRH to target tissues (Seasholtz et al. 2002).

Summary

Peptide hormones are composed of polypeptide chains that are generated through a
complex of synthesis and processing in the nucleus and cytoplasm of secretory cells.
After synthesis is completed, peptide hormones are packaged into secretory granules
and then secreted into the extracellular space in response to specific stimuli. Secre-
tion follows pulsatile patterns and rhythmic changes, which, in association with
feedback mechanisms, ensure appropriate hormone production. Unlike steroid and
thyroid hormones, most peptide hormones do not require carrier proteins to circulate
in the blood, therefore resulting in short half-life and duration of action.

Endocrine disease states typically result when these processes are disrupted. For
example, endocrine disorders result when inherited traits or acquired events result in
dysregulation of peptide hormone synthesis and secretion (increased or decreased
synthesis and secretion by cells normally producing a hormone, or ectopic production
by other cell types), insufficiency or overabundance of secretory cells, genetic mod-
ifications in hormone structure that cause increased or decreased stability or activity at
target cells, changes in hormone binding proteins resulting in increased or decreased
hormone stability or action, abnormalities in other pathways controlling the duration
of hormone action, or abnormalities in cellular receptors for hormones or in cellular
pathways activated or inhibited as a part of normal hormone action. An understanding
of these underlying disease mechanisms can be valuable in establishing effective
approaches to the prevention, treatment, or cure of endocrine diseases.
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Abstract
In mammalian systems, there are six families of steroid hormones that can be
classified on both a chemical and a biological basis. They are the estrogens,
progesterone, androgens, mineralocorticoids, glucocorticoids, and vitamin
D. These steroid hormones play a critical role in numerous physiological and
pathophysiological processes and consequently garnered substantial research
interest over the last century. The vast majority of circulating steroids in mammals
come from the endocrine activity of the gonads and adrenal glands, which
metabolize the lipid cholesterol to generate the steroid repertoire. Numerous
investigations spanning decades have painstakingly elucidated the molecular
enzymes and reactions of steroidogenesis distributed throughout the mitochon-
drial and microsomal compartments of steroidogenic cells. This chapter deals
with the biosynthetic pathways, release, and transport of the major classes of
steroid hormones in mammals. In particular, steroidogenesis is discussed as a
single process that is repeated in each gland with cell type-specific variations on a
single theme. Moreover, the homeostatic mechanisms that regulate the secretion
or release of the steroid hormones and precursor hormone by feedback loops or by
biological rhythms have been also discussed. Finally, the role of steroid-specific
plasma transport proteins and the local inactivation of the excess of active steroids
inside the cells are reported in order to obtain a clear picture on how the
concentrations of active steroid hormones are regulated.

Keywords
Cholesterol • Steroidogenic enzymes • Steroid hormones • Steroid-binding pro-
teins • Steroidogenic glands • Non-steroidogenic tissues

Introduction

Steroids play a critical role in numerous physiological and pathophysiological pro-
cesses and consequently garnered substantial research interest over the last century.
The first steroid hormone, estrone, was isolated in 1929 at a time before the charac-
teristic ring structure of the steroid nucleus had been elucidated (Miller 1988). Today
well over 230 naturally occurring steroids have been isolated and chemically charac-
terized. In addition, an uncountable number of steroids and steroid analogs have been
chemically synthesized and evaluated for their pharmacological properties. The basis
of these recent developments is to be found in the papers authored by Professor Adolf
O.R. Windaus (1876–1959) a German chemist who defined the structural determina-
tion of cholesterol. Professor Windaus was awarded with Nobel Prize in Chemistry in
1928 “for the services rendered through his research into the constitution of the sterols
and their connection with the vitamins” (Miller 1988).

Steroids have a complicated structure of fused rings, which can be subjected to a
wide array of modifications by the introduction of hydroxyl or carbonyl substituents
and unsaturation (double or triple bonds). In addition, heteroatoms such as nitrogen or
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sulfur can replace the ring carbons, and halogens and sulfhydryl or amino groups may
replace steroid hydroxyl moieties. Furthermore, the ring size can be expanded or
contracted by the addition or removal of carbon atoms. An important structural feature
of any steroid is recognition of the presence of asymmetric carbon atoms and desig-
nation in the formal nomenclature of the structural isomer that is present. Steroids are
derived from a phenanthrene ring structure to which a pentane ring has been attached;
this yields in the completely hydrogenated form, cyclopentanoperhydrophenanthrene,
or the sterane ring structure (Fig. 1). The three six-carbon cyclohexane rings are
designated A, B, and C rings, and the five-carbon cyclopentane ring is denoted as
the D ring. The six-carbon atoms of a cyclohexane ring are not fixed rigidly in space,
but are capable of interchanging through turning and twisting between several struc-
tural arrangements in space (chair and boat conformations). The approach of steroid
conformational analysis has been of great value to the organic chemistry as a tool to
predict or understand the course of synthetic organic chemical reactions. It is also
known that conformational considerations play an increasingly useful role in the
understanding of steroid hormone–receptor interactions (Fieser and Fieser 1959).

The diversity of steroid structures ranges from insect steroid hormones (ecdy-
sone) to the world of plant growth regulators (brassinolides). In mammalian systems,
there are six families of steroid hormones that can be classified on both a chemical
(structure) and a biological (hormonal) basis (see Table 1). They are the estrogens,
progestins, androgens, mineralocorticoids, glucocorticoids, and vitamin D. In addi-
tion, the bile acids are structurally related to cholesterol and thus could constitute a
seventh member of the steroid family.

This chapter deals with the biosynthetic pathways, release, and transport of the
major classes of steroid hormones in mammals.

Steroid Biosynthesis

Steroidogenesis entails processes by which cholesterol is converted to biologically
active steroid hormones. Historically, steroid hormone synthesis only occurred in the
steroidogenic glands (i.e., adrenal glands, gonads, and placenta). A significant
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number of studies have now challenged this view by demonstrating that several
organs, including the brain, adipose tissue, and intestine, are capable of producing
steroid hormones. These are called non-steroidogenic or intracrine tissues. Intracrine
tissues do not have the ability to transform cholesterol into active steroid hormones,
but depending on enzymes that are expressed in the tissues, active steroids are
produced from various steroid precursors (Luu-The 2013). Whereas most endocrine
texts discuss adrenal, ovarian, testicular, placental, and other steroidogenic processes
in a gland-specific fashion, according to Walter L. Miller’s view, steroidogenesis is
better understood as a single process that is repeated in each gland with cell type-
specific variations on a single theme (Miller and Auchus 2011). Thus, in this
paragraph, an overview of cholesterol uptake and steroidogenic enzymes will pre-
cede the description of the synthesis of specific hormones in both steroidogenic and
non-steroidogenic tissues.

Cholesterol

All of mammalian steroids are biologically derived from cholesterol. The cholesterol
is the most prevalent steroid in all animals and has multiple physiological roles that

Table 1 Class of steroid hormones

Steroid class
N� of
C atoms

Principal active
steroid in humans Systematic name IUPAC

Estrogens 18 17β-Estradiol (8R,9S,13S,14S,17S)-13-methyl-
6,7,8,9,11,12,14,15,16,17-
Decahydrocyclopenta[a]
phenanthrene-3,17-diol

Androgens 19 Testosterone (8R,9S,10R,13S,14S,17S)-17-
Hydroxy-10,13-dimethyl-
1,2,6,7,8,9,11,12,14,15,16,17-
dodecahydrocyclopenta[a]
phenanthren-3-one

Dihydrotestosterone (5S,8R,9S,10S,13S,14S,17S)-17-
Hydroxy-10,13-dimethyl-1,2,4,5,
6,7,8,9,11,12,14,15,16,17-
tetradecahydrocyclopenta [a]
phenanthren-3-one

Progestins 21 Progesterone Pregn-4-ene-3,20-dione

Glucocorticoids 21 Cortisol 11β-11,17,21-Trihydroxypregn-4-
ene-3,20-dione

Mineralocorticoids 21 Aldosterone 11β-11,21-Dihydroxy-3,20-
dioxopregn-4-en-18-al

Vitamin D 27 1,25-Dihydroxy
vitamin D3
(cholecalciferol)

9,10-Seco-5,7,10 (19)-
Cholestatriene-3β-ol

Bile acid 24 Cholic acid 3α,7α,12α-Trihydroxy-5β-cholan
24-oic acid
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include its structural presence in all membranes. Cholesterol also is the starting point
in the biosynthesis of all steroid hormones, vitamin D and its steroid hormone
daughter metabolite, 1α,25-dihydroxy vitamin D (1α,25(OH)2D), and the bile
acids. The level of the total body cholesterol is determined by a complex interplay
of dietary available cholesterol, de novo synthesis of cholesterol, and excretion of
cholesterol and bile salts. The liver and intestine together account for more than 60%
of the body’s daily biosynthesis of this sterol from acetate via a complex pathway
primarily found in the endoplasmic reticulum, but most steroidogenic cholesterol is
derived from circulating lipoproteins (Chang et al. 2006). High-density lipoproteins
(HDLs) may be taken up via scavenger receptor B1 (SR-B1), and low-density
lipoproteins (LDLs) are taken up by receptor-mediated endocytosis via LDL recep-
tors. LDL can suppress the rate-limiting enzyme in cholesterol synthesis, 3-hydroxy-
3-methylglutaryl coenzyme A reductase. Although rodents preferentially use the
HDL/SR-B1 pathway, the principal human source to obtain steroidogenic choles-
terol is receptor-mediated endocytosis of LDL. After circulating LDL is internalized
by receptor-mediated endocytosis, the resulting endocytic vesicles fuse with lyso-
somes, where the LDL proteins are degraded by proteolysis, liberating the
cholesteryl esters, which are then hydrolyzed to “free” cholesterol by lysosomal
acid lipase (Horton et al. 2002; Brown et al. 1979; Kraemer 2007). However,
cholesterol is never truly free, as its solubility is only about 20 μmol/L, so that the
term “free cholesterol” refers to cholesterol that is bound to proteins or membranes,
but lacks a covalently linked group. Free cholesterol may be used by the cell or
stored in lipid droplets following reesterification by acyl coenzyme A-cholesterol-
acyltransferase. Similarly, HDL cholesteryl esters that enter the cell via SR-B1 are
elaborated by hormone-sensitive neutral lipase, following which the free cholesterol
may also be used or reesterified for storage. Intracellular cholesterol transport may be
vesicular (mediated by membrane fusion) or non-vesicular (bound to proteins)
(Chang et al. 2006). Both vesicular and non-vesicular cholesterol transport occur
in steroidogenic cells, but non-vesicular transport involving high-affinity choles-
terol-binding steroidogenic acute regulatory protein (StAR)-related lipid transfer
(START) domain proteins appears to be the principal means of cholesterol transport
from lipid droplets to the outer mitochondrial membrane (OMM). Movement of
cholesterol from the OMM to the inner mitochondrial membrane (IMM) requires a
multi-protein complex on the OMM (Chang et al. 2006).

Steroidogenic Enzymes

Numerous investigations have elucidated the molecular enzymes and reactions of
steroidogenesis distributed throughout the mitochondrial and microsomal compart-
ments of steroidogenic cells (Miller and Auchus 2011). Six P450 enzymes partici-
pate in steroidogenesis, and at least three more participate in the processing of
vitamin D; five of these are found in mitochondria. The first step of steroidogenesis
occurs in the mitochondria, where the cytochrome P450 side-chain cleavage enzyme
(P450scc, CYP11A1 gene) cleaves the aliphatic tail of cholesterol. The final product
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of this first reaction common to all steroidogenic pathways is the pregnenolone
(Miller and Auchus 2011). The expression of the CYP11A1 gene and, thus, the
pregnenolone synthesis render a cell “steroidogenic.” P450scc and its cofactors are
localized on the matrix face of the inner mitochondrial membrane. Although
P450scc is known to be the rate-limiting enzyme for adrenal and gonadal steroid
hormones, it is not the catalytic process of the cholesterol side-chain cleavage
enzyme that is rate limiting. Rather, the presence and properties of the StAR
transporter at the OMM facilitate the movement of cholesterol across the OMM to
the IMM site of the P450scc. Indeed, StAR facilitates the actions of cholesterol side-
chain cleavage that result in the production of mineralocorticoids and glucocorti-
coids, in the adrenals, and of estrogens or androgens in the gonads (Stocco et al.
2005). The most convincing evidence for the essential nature of StAR is that
mutations of the StAR gene can result in a defect associated with the disease
known as lipoid congenital adrenal hyperplasia characterized by a deficiency of
both adrenal and gonadal steroid hormones (Stocco et al. 2005; Riegelhaupt et al.
2010).

Once pregnenolone is produced from cholesterol, it may undergo 17-
α-hydroxylation to 17OH-pregnenolone that ultimately leads in the adrenal cortex
to the synthesis of aldosterone and cortisol, in the ovarian theca and granulosa cells
to progesterone, and in the testes into testosterone. 3β-hydroxysteroid dehydroge-
nase (3βHSD) converts pregnenolone to progesterone. The hydroxysteroid dehydro-
genase, 290–380 amino acids (35–45 kDa), may be found both in the mitochondria
and in the endoplasmic reticulum; it utilizes the nicotinamide adenine dinucleotide
(NADH/NAD+ or NADPH/NADP+) as electron acceptors or electron donors.
Although rodents contain multiple 3βHSD isoforms, the human genome has only
two active genes and several pseudogenes. The type 1 enzyme catalyzes 3βHSD
activity in the placenta, breast, liver, brain, and some other tissues. This isoform is
required for placental progesterone production during pregnancy. In contrast, the
type 2 enzyme (3βHSD2) is the principal isoform in the adrenals and gonads.
Alternatively, pregnenolone may exit the mitochondrion and become the substrate
for P450c17 in the endoplasmic reticulum. Pregnenolone appears to exit the mito-
chondrion unaided; no transport protein has been found, and physiologic evidence
does not suggest the presence of such a transporter (Miller and Auchus 2011).

The subsequent steps in steroid biosynthesis (see next paragraphs) are synthe-
sized by a family of homologous oxidative enzymes (~57 human enzymes) collec-
tively known as the cytochrome P450 hydroxylases. Each individual P450 enzyme is
composed of about 500 amino acids and has a single heme (protoporphyrin ring with
a single chelated Fe2+ group). The cytochrome moiety is structurally analogous to
the hemoprotein cytochromes of the electron transport chain present in mitochondria
that are dedicated to the production of ATP. All contain some kind of covalently
bound protoporphyrin ring coordinately bound to one atom of iron, which can be
reversibly oxidized and reduced. As a class, most of these P450 enzymes are subject
to inhibition by the presence of carbon monoxide. Cytochrome P450 steroid
enzymes are known to be present in the liver, adrenal cortex, ovary, testis, kidney,
placenta, lungs, intestinal mucosa, and selected regions of the brain. Each P450
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hydroxylase has a substrate-binding domain that is comparable in its ability to define
substrate specificity to that of the ligand-binding domains of steroid receptors and
plasma transport proteins for steroid hormones. Thus, the three-dimensional struc-
ture of the substrate-binding domain of a P450 hydroxylase determines which of the
some 22–27 carbons of the substrate will acquire a new hydroxyl group (Miller and
Auchus 2011).

Catalysis by P450scc and other mitochondrial P450 enzymes requires two
electron-transfer intermediates, ferredoxin reductase and ferredoxin. Ferredoxin,
which has ~116 amino acids (14 kDa), is a sulfur/iron electron shuttle protein in
the mitochondrial electron transport process associated with steroid hydroxylation.
The ferredoxin protein acts as a shuttle, accepting electrons from ferredoxin oxido-
reductase, which then diffuses in the mitochondrial matrix to a P450 hydroxylase
where it donates a pair of electrons. Ferredoxin oxidoreductase is an inner mito-
chondrial membrane-bound flavoprotein with a molecular weight of 51,100. It is
responsible for the transfer of electrons from NADPH to ferredoxin and is widely
expressed in many human tissues (Miller and Auchus 2011).

Glucocorticoid and Mineralocorticoid Hormone Synthesis

The naturally occurring cortisol is the most prevalent member of the family of
glucocorticoids and binds tightly to the glucocorticoid receptor, but in vitro it has
a high affinity for mineralocorticoid receptor (MR) (Cooper and Stewart 2009).
Whenever the blood concentration of cortisol falls below the normal circulating
concentration of 6–20 μg/100 mL, additional cortisol will be produced. The daily
secretory rate of cortisol is 10–20 mg/day. In addition, when an individual experi-
ences significant levels of stress, there will be an increased production of cortisol
reaching 200 μg/100 mL. Cortisol’s most important action is to increase and
maintain blood glucose levels via the biochemical process of gluconeogenesis in
the combined actions of muscle cells, fat cells, and liver cells. Mineralocorticoids are
a class of steroid hormones that regulate salt and water balances. Aldosterone is the
primary mineralocorticoid. Mineralocorticoids promote sodium and potassium
transport, usually followed by changes in water balance. Cells of the adrenal zona
fasciculata and zona reticularis synthesize and secrete the glucocorticoid cortisol
(Fig. 2). The adrenal zona glomerulosa cells preferentially synthesize and secrete
aldosterone (Fig. 3) (Ehrhart-Bornstein et al. 1998).

In these adrenal zones, progesterone is converted to 11-deoxycorticosterone by
21-hydroxylase (P450c21), which catalyzes the 21-hydroxylation of both glucocor-
ticoids and mineralocorticoids. The final steps in the synthesis of both glucocorti-
coids and mineralocorticoids again take place in the mitochondria, where two
proteins that share 93% sequence identity, 11β-hydroxylase (P450c11β, CYP11B1)
and aldosterone synthase (P450c11AS, CYP11B2), reside (Figs. 2 and 3). P450c11β
catalyzes the 11β-hydroxylation of 11-deoxycortisol to cortisol, and P450c11AS
catalyzes the 11β-hydroxylation, 18-hydroxylation, and 18-methyl oxidation to
convert deoxycorticosterone to aldosterone.
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The interconversion of active cortisol and hormonally inactive glucocorticoids
such as cortisone and dehydrocorticosterone is mediated by the two isozymes of
11β-hydroxysteroid dehydrogenase (11βHSD) (Fig. 2). Both enzymes are hydro-
phobic, membrane-bound proteins that bind cortisol/cortisone and corticosterone/
11-dehydrocorticosterone, but otherwise their properties and physiological roles
differ substantially. The type 1 enzyme (11βHSD1) is a dimer of 34 kDa subunits
expressed mainly in glucocorticoid-responsive tissues such as the liver, testis, lung,
fat, and kidney proximal tubule. The type 1 enzyme catalyzes both the oxidation of
cortisol to cortisone using NADP+ as cofactor and the reduction of cortisone to
cortisol using NADPH cofactor. Thus, the net flux of steroid driven by 11βHSD1
depends on the relative concentrations of available NADPH and NADP+, which
usually favors reduction in cells. The 41 kDa type 2 enzyme (11βHSD2) has only
21% sequence identity with 11βHSD1 and catalyzes only the oxidation of cortisol to
cortisone using NAD+; whether or not 11βHSD2 catalyzes reductive reactions
remains undemonstrated. 11βHSD2 is expressed in mineralocorticoid-responsive
tissues and thus serves to prevent cortisol from overwhelming renal or placenta
mineralocorticoid receptors. The placenta also has abundant NADP+ favoring the
oxidative action of 11βHSD1, so that in placenta both enzymes protect the fetus from
high maternal concentrations of cortisol (Cooper and Stewart 2009; Miller and
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Auchus 2011). In vitro, cortisol has a high affinity for mineralocorticoid receptor
(MR), but its inactivation to cortisone (which is unable to bind the MR) enables
aldosterone to bind to the MR. The expression of 11βHSD1 is constitutive in a range
of tissues including the liver, white adipose tissue, bone, and the central nervous
system. However, it also has inducible expression in many other tissues including
fibroblasts, skeletal and smooth muscle, and immune cells (Cooper and Stewart
2009).

Comparison of the subcellular localization of the various hydroxylase enzymes
with the sequence of steroid movement through a metabolic pathway indicates the
important role of cellular compartmentalization. Thus, in the conversion of choles-
terol into cortisol in the adrenal cortex, the steroid must move sequentially from the
mitochondria (side-chain cleavage) to the endoplasmic reticulum (17α- and
21-hydroxylation) and then back to the mitochondria (11β-hydroxylation). Histo-
logic and electron microscopic examination of steroidogenic cells suggests that
domains of the endoplasmic reticulum containing the steroidogenic P450 enzymes
come close to the OMM during hormonally induced steroidogenesis, forming a
steroidogenic complex, so that the movement of steroidal intermediates from the
mitochondrion to the endoplasmic reticulum involves very small distances (Miller
and Auchus 2011; Miller 2013).
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Fig. 3 Major steroidogenic pathways in the adrenal zona glomerulosa. The conversion of choles-
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progesterone. P450c17 is absent, but P450c21 produces deoxycorticosterone, which is a substrate
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Androgen Hormone Synthesis

Testosterone is the principal male androgen (300–1100 ng/dl plasma). An important
biologically active metabolite of testosterone, produced in certain target tissues, is
5α-dihydrotestosterone. The biological actions of androgens can be divided into
those directed toward the development and maintenance of the male reproductive
system and those that have anabolic effects on several other organs including skeletal
muscle and brain.

In the adrenal gland, both 17α-dihydroxypregnenolone and
17α-dihydroxyprogesterone can be converted to the 19-carbon androgen pre-
cursors dehydroepiandrosterone (DHEA) and androstenedione by the 17,20-
lyase activity of P450c17 (Fig. 4). The rate of the lyase reaction can be increased
more than tenfold by cytochrome b5 (b5) which promotes the electron transfer for
the lyase reaction. Cytochrome b5 is a small (12–17 kDa) hemoprotein found as a
membrane-bound protein in the liver and as a soluble protein lacking the C-
terminal membrane anchor in erythrocytes. The adrenal zona reticularis
expresses large amounts of P450c17 and cytochrome b5, maximizing 17,20-

Fig. 4 Major steroidogenic pathways of DHEA and testosterone synthesis. (a) The adrenal zona
reticularis has large amounts of P450c17 and cytochrome b5 (b5) but little 3βHSD2, so that
pregnenolone is sequentially oxidized to 17-hydroxypregnenolone and then DHEA. The adrenal
zona fasciculata contains little b5, minimizing the 17,20-lyase activity of P450c17, and little DHEA
is produced from 17β-hydroxypregnenolone. SULT2A1 sulfates DHEA, and resulting DHEAS is
released to circulation for non-steroidogenic tissues. Testosterone and estradiol synthesis are minor
pathways (dashed arrows). (b) In testicular Leydig cells, cholesterol is converted to DHEA by the
same enzymes using the same cofactors as in the adrenal zona reticularis. Leydig cells contain
abundant 17βHSD3, so that Leydig cells efficiently produce testosterone, via androstenedione
and/or androstenediol. Estradiol synthesis is a minor pathway (dashed arrows) in Leydig cells

10 F. Acconcia and M. Marino



lyase activity, so that DHEA is produced, much of which is sulfated to DHEAS
by cytosolic sulfotransferase (SULT2A1) enzyme. The adrenal zona reticularis
produces abundant DHEA. As DHEA accumulates, small amounts are converted
to androstenedione, and very small amounts of this androstenedione are
converted to testosterone (Auchus and Rainey 2004). Up to 30 mg of DHEA is
secreted daily by the adrenal cortex, and the blood levels of this prohormone and
its sulfate derivative (DHEAS) are high. DHEA is considered a weak androgen
that can be converted to testosterone and androstenediol or to estrogens in other
steroidogenic (ovary, testis) and non-steroidogenic tissues (adipose tissue, brain)
(Auchus and Rainey 2004; Miller and Auchus 2011). A group of dehydrogenases
catalyzes the conversions DHEA to androstenedione and testosterone, estrone
and estradiol, and others. These enzymes are collectively known as the 17-
β-hydroxysteroid dehydrogenases (17βHSDs), sometimes also termed
17-oxidoreductases or 17-ketosteroid reductases. There are at least 14 human
17βHSD isoforms, which vary widely in size, structure, substrate specificity,
cofactor utilization, and physiological functions. The most important in normal
steroidogenesis are 17βHSD1, 17βHSD3, and 17βHSD5. The reactions in which
these enzymes are involved are reported in Figs. 4 and 5.

In the testis, the cleavage of cholesterol side chain is confined to the mitochondria
of the Leydig cells in which the role of the StAR protein is the same as in other
steroidogenic cells. DHEA produced in the testis is not sulfated but is readily
converted to androstenedione and then testosterone. Testicular testosterone synthe-
sis, as reflected in plasma hormone levels, changes throughout the life of a normal
human male. Testosterone production has two peaks during the second trimester in
utero and another during the 6 months after birth. The relative quiescence of the
androgen synthetic pathway persists throughout childhood until the beginning of the
pubertal period. Plasma testosterone rises to adult levels by the end of puberty and
begins to decline in middle age (andropause) (Auchus and Rainey 2004; Miller and
Auchus 2011). In many target tissues, unmodified testosterone interacts with the
androgen receptor (AR) to bring about the appropriate biological responses. In
others, not limited to the prostate and hair follicles, testosterone is reduced at the
5α position to form 5α-dihydrotesterone (DHT), which has a greater affinity for the
AR than testosterone; this is sometimes referred to as the amplification pathway. In
some tissues, exemplified by the bone and brain, the active derivative of testosterone
is estradiol, produced locally by aromatase, which then interacts with the estrogen
receptors (ERs). This has been referred to as the diversification pathway (Miller and
Auchus 2011).

The enzyme responsible for the conversion of testosterone to DHT is a Δ4-3-
ketosteroid-5α-oxidoreductase (5α-reductase) that requires NADPH as a cofactor
(Fig. 4). In rodents and humans, there are two forms of 5α-reductase. The two
reductases are encoded by separate genes and share about 50% amino acid homol-
ogy. The two 5α-reductase subtypes are important beyond the context of male genital
differentiation and androgen action because both enzymes reduce a variety of
steroids in degradative pathways. Progesterone, 17-dihydroxyprogesterone, and
related C21 steroids are excellent substrates for both 5α-reductases, particularly
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the type 1; cortisol, cortisone, corticosterone, and related compounds are also good
substrates. Such 5α-reduced steroids may be metabolized further and conjugated for
excretion in the urine (Russell and Wilson 1994).

Aromatization of testosterone to estradiol by P450 aromatase (see below) occurs
in several tissues of the adult male, including the adipose, testis (Sertoli cells and
Leydig cells), brain, bone, breast, liver, and blood vessels. In these tissues andro-
stenedione can also be aromatized, yielding the weak estrogen estrone, which can
then be metabolized to estradiol through reduction of the 17-keto group by
17β-hydroxysteroid dehydrogenase (Fig. 4) (Normington and Russell 1992).

Studies of fetal androgen biosynthesis and mechanisms of virilization in the
tammar wallaby have revealed the presence of a novel, alternative, so-called back-
door pathway that leads from 17-hydroxyprogesterone to DHT without going
through androstenedione or testosterone as intermediate steroids. This pathway is
initiated when either progesterone or 17-hydroxyprogesterone is reduced by
5α-reductase. This pathway is an alternative, backdoor pathway to DHT, by which
DHT is produced without utilizing DHEA, androstenedione, and testosterone as
intermediates. Consequently, the presence of 5α-reductases in steroidogenic and
non-steroidogenic cells does not preclude the production of C19 steroids, but rather
paradoxically enhances the production of DHT. Originally described in marsupials,
the backdoor pathway is relevant to human steroidogenesis (Miller and Auchus
2011). Human enzymes catalyze all of the reactions required to complete this
alternative route to DHT, and good evidence documents production of 5α-reduced
androgens by the fetal adrenal, at least in some pathological states.

Estrogen and Progesterone Hormone Synthesis

The two most important steroid hormones of the adult female are 17β-estradiol
(estradiol) and progesterone. In addition, two metabolites of estradiol, estrone
(E1) and estriol (E3), circulate at high levels at certain phases of menstrual cycle
and during pregnancy. E1 and E3 have been thought to be the inactive metabolites of
estradiol, but E3 has significant effects on the immune system, and a closer exam-
ination of the physiological functions of these two steroids is warranted. As for
androgens, the biological actions of E2 can be divided into those directed toward the
development and maintenance of the female reproductive system and those that have
effects on several other organs including the cardiovascular system, metabolism, and
brain.

The naturally occurring estrogens are typically 18-carbon steroids that have an
aromatic A ring with a phenolic hydroxyl; the naturally occurring progestin,

�

Fig. 5 (continued) abundant aromatase and 17βHSD1, completing the synthesis of estradiol (the
two cell model of ovarian steroidogenesis). In the luteal phase, 3βHSD2 in the corpus luteum
metabolizes nascent pregnenolone to progesterone, the final product. Minor pathways are shown
with dashed arrows
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progesterone, has 21 carbons, with another one additional oxygenation (oxo) on both
C-3 and C-20. Ovarian estrogen synthesis, as reflected in plasma hormone levels,
pulsates every month, during different phases of the menstrual cycle, and changes
throughout the life of a normal human female. The peak of estrogen synthetic
pathway during the 6 months after birth is followed by the relative quiescence
throughout childhood until the beginning of the pubertal period. Plasma estrogen
pulsates at adult levels by the end of puberty and begins to decline in middle age
(menopause). The amounts of estradiol, estrone, and progesterone produced by the
ovary and circulating during different phases of the menstrual cycle are shown in
Table 2.

The enzymatic steps of estradiol synthesis are partitioned between the granulosa
and theca cells of the ovary, which surround the oocyte and form a follicle (Fig. 5).
The cells of the theca interna express cholesterol side-chain cleavage activity
(P450scc) and StAR (Tian et al. 2015). Pregnenolone is converted to androstenedi-
one by the removal of carbons 20 and 21. Androstenedione diffuses across the
basement membrane of the follicle into the follicular fluid from which it is taken
up by granulosa cells. The endoplasmic reticulum of granulosa cells expresses P450
aromatase that converts androstenedione to estrone (Tian et al. 2015). All circulating
estrone and estradiol are produced by the aromatization of androgens, including
those derived from adrenal and placental steroidogenesis. In addition, P450 aroma-
tase is expressed in non-steroidogenic tissues, especially fat and bone. A single gene
on chromosome 15q21.1 encodes P450 aromatase. This gene contains five different
transcriptional start sites with individual promoters that permit the tissue-specific
regulation of its expression in diverse tissues. Estradiol is further synthesized by the
action of 17βHSD1 (see previous paragraph) that converts estrone to estradiol
(Fig. 5). This enzyme is also expressed in the liver and placenta where it reduces
16α-hydroxyestrone to estriol (E3), the characteristic estrogen of pregnancy. As a
whole, in order for sufficient amounts of estrogen to be synthesized for maturation
and ovulation of the follicle, both granulosa cells and theca cells must be functional.

Following ovulation, the major steroid produced by the luteinized cells of the
corpus luteum is progesterone, although estrogen continues to be synthesized and
secreted as well (Fig. 5).

Vitamin D Synthesis

Vitamin D and its metabolites are not technically steroids in the strict chemical sense,
as the B ring of cholesterol is opened (secosteroid). Nevertheless, these sterols are

Table 2 Production rates
of ovarian steroid hormones
during the ovary cycle

Hormones
Early follicular μg/
day

Ovulation μg/
day

Luteal μg/
day

17β-Estradiol 70 400–800 300

Estrone 80 300–600 200

Progesterone 1000 4000 24,000
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derived from cholesterol, assume shapes that are very similar to steroids, and bind to
a nuclear receptor (Norman 1998; Miller and Auchus 2011).

In the human skin, ultraviolet radiation at 270–290 nm directly cleaves the 9–10
carbon–carbon bonds of the cholesterol B ring, converting 7-dehydro-cholesterol to
cholecalciferol (vitamin D3) (Norman 1998). Plants and yeast produce ergocalciferol
(vitamin D2), which has essentially the same properties as cholecalciferol. Both
calciferols are biologically inactive prohormones that are then activated, and subse-
quently inactivated, by mitochondrial P450 enzymes. The initial step in the activa-
tion of vitamin D is its hepatic 25-hydroxylation to 25(OH)D, which may be
catalyzed by 25-hydroxylase (CYP2R1). The active, hormonal form of vitamin D,
1,25(OH)2D (calcitriol), is produced in the kidney proximal tubule by the hydrox-
ylation of 25(OH)D by the mitochondrial 1α-hydroxylase, P450c1α, encoded by the
CYP27B1 gene. 1α-hydroxylation is the rate-limiting step in the activation of
vitamin D. These chemical transformations can occur in the absence of further
ultraviolet exposure. The resulting vitamin D3 is then transported in the general
circulatory system by the 50 kDa vitamin D-binding protein (DBP). 1,25(OH)2D in
the circulation derives primarily from the kidney, but 1α-hydroxylase activity is also
found in keratinocytes, macrophages, osteoblasts, and placenta (Norman 1998;
Miller and Auchus 2011).

Control of Steroid Hormone Synthesis and Release

The production and/or secretion of most hormones are regulated by highly specific
homeostatic mechanisms. The secretion or release of the hormone is normally
related to the requirement for the biological response(s) generated by the specific
hormone. Because of their hydrophobic nature, steroid hormones and precursors can
leave the steroidogenic cell easily and are not stored. Thus, steroidogenesis (exclud-
ing vitamin D metabolites) is regulated primarily at the first step in their synthesis
(the cleavage of the side chain of cholesterol) and at the level of steroidogenic
enzyme gene expression and activity (Miller and Auchus 2011).

Once the biological response has been generated, the secretion of the hormone is
restrained to prevent an overresponse. Thus, a characteristic feature of most endo-
crine systems is the existence of a feedback loop that limits or regulates the secretion
of the hormone. Two general categories of endocrine feedback systems have been
described (Fig. 6): those in which the function achieved by the hormone directly
feeds back upon the endocrine gland that secretes the hormone (positive or negative
loops) and those involving the inputs from internal and external environments to the
central nervous system (CNS) and hypothalamus (generally negative long loops).
This latter category of endocrine feedback is organized into endocrine axes, which
contain three levels of hormonal output. The highest level of hormonal output is
neurohormonal and relies on the release of neurohormones, called releasing hor-
mones, from hypothalamic nuclei into the portal vessels between the hypothalamus
and the pituitary gland. The cells of the adenohypophysis make up the intermediate
level of an endocrine axis releasing the tropic or stimulating hormones, which, in
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turn, stimulate the peripheral endocrine glands/cells (including steroidogenic cells)
to produce the final, biologically active hormone (Fig. 6). Throughout the hypothal-
amus/pituitary/gland axes, the CNS exerts the control of hormone synthesis and
release, and it realizes the integration of body functions (Molina 2010). Another
contributor to the biological availability of steroid hormones that deserve mention
here is the control exerted by biological rhythms on steroid hormone production (Lin
et al. 2015).

Hypothalamus/Pituitary/Adrenal (HPA) Axis and Cortisol Synthesis
and Release

The endocrine axis that controls the cortisol synthesis from the steroidogenic cells of
adrenal zona fasciculata begins from the release of corticotropin-releasing hormone
(CRH) from the hypothalamic neurons. CRH, a peptide of 41 amino acids, binds to
its cognate receptors (a G protein-coupled receptor associated to a Gs/cAMP/PKA
signaling pathway) on corticotrope cells to the pituitary. CRH acutely stimulates the
release of adrenocorticotropin hormone (ACTH) into the circulatory system. ACTH,
a 39-amino acid peptide, binds to the melanocortin-2 receptor (MC2R) located on
the cells in the zona fasciculata of adrenal cortex (Gaffey et al. 2016). Within minutes
upon ACTH binds to MC2R, cellular cholesterol is rapidly mobilized and trans-
ported to mitochondria. ACTH rapidly increases the expression and the activity of
StAR through PKA-dependent phosphorylation resulting in the increase of

Fig. 6 Feedback regulation of hormone synthesis. Two general categories of endocrine feedback
systems have been described: those in which the function achieved by the hormone directly feeds
back upon the endocrine gland that secretes the hormone (a) and those involving the central nervous
system (CNS) and hypothalamus (b)
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pregnenolone levels. Over a period of several hours, ACTH increases the transcrip-
tion of the gene encoding the steroidogenic enzymes (e.g., P450scc and the 11-
β-hydroxylase) and their coenzymes crucial to the production of cortisol as well as
the expression of LDL receptor, thus increasing cholesterol uptake and its utilization
to produce high level of cortisol (Miller and Auchus 2011).

The cortisol released into bloodstream inhibits both the release of CRH from
hypothalamic neurons and ACTH secretion from pituitary corticotrope cells. There
is a long negative feedback loop of cortisol, which is initiated by cortisol release
from the adrenal zona fasciculata that then travels through the entire circulatory
system to engage with the glucocorticoid receptor (GR) in target cells. Some cortisol
will cross the blood–brain barrier and send a negative signal to both the brain cortex
and the hippocampus, so that the hypothalamus diminishes the CRH signal sent from
the hypothalamus to the pituitary. This then lowers the rate of secretion of ACTH by
the pituitary. The overall feedback inhibition of ACTH is implemented very rapidly.
The feedback on the hippocampus may shut off further electrical activity responsible
for the release of CRH and the subsequent release of ACTH. These actions are
mediated by GR located in these cells that operate transcriptionally (Wood 2013).

The release of CRH, and hence of ACTH, is pulsatile with about 7–15 episodes
per day. The stimulation of cortisol release occurs within 15 min of the surge of
ACTH. An important feature in the release of cortisol is that in addition to being
pulsatile, it follows a circadian rhythm, with a peak in early morning and a nadir in
late afternoon (see paragraph in section “Regulatory Feedback of Vitamin D Syn-
thesis and Release”). However, many types of stress, neurogenic (e.g., emotional
like fear), pathological (e.g., infection), and metabolic (e.g., hypoglycemia), over-
take both the regulation exerted by circadian rhythm and the negative feedback from
cortisol levels driving to the extensive secretion of ACTH, which will further elevate
the circulating concentrations of cortisol. This means that hypothalamus could reset
the “set point” of the HPA axis in response to stress (Lin et al. 2015; Gaffey et al.
2016).

Stress is anything that throws the body out of homeostatic balance – for example,
an injury, an illness, or exposure to extreme heat or cold. Stress thus occurs when the
body is exposed to a “stressor,” which threatens homeostasis, and the “stress
response” is the attempt of the body to counteract the stressor and reestablish
homeostasis (allostasis). There are two key aspects of stress response. On the one
hand, the body responds to short-term stressor by releasing epinephrine (and nor-
epinephrine) from the adrenal medulla, as well as cortisol secretion from the adrenal
cortex that increases heart rate, blood pressure, and glucose availability. These
mediators promote adaptation to an acute stressor, as well as to simple acts like
getting out of bed in the morning or climbing a flight of stairs. On the other hand,
chronic elevation of stressors, e.g., intensive cold, prolonged loud noise, serious
injury, burns, surgery, and significant changes in the environment that chronically
increased heart rate and blood pressure, can cause pathophysiological changes, for
example, in the cardiovascular system. These stressful circumstances necessitate the
response adaptation, which is not well granted by a single mediator. Rather, the
combination of multiple mediators (e.g., vasopressin, CRH, cortisol) addresses the
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specific aspects of a stressor that culminate in the breakdown of glycogen necessary
to enable escape or survive the “fight or flight” or provide “nervous energy.” Both
types of stress responses usually occur simultaneously; one change in operation does
not preclude the utilization of the other pathway. There are, however, certain
conditions that can cause the pathways to operate separately. The sympathetic
system generating epinephrine and norepinephrine is activated when the organism
attempts to escape from or deal with the environmental challenge or the fight or
flight. On the other hand, the HPA axis, ending in cortisol release from the adrenal
gland, is also operative when the individual becomes immobile, passive, and
depressed. A chronic emotional reaction of passivity and defeat to a stressful
situation can produce dire consequences, as the adrenal hypertrophy and levels of
cortisol continue to increase. This can generate a Cushingoid-like bodily reaction in
which visceral fat accumulates and blood pressure becomes elevated, and arterio-
sclerosis and type 2 diabetes eventually develop. Sequential episodes of elevated
glucocorticoids cause sufficient repression of glucose uptake in peripheral cells to
involve insulin release from the β-cells of the pancreas (Gaffey et al. 2016).

The Control of Mineralocorticoid and Androgen Release from
Adrenals

In contrast to glucocorticoids, which are under exclusive neuroendocrine regulation
by HPA, aldosterone synthesis and release in the adrenal zona glomerulosa are
predominantly regulated by angiotensin II and extracellular K+ and, to a lesser
extent, by ACTH. Aldosterone is part of the renin-angiotensin-aldosterone system,
which is responsible for preserving circulatory homeostasis in response to a loss of
salt and water. Renin is an enzyme secreted by the granular cells associated with the
Bowman’s capsule of the kidney’s nephron in response to a drop in blood pressure
and/or a decrease in blood Na+ concentration. Renin’s substrate is the blood protein
angiotensinogen (57 kDa) secreted by the liver and then localized within the
capillaries of the lungs. The hormone angiotensin II is an octapeptide produced by
the angiotensin converting enzyme (ACE) acting on the precursor, angiotensin I, the
product of renin activity. Angiotensin II is a hormone that acts on the zona
glomerulosa of the adrenal cortex where it stimulates the production and secretion
of aldosterone (Molina 2010). Aldosterone binds to its receptor (MR) in the kidney’s
collecting duct where it increases the reabsorption of both Na+ and water and, also,
increases secretion of H+ and K+ into the urine, thus leading to an increased blood
volume, which increases blood pressure until it has returned to normal. Although
both angiotensin II and K+ stimulate aldosterone release by increasing intracellular
Ca2+ concentrations, they achieve this result through different mechanisms (Molina
2010). Angiotensin II binds to G protein-coupled receptor resulting in activation of
phospholipase C, which results in the production of two second messengers:
diacylglycerol and inositol 1,4,5-trisphosphate which, respectively, activate protein
kinase C activity and stimulate the release of Ca2+ from the endoplasmic reticulum
stores. K+, on the other hand, mediates an influx of extracellular Ca2+ via voltage-
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gated L- and T-type Ca2+ channels. The surge of intracellular Ca2+ concentration
increases calcium/calmodulin activity in the zona glomerulosa that promotes tran-
scription of genes for steroidogenic enzymes, especially the gene encoding P450scc,
thus increasing the amounts of the steroidogenic enzymes involved in aldosterone
synthesis (Clyne et al. 1997; Bassett et al. 2004).

The control and regulation of the release of adrenal androgens (DHEA) depends
on ACTH. However, it is known that adrenal secretion of DHEA increases in
children at the age of 6–8 years (adrenarche) and peak between the ages of 20 and
30 years. Thereafter, serum levels of DHEA decrease markedly during the aging
process. This is not paralleled by a similar decrease in ACTH or cortisol production
(Wood 2013).

Hypothalamus/Pituitary/Testis Axis and Testosterone Synthesis
and Release

The hypothalamic decapeptide gonadotrophin-releasing hormone (GnRH) released
by secretory granules of the GnRH hypothalamic neurons is required for the male
and female reproductive function. In the absence of GnRH, secretion of the two
pituitary gonadotrophic hormones is either completely (luteinizing hormone, LH) or
greatly (follicle-stimulating hormone, FSH) diminished.

The secretion of GnRH is characterized by its pulsatile nature. The amplitude and
frequency of GnRH pulses are restrained from the age of 4 to 6 months until the
onset of puberty, at which time the increase in both amplitude and frequency of
GnRH (and therefore gonadotrophin) secretion is the hallmark of the onset of
reproductive maturation. Furthermore, the two gonadotrophins show pulse fre-
quency discrimination, with LH responding to faster frequencies of the GnRH
pulse and FSH to slower frequencies. The pulse generator for GnRH secretion is
now thought to lie in neurons of the preoptic area that contain a triad of neuropep-
tides, kisspeptin, neurokinin B, and dynorphin, which project into the cell bodies and
terminals of GnRH neurons of the hypothalamus. Although kisspeptin is thought to
be an important component of the GnRH pulse generator, the exact mechanism by
which this occurs and the role of other neuropeptides such as neurokinin B are still
under intense study (Plant 2008; Molina 2010; Chevrier et al. 2011).

Although the first steps of hypothalamus/pituitary/gonad axis are similar between
sexes, the effects exerted by pituitary tropic hormones are different in male and in
female. The testicular target of LH, the Leydig cells, serves two principal functions:
(a) they are the site of production of testosterone, producing, in adult males,
approximately 7 mg daily for systemic transport to distal target tissues, and
(b) they have paracrine interactions with the immediately adjacent seminiferous
tubules to support spermatogenesis. LH-mediated stimulation of testosterone syn-
thesis and secretion is initiated by the binding of LH to specific receptors on the
plasma membranes of the Leydig cell. An increased level of cAMP within the
Leydig cell activates PKA (cyclic AMP-dependent protein kinase) which, through
phosphorylation of specific transcription factors, induces the synthesis of StAR.

Steroid Hormones: Synthesis, Secretion, and Transport 19



Under prolonged stimulation, LH increases the expression and activities of other
enzymes in the pathway from pregnenolone to testosterone (Miller and Auchus
2011). In the adult male, FSH in conjunction with testosterone acts on the Sertoli
cells of the seminiferous tubule to initiate sperm production. In humans, FSH is
required for normal spermatogenesis throughout adult life. FSH binds to its specific
G protein-coupled receptor on the Sertoli cell to increase, through a cAMP-
dependent mechanism, the synthesis of specific proteins, including the androgen-
binding protein (ABP) and inhibin. ABP is thought to function to concentrate
androgens in the seminiferous tubules and deliver the steroid hormone to developing
spermatocytes and spermatids (Molina 2010). ABP is now known to be a homolog
of sex hormone-binding globulin, SHBG, the serum-binding protein for androgens
and estrogens (see next chapter).

Testosterone can exert negative feedback on the axis through three possible
levels: the kisspeptin neurons of the arcuate nucleus, which regulate the output of
GnRH neurons, the GnRH neurons themselves, and the pituitary gonadotrope cells.
The relative contribution of each of these components to overall LH and FSH
secretion varies with species, but each probably contributes to the negative feedback
effect of testosterone in humans. Although kisspeptin neurons contain both androgen
(AR) and estrogen (ERs) receptors, testosterone represses kisspeptin expression and
GnRH secretion via AR activity. In the pituitary, testosterone decreases the expres-
sion and release of LH and FSH only after the aromatization of testosterone to
estrogen. Thus, in contrast to the situation in kisspeptin neurons, pituitary estrogen
and ERs play an important role in the negative feedback that controls testosterone
synthesis (Plant 2008; Molina 2010; Chevrier et al. 2011).

The adult human male produces approximately 45 μg of estradiol per day, mostly
from aromatization of testosterone in the adipose tissue, bone, brain, breast, blood
vessels, liver, and both the Sertoli and Leydig cells of the testes. The aromatization of
testosterone is a critical step in its action in several tissues. In bone, estrogen
mediates the closure of the epiphyseal plate during puberty and decreases bone
mineral resorption; in the spermatozoa, where it mediates the cell motility; in
prostate, where ERs are necessary for water resorbing and gland maturation; and
in the brain where estrogen participates in the negative feedback inhibition of
testosterone on GnRH secretion. Estradiol produced from testosterone affects other
areas of brain affecting mood and cognitive function. In a small number of cases of
inactivating mutations of aromatase in men, observations have included tall stature,
low bone mineral density, and changes in carbohydrate and lipid metabolism (Miller
and Auchus 2011).

Hypothalamus/Pituitary/Ovary Axis and Synthesis and Release
of Estrogen and Progesterone

Reproductive function in females is pulsatile being characterized by cycles of follicle
development, ovulation, and preparation of the uterine endometrium for implanta-
tion of the blastocyst resulting from a fertilized egg (Plant 2008). The hormones that
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constitute the hypothalamic-pituitary-ovarian axis orchestrate and synchronize these
events. There are two differences that distinguish this system from its male coun-
terpart: (1) there are two distinct phases of the cycle, follicular and luteal; (2) at one
brief specific point in the cycle, the pituitary and hypothalamic centers respond.

During the majority of the follicular phase (first half) of the cycle, the theca cells
are the target of LH, while the granulosa cells are the FSH target. The type of
receptor each cell expresses determines this responsiveness. The cells of the theca
interna express receptors for LH, the response to which is an increase in steroid acute
regulatory protein (StAR) and the cleavage of the side chain of cholesterol. Andro-
stenedione diffuses across the basement membrane of the follicle into the follicular
fluid from which it is taken up by granulosa cells. These cells express the FSH
receptor which, when activated by FSH, brings about, through adenyl cyclase
activation, the synthesis of aromatase that converts androstenedione to estrone.
Action of 17β-hydroxysteroid dehydrogenase (17-ketosteroid reductase;
HSD17B1) converts estrone to estradiol. Thus, unlike the male, both gonadotrophins
must be secreted in appropriate amounts to assure estrogen synthesis. Following
ovulation, when theca and granulosa cells of the follicle have differentiated into the
corpus luteum, LH from the pituitary is required for the production of progesterone,
which is necessary for the growth of the uterine endometrium (Plant 2008; Miller
and Auchus 2011).

The sex steroid hormones, estrogens and progesterone, control gonadotrophin
secretion. Both estradiol and progesterone exert negative feedback inhibition on
GnRH secretion by the hypothalamus as well as by direct inhibition of gonadotro-
phin secretion at the pituitary (Plant 2008). The latter involves alterations in the
expression of the genes required for LH and FSH synthesis as well as modulation of
the sensitivity of pituitary gonadotrophs to GnRH. The negative feedback effect of
estrogen predominates during the follicular phase of the reproductive cycle and that
of progesterone, synthesized in large amounts by the corpus luteum, predominates
during the luteal phase. However, the surge of estrogen hormones, typical of
ovulation, exerts a positive feedback on GnRH and LH secretion further increasing
estrogen synthesis in the ovary. A group of kisspeptin-1 neurons in the hypothalamic
anteroventral periventricular nucleus mediates this estrogen-positive stimulus. These
cells respond to the rapid rise in estrogens produced by the maturing follicle with
increased Kiss-1 secretion and stimulation of GnRH secretion that drives the mid-
cycle LH surge. The positive feedback of estrogen on LH (and FSH) secretion is also
exerted at the pituitary gland and involves enhancement of the sensitivity to GnRH.
The relative role of the pituitary, as opposed to changes in GnRH secretion, in
mediating the ovulatory LH surge varies with species. In primates, including
humans, the pituitary appears to be the predominant site of this regulatory event.
The molecular mechanism of the switch from negative to positive feedback by
estrogen is not understood, but it is probably related to the different effects exerted
by different estrogen concentrations on the levels of their cognate receptors (Molina
2010).

Androgens play important roles in the reproductive functions of females. Indeed,
testosterone and androstenedione are the substrates for aromatase and obligatory
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intermediates in the production of estradiol and estrone, respectively. Adrenal
androgens play a critical role in female puberty bringing about the changes in
pubic and axillary hair (adrenarche). Excessive exposure to androgens during uterine
life can bring about masculinization of a female fetus, depending on the timing and
extent of the exposure. Excess androgens at any point in adult life can have
masculinizing effects on the female, manifested as excess hair growth, voice
changes, and changes in body composition (Miller and Auchus 2011).

Regulatory Feedback of Vitamin D Synthesis and Release

The regulation of vitamin D synthesis and release is a good example of endocrine
feedback systems in which the function achieved by the hormone directly feeds back
upon the endocrine gland that secretes the hormone (positive or negative loops).
Indeed, the production of 1,25(OH)2D by 1α-hydroxylase in the kidney is a tightly
regulated process and is a central factor in the feedback regulation of calcium
homeostasis. The production of the active form of vitamin D [1,25(OH)2D or
calcitriol] is under negative feedback regulation by plasma Ca2+ levels. A rise in
plasma Ca2+ levels inhibits the hydroxylation at C-1 and favors hydroxylation at
C-24, leading to the synthesis of an inactive metabolite of vitamin D (24,25(OH)2D).
In addition, the parathyroid hormone, released from parathyroid glands, stimulates
the activity of kidney 1α-hydroxylase, favoring an increase in synthesis of the active
form of vitamin D. Vitamin D, as well as high Ca2+ levels, suppresses the activity of
1α-hydroxylase, decreasing its own synthesis and favoring the synthesis of 24,25
(OH)2D. Vitamin D increases intestinal Ca2+ absorption and suppresses the synthesis
and release of parathyroid hormone from the parathyroid glands completing the
endocrine feedback system (Khundmiri et al. 2016).

Hormonal Rhythms

The profound environmental changes brought about by the rotation of the Earth
around its axis allowed the evolution of endogenous timekeepers that enable an
organism to reliably predict the time of day and adjust behavior and physiology
accordingly. Not surprisingly, large aspects of our endocrine system, including
hormone synthesis and release, are tightly connected to the circadian clock. In
1970s it was discovered that information about the external light–dark cycle provide
photic data to both classical retinal photoreceptors – cone and rod cells – as well as to
melanopsin-containing retinal ganglion cells. Through the retino-hypothalamic tract
(RHT), this information is passed to an anatomical entity underlining the mammalian
circadian, the suprachiasmatic nucleus (SCN). The SCN is a bilaterally paired
structure with high cell body density located adjacent to the third ventricle and
directly atop the optic chiasm. The current model suggests that the central mecha-
nism of the mammalian molecular clock is composed of a set of clock genes
intertwined with a delayed interlocking transcriptional–translational feedback loop,
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coupled to several auxiliary mechanisms reinforcing robustness and stability. The
functional molecular clockwork does not exist only in SCN neurons, but (almost)
every single cell in the brain and periphery is capable of oscillating in a circadian
manner. Molecular clock rhythms have been shown even in cultured cells, such as
immortalized fibroblast cells, which display robust oscillations of clock gene expres-
sion. One major function of the SCN is to synchronize internal biological processes
to external time cues. To do this, SCN innervates other regions of the brain, in
particular the hypothalamic nuclei which are important integrating centers for energy
homeostasis and control of steroid hormone synthesis. Indeed, cortisol represents the
best-studied steroid hormone that is subject to direct and dominant regulation by the
circadian clock (Lin et al. 2015; Barclay et al. 2012).

Blood levels of cortisol display a robust circadian rhythm. The circadian rise of
cortisol is phase-locked to the time of awakening, peaking at few hours before the
onset of the active phase, i.e., the early morning for diurnal animals such as humans
and the evening for nocturnal animals such as rodents. This cortisol rise promotes
arousal and boosts performance during the early active phase. Importantly, cortisol
rhythms persist under constant environmental conditions, suggesting that the endog-
enous circadian clock drives them. Surgical ablation of the SCN completely abol-
ishes the circadian rhythm of cortisol in blood, indicating that the SCN is the origin
of cortisol rhythmicity. Well before the discovery of clock genes or peripheral
clocks, it was shown that adrenal glands when isolated and cultured in vitro display
a robust circadian rhythm of metabolism and steroid secretion. In line with this,
researchers have provided evidence that a local adrenocortical clock imposes a
circadian gating mechanism altering ACTH sensitivity during the course of the
day. Thus, while the SCN is indispensable for the circadian rhythm of cortisol
secretion, the adrenal clock provides an additional level of control to modulate the
proficiency of cortisol production across the circadian cycle, and further clocks along
the HPA axis may be involved. Adrenalectomy shortens re-entrainment in the SCN,
lung, and kidney following phase shifts, suggesting that GCs may serve to stabilize
the phase of peripheral clocks against external noise. In the case of jetlag-induced
circadian desynchronization, it was shown that manipulation of the cortisol rhythm
could speed up or slow down activity adaptation to the new light–dark cycles,
depending on the intervention time (Lin et al. 2015; Barclay et al. 2012).

Circadian rhythms, which do influence GnRH and gonadotrophin secretion in
other mammalian species, do not have a strong influence in humans, but sleep itself
appears to have direct effects on the nature of LH secretion, which vary with the
reproductive status of the individual (Lin et al. 2015; Barclay et al. 2012).

Steroid Secretion and Transport

Steroid hormones, like other hormones, are chemical messengers that send a signal
within a physiological system from point A (secretion) to point B (biological action).
Steroid hormones are synthesized, but not stored, within specific endocrine cells that
could be associated with an anatomically defined endocrine gland.
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Upon the receipt of an appropriate physiological signal, which may take the form
of either a change in the concentration of some component in the blood (e.g., another
hormone, Ca2+, stressors) or a neural signal, the hormones are released into the
circulation. They are transported in the bloodstream to one or more target cells,
which are defined as targets by the presence of the specific high-affinity receptors,
members of nuclear receptor superfamily located either on the membrane or within
the cell (endocrine system) (Fig. 7) (Molina 2010; Norman and Henry 2015).

A type of hormonal communication system does not involve the circulatory
system at all. In paracrine systems, hormones secreted from the steroidogenic cells
interact with their cognate receptors in neighboring cells, which are reached by
diffusion (Fig. 7). As with endocrine system, the nearby target cells may be all the
same type or may differ from each other. Several, if not all, of the steroid hormones
act by paracrine in addition to endocrine mechanisms. For example, in the testis,
testosterone not only is released into the blood from the interstitial cells in which it is
produced but also diffuses to nearby seminiferous tubules to support the production
of sperm (see previous paragraphs).

Finally, some cells both produce the same hormone and respond to it. This type of
system is referred to as autocrine for all class of hormones excluding steroid
hormones. The appearance during evolution of the repertoire of cell-specific ste-
roidogenic enzymes (see previous chapter) permits to produce steroid hormones
intracellularly according to the local needs without biologically significant release of
active sex steroids in the circulation. This type of system, specific for steroid
hormones, is referred to as intracrine (Fig. 7). Examples of intracrine system involve
androgen/estrogen synthesis in non-steroidogenic tissues during andropause and
menopause. All tissues, except the endometrium, possess the intracrine enzymes
able to transform DHEA into androgens and/or estrogens. Humans, along with other
primates, are unique among animal species in having adrenals that secrete large
amounts of the inactive precursor steroid DHEA, which is converted at various
levels into active androgens and/or estrogens in specific peripheral tissues according
to the mechanisms of intracrinology. It is very important to mention that an essential
aspect of intracrinology is that the active sex steroids are not only made locally but
that they are also inactivated locally at exactly the same site where synthesis takes
place. In fact, the sex steroids made from DHEA in peripheral tissues are essentially
released outside the cells as inactive compounds. DHEA of adrenal, ovarian, or
exogenous (e.g., drugs) origin is distributed by the general circulation to all tissues
indiscriminately. The transformation of DHEA into estrogens/androgens, however,
is tissue specific, ranging from none in the endometrium to various cell-specific
levels in the other tissues of the human body. Most importantly, approximately 95%

Fig. 7 Type of hormonal
communication system. These
systems may involve (a) or
not (b, c) the circulatory
system
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of the active estrogens and androgens are inactivated locally before being released in
the blood as inactive metabolites, thus avoiding inappropriate exposure of the other
tissues (Luu-The 2013; Labrie 2015). As a whole, the intracrine process that is
typical for steroid hormones binding to nuclear receptors is thus equivalent to
autocrine and paracrine processes activated by hormones binding to transmembrane
receptors. Although the terms autocrine and paracrine are used for both nuclear and
transmembrane receptors, it is important to make the distinction, especially because
nuclear steroid receptors could be also found extrinsically linked to the plasma
membrane and act in an extranuclear manner (Molina 2010; Norman and Henry
2015).

Steroid-Binding Proteins

Most steroid hormones have limited solubility in plasma due to their intrinsic
hydrophobic nature; accordingly, steroid hormones are largely (99%) bound to
specific plasma transport proteins, which are synthesized in the liver. All steroid
hormones, except one, have their cognate plasma-binding protein. The exception is
aldosterone; 50% of aldosterone is believed to circulate as the free steroid in the
plasma compartment. Each transport protein has a specific ligand-binding domain
for its cognate hormone, which displays little amino acid sequence homology with
the ligand binding of the cognate receptors. The Kd of a steroid hormone for its
plasma transport is always “looser,” e.g., 1–100 � 10�8 M, than that of the Kd of the
nuclear receptor. Thus, the tighter binding of the steroid hormone to its target
receptor when it has arrived at a target tissue allows the hormone to be concentrated
inside the target cell. The current view is that it is the “free” form of steroid hormones
and not the complex of the hormone with its plasma transport proteins that interacts
with receptors in or on the target cells to begin the sequence of steps that result in the
generation of a biological response (Molina 2010; Norman and Henry 2015).

In the plasma compartment, the steroid hormones move through the circulatory
system bound to their partner transport protein. However, an important issue con-
cerns the details of the mode of delivery of steroid hormones to their target cells.
Because the “free” form of the steroid hormone is believed to be the form of steroid
that moves across the outer plasma membrane of a target cell, it has been postulated
that the steroid ligand dissociates from its plasma transport protein and then diffuses
first through the capillary wall and then through the outer wall membrane of target
cells. However, it is apparent that the endothelial wall of capillaries contains
fenestrations. Thus, it is also possible for the plasma steroid transport protein (with
bound steroid hormone) to exit the capillary bed via a fenestration and move to be
immediately adjacent to the outer cell membrane of the appropriate target cell for the
steroid hormone in question. Here the steroid hormone will dissociate from the
transport protein, diffuse through the plasma membrane, and then bind to an
unoccupied partner steroid receptor.

A corticosteroid-binding globulin (CBG) is present in blood. This protein is also
referred to as transcortin. It is synthesized in the liver and exported to the circulation.

Steroid Hormones: Synthesis, Secretion, and Transport 25



This protein binds cortisol with relatively high affinity (binding constant ffi
108 M�1; the dissociation constant for the reaction, CBG + cortisol $ CBG –
cortisol, is about 10�8 M cortisol). Because of the affinity of the protein for cortisol,
most of the hormone circulates in the bound form as reflected in the equilibrium,
which favors the complex: CBG + cortisol $ CBG-cortisol.

There is only a small amount of the free steroid hormone in a target cell.
Nevertheless, at the target cell, the free steroid enters the cell plasma membrane,
probably by a free diffusion process. The driving force behind the movement of free
hormone in the target cell appears, in part, to be proportionate to the number of
unoccupied cortisol hormone-specific nuclear receptor molecules that have moved
from the nucleus of the target cell out to the cytoplasm that still have empty ligand-
binding sites (unoccupied receptors). The affinity of the nuclear receptor for cortisol
is similar (20 nM) to that of the circulating CBG-cortisol complex. Steroid hormones
cycle into and out of a target cell, and the number of unoccupied nuclear receptors
determines the proportion of molecules retained in the cell.

Of the total testosterone in the circulation, 0.5–3% is free (not bound to protein),
54–68% is bound to albumin with relatively low affinity, and the remainder is bound
to sex hormone-binding globulin, SHBG, with high affinity. SHBG, synthesized in
the liver, is a dimeric glycosylated protein with a molecular mass of 84 kDa. SHBG
has a preference for steroids with a 17β-hydroxyl [Kd ffi (1–5) � 10–10 M], so it
binds testosterone, DHT, and estradiol, but not, for example, progesterone or corti-
sol. Thus, it serves as the specific transport protein for both testosterone and
estradiol. Plasma levels of SHBG are twofold greater in nonpregnant women than
in men. The synthesis, and therefore the plasma concentration, of SHBG is increased
in pregnancy and hyperthyroidism and is decreased by androgens, glucocorticoids,
insulin, and growth hormone.

The plasma contains the vitamin D-binding protein (DBP) that is utilized to
transport vitamin D secosterols. DBP resembles the corticosteroid-binding globulin,
which carries glucocorticoids, and the steroid hormone-binding globulin. DBP is a
slightly acidic (pH = 5.2) monomeric glycoprotein of 53,000 Da, which is synthe-
sized and secreted by the liver as a major plasma constituent.

DBP is a multifunctional protein in that it binds both vitamin D and its metab-
olites. One molecule of DBP has only one ligand-binding domain-binding site for
secosterols of the vitamin D family. Thus, while a single DBP can carry only one
ligand, the relatively high concentration of DBP molecules present in the blood
compartment permits the DBP population as a whole to bind the hydrophobic parent,
vitamin D3, as well as the hydrophobic daughter metabolites, 25(OH)D3, 1α,25
(OH)2D3, and 24,25(OH)D3. Since the total plasma concentration of vitamin D
sterols is only ~0.2 μM, while DBP circulates at 9–13 μM, under normal circum-
stances only a very small proportion of the sterol-binding sites on DBP are occupied.

For some endocrine systems, the concentration of the plasma transport protein
can be subject to physiological regulation; that is, the concentration of plasma
transport proteins can be either increased or decreased. Thus, changes for plasma
transport proteins can alter the amount of free hormone in the blood, as well as affect
the total amount of hormone in the blood. This role of the binding proteins in the
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availability of steroid hormones can be of considerable physiological relevance in
clinical situations (Molina 2010; Norman and Henry 2015).

Steroid Hormone Metabolism

The effective concentration of a hormone is determined by the rates of its production,
delivery to the target tissue, and degradation. The excess of steroids that are not
bound to the receptors will be inactivated into the target cell, and hormone metab-
olites will be secreted in the circulation. In addition, the local inactivation of the
excess of active steroids inside the cells is an important manner to regulate active
steroid concentration (Molina 2010; Norman and Henry 2015).

The hydrophobic steroid hormones and the vitamin D are filtered by the kidney
and generally reabsorbed. About 1% of the cortisol produced daily ends up in the
urine. Steroid hormones are ordinarily handled by metabolizing them to inactive and
to water-soluble forms that are more effectively eliminated. The free steroid fraction
is accessible to the metabolic inactivation. The inactivation is accomplished by
converting hydroxyl groups to keto groups, reducing double bounds, and conjugat-
ing the steroids with glucuronide and sulfate groups. These processes occur in the
liver through phase I and phase II biotransformation reactions. Over 50 different
steroid metabolites have been described.

Cortisol is reversibly inactivated by conversion to cortisone and to tetra-
hydrocortisol and tetrahydrocortisone in the liver and kidney. These metabolites
are referred to as 17-hydroxycorticosteroids, and their determination in 24 h urine
collections is used to assess the status of adrenal steroid production. As discussed
before, localized tissue metabolism contributes to modulation of the cortisol biolog-
ical effects by the isoforms of the enzymes 11βHSD1 and 11βHSD2.

Aldosterone is metabolized in the liver to tetrahydroglucuronide derivative and
excreted in the urine. A fraction of aldosterone is metabolized to aldosterone
18-glucuronide, which can be hydrolyzed back to free aldosterone under low pH
conditions.

In the liver, testosterone undergoes 5β-reduction, followed by 3α-reduction and
reduction of the 17-keto group. DHT undergoes 3α- and 17β-reduction. Both
reduced catabolites are then conjugated with glucuronic acid or, to a lesser extent,
sulfate, released back into the circulation and removed from the body in the urine
or bile.

Estrogens are metabolized by sulfation or glucuronidation, and the conjugates are
excreted into the urine. Estrogen can also be metabolized through hydroxylation and
subsequent methylation to form catechol and methoxy estrogens.

1,25(OH)2D may be inactivated by the principal hepatic drug-metabolizing
enzyme, microsomal CYP3A4, or by its 24-hydroxylation by vitamin D
24-hydroxylase (P450c24), encoded by the CYP24A1 gene. This mitochondrial
enzyme can catalyze the 24-hydroxylation of 25(OH)D3 to 24,25(OH)2D3 and of
1,25(OH)2D3 to 1,24,25(OH)3D3, primarily in the kidney and intestine, thus
inactivating vitamin D (Norman and Henry 2015).
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Conclusions

Steroid hormones regulate a wide variety of developmental and physiological
processes from fetal life to adulthood. Important functions of these hormones include
regulation of the mammalian stress response, electrolyte and fluid homeostasis, and
the development and maintenance of both primary and secondary sexual character-
istics. Despite efforts to correlate steroid structures with their activities, this area was
not understood until the various steroid hormone receptors were identified and
cloned. Thus, the contemporary definition of each class of steroid is based on the
nuclear receptor(s) to which it binds, rather than on the chemical structure of the
steroid. In addition, disorders of steroid hormone synthesis were formerly thought to
be confined to rare genetic lesions; consequently, more study has been devoted to
steroid hormone action than to steroid hormone synthesis. Work in the past 30 years
has identified the steroidogenic enzymes and their genes, reinvigorating studies of
steroid biosynthesis by discoveries of roles for altered regulation of steroidogenesis
in common disorders such as hypertension and the polycystic ovary syndrome and
by discoveries of steroid-modifying enzymes in target tissues that mediate some
forms of apparent tissue specificity of hormone action.

Summary

Steroidogenesis entails processes by which cholesterol is converted to biologically
active steroid hormones. Six classes of steroid hormones, all of which are indis-
pensable for mammalian life, are made from cholesterol via complex biosynthetic
pathways that are initiated by specialized, tissue-specific enzymes found in mito-
chondria and endoplasmic reticulum. These hormones include glucocorticoids (cor-
tisol, corticosterone) and mineralocorticoids (aldosterone) produced in the adrenal
cortex; estrogens (estradiol), progestins (progesterone), and androgens (testosterone,
dihydrotestosterone) produced in the gonads; and calciferols (1,25-dihydroxy vita-
min D [1,25OH2D3]) produced in the kidney. Historically, steroid hormone synthesis
only occurred in the steroidogenic glands (i.e., adrenal glands, gonads, and pla-
centa). A significant number of studies have now challenged this view by demon-
strating that several organs, including the brain, adipose tissue, and intestine, are
capable of producing steroid hormones. These are called non-steroidogenic or
intracrine tissues.

The production and/or secretion of most hormones are regulated by the homeo-
static mechanisms, which operate in that particular endocrine system. The secretion
or release of the hormone is normally related to the requirement for the biological
response(s) generated by the specific hormone. Because of their hydrophobic nature,
steroid hormones and precursors can leave the steroidogenic cell easily and are not
stored. Thus, steroidogenesis is regulated primarily at the first step in their synthesis
(the cleavage of the side chain of cholesterol) and at the level of steroidogenic
enzyme gene expression and activity. Once the biological response has been gener-
ated, the secretion of the hormone is restrained to prevent an overresponse. Thus, a
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characteristic feature of most endocrine systems is the existence of a feedback loop
(either direct or multistep) that limits or regulates the secretion of the hormone.
Another contributor to the biological availability of steroid hormones is the control
exerted by biological rhythms on steroid hormone production.

Steroid hormones are synthesized, but not stored, within specific endocrine cells
from which they are easily secreted in the plasma. However, most steroid hormones
have limited solubility in plasma due to their intrinsic hydrophobic nature; accord-
ingly, steroid hormones are largely bound to specific plasma transport proteins,
which are synthesized in the liver. All steroid hormones, except aldosterone, have
their cognate plasma-binding protein.

The excess of steroids that are not released or bound to the receptors will be
inactivated into the cell, and hormone metabolites will be secreted in the circulation.
This local inactivation of the excess of active steroids inside the cells is an important
manner to regulate active steroid concentration.

As a whole, the key determinants of the steroid hormone response are the
presence of a response system (receptors and signaling transduction pathways in
target cells) and hormone blood concentration. The effective concentration of a
steroid hormone is determined by the rates at which the steroid is biosynthesized
and enters the body pools, the “tightness” of binding of the steroid to its plasma
carrier protein, and the rate at which the steroid is biologically inactivated by
catabolism and removed from body pools.
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Abstract
Thyroxine (T4) and triiodothyronine (T3), collectively called as thyroid hor-
mones, are synthesized in the thyroid gland. Another molecule called reverse
T3 (rT3), whose function is unknown, is also secreted from the thyroid gland. T4 is
the major molecule synthesized and secreted from the thyroid gland, whereas
other molecules are mainly generated in extrathyroidal tissues by deiodination of
T4. The thyroid hormone synthetic pathway comprises the following steps:
(1) thyroglobulin synthesis and secretion into the follicular lumen; (2) iodine
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uptake into the follicular epithelial cells; (3) iodine transport and efflux into the
follicular lumen; (4) oxidation of iodine, iodination of thyroglobulin tyrosine
residues, and coupling of iodotyrosines; (5) endocytosis of the thyroglobulin-
thyroid hormone complex into follicular epithelial cells; (6) hydrolysis of the
complex; and (7) secretion of thyroid hormone. Thyroid-stimulating hormone
(thyrotropin) stimulates thyroid hormone synthesis. In this chapter, the outline of
the thyroid hormone synthetic pathway is discussed. The mechanisms regulating
thyroid hormone synthesis is briefly described. Furthermore, the clinical aspects
of altered thyroid hormone synthesis and secretion induced by immunological or
genetic abnormalities are also discussed.

Keywords
Thyroxine • Triiodothyronine • Thyroid gland • Follicle • Iodine • Na+/I�

symporter • Thyroglobulin • Thyroid peroxidase • Dual oxidase

Chemical Structure of Thyroid Hormones

Thyroid hormones play a major role in development and functional maintenance of
many organs (Koibuchi and Chin 2000). They are a group of hormones synthesized
and secreted from the thyroid gland, which is located in front of the trachea, below
the thyroid cartilage. In general, two compounds, thyroxine (3,5,30,50-tetra-iodo-L-
thyronine, T4) and triiodothyronine (3,5,30-tri-iodo-L-thyronine, T3), are considered
thyroid hormones. In addition, another compound called reverse T3 (3,30,50-tri-iodo-
L-thyronine, rT3) is secreted from the thyroid gland. Their chemical structures are
shown in Fig. 1. The essential molecular structure comprises two iodinated benzene
rings connected by ether linkage. T4 is the major hormone secreted from the thyroid
gland, whereas the other hormones are mainly generated by the deiodination of T4 in
extrathyroidal tissues. The ratio of the secretion of T4:T3:rT3 from the thyroid gland
is approximately 100:5:2.5. T3, a bioactive thyroid hormone, is mainly produced by
the deiodination of T4 in thyroid hormone target tissues.

Synthesis and Secretion of Thyroglobulin into the Follicular
Lumen

In the thyroid gland, thyroid hormone is synthesized within the unique structure
called the thyroid follicle, which comprises a layer of follicular epithelial cells (also
known as thyroid follicular cells or thyrocytes) surrounding a follicular lumen.
Notably, the unique feature of the thyroid hormone synthetic pathway is that thyroid
hormone is produced in the follicular lumen and not inside the follicular epithelial
cells. No other hormone is produced outside the cell. The outline of the thyroid
hormone synthetic pathway is shown in Fig. 2.

2 N. Koibuchi



HO CH2 CHO
NH2

COOH
Thyroxine

O
NH2

COOH
HO CH2 CHTri-iodothyronine

O
NH2

COOH
HO CH2 CHReverse T3

I I

I I

I I

I I

I I

I I

Fig. 1 Chemical structure of thyroid hormones

I-I-

I-

I-

2Na+

2Na+

2K+

2K+ 3Na+

3Na+

cAMP
IP3
DAG

OHOH

OH

I I I

MIT

DIT
OI I

OHI I O I

OHI I

T4

T3

O I

OH

I

I

T4, T3, rT3

T4 T3, rT3

I-

I-
Lysosome

MIT
DIT

P
en

dr
in

N
A

D
P

H

N
A

D
P+

H2O2
O2

D
U

O
X

A
2

D
U

O
X

2

TPO

Nucleus

thyroglobulin
(TG) synthesis

& secretion

Iodide oxidation & 
iodination of TG

Iodotyrosine
coupling

TG-TH

Endocytosis of 
TG-TH complex

TG-TH
Hydrolysis of 

TG-TH complex

MCT8Na+/K+

ATPase
NIS

PLC AC

TSHR

I- uptake

TH secretion

I- efflux

Regulation 
by TSH

TSH

Follicular lumen

Fig. 2 Thyroid hormone (TH) synthetic pathway. AC, adenyl cyclase; DIT, diiodotyrosine;
DUOX, dual oxidase; MCT8, monocarboxylate transporter; MIT, monoiodotyrosine; NIS, Na+/I-
symporter; PLC, phospholipase C; TPO, thyroid peroxidase; TSH, thyrotropin; TSHR, thyrotropin
receptor

Molecular Mechanisms of Thyroid Hormone Synthesis and Secretion 3



The follicular lumen is filled with a glycoprotein called thyroglobulin (TG) that is
specific to the thyroid gland. Human TG is a large glycoprotein containing 2,748
amino acids. It is synthesized within follicular epithelial cells and secreted by
exocytosis into the lumen, where it forms a homodimer. TG contains 123 tyrosine
residues. Among these residues, those located close to the N- and C-termini are
utilized to synthesize thyroid hormones. Although these residues play a major role in
thyroid hormone synthesis, other residues may also be important to form an appro-
priate secondary structure for effective hormone synthesis. Only a missense mutation
(G2320R) in the TG gene induces severe hypothyroidism (Shimokawa et al. 2014).

Iodine Uptake into Follicular Epithelial Cells

The iodine concentration in follicular epithelial cells is 40-fold higher than that in
plasma. Thus, iodine in plasma must be transported against a high concentration
gradient. Iodine is transported as iodide (I�) by secondary active transport. The
transporter called Na+/I� symporter (NIS) is located on the basal membrane of
thyroid epithelial cells (Portulano et al. 2014). Human NIS comprises 643 amino
acids and has 13 transmembrane domains. NIS cotransports a single I� molecule
with two Na+ molecules using a Na+ electrochemical gradient generated by Na+/K+

ATPase. Thyroid-stimulating hormone (TSH, thyrotropin) stimulates iodine uptake
mainly by stimulating NIS transcription. In contrast, high dose of intracellular I�

transiently inhibits thyroid hormone synthesis through the inhibition of iodine
organification (Wolff-Chaikoff effect).

Iodine Transport and Efflux into the Follicular Lumen

After uptake by NIS, I� is transported toward the apical membrane. I� secretion into
the follicular lumen is not mediated by NIS but by other transporters. Previous
studies have shown that a transporter called pendrin, an anion exchange protein,
plays a major role in transporting I� into the lumen (Kopp et al. 2008). Pendrin is a
highly hydrophobic membrane protein comprising 780 amino acids and contains
12 transmembrane domains. In addition to I� , it transports other anions, such as Cl�

and HCO3
� . However, although pendrin plays a major role in I� efflux into the

lumen, several other proteins may also be involved in I� transport (Bizhanova and
Kopp 2011).

Iodine Oxidization and Organification and Coupling of TG
Iodotyrosine Residues

After efflux into the follicular lumen, I� is oxidized to I, which is then linked to TG
tyrosine residues by covalent bonds. Next, two mono- or di-iodinated tyrosine
(iodotyrosine) residues are coupled to form ether bonds to generate iodothyronines.
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The coupling of two diiodotyrosines forms T4, whereas, with lesser degree, that of
monoiodotyrosine and diiodotyrosine forms either T3 or rT3. Both synthesis steps
are catalyzed by thyroid peroxidase (TPO) (Ruf and Carayon 2006), which belongs
to the heme peroxidase family. Human TPO comprises 933 amino acids and is
anchored at the apical membrane of follicular epithelial cells via a C-terminal
transmembrane domain. Being a heme peroxidase, TPO requires hydrogen peroxide
(H2O2) as the final electron acceptor. H2O2 is produced at the apical membrane by a
membrane-bound NADPH-dependent flavoprotein called dual oxidase (DUOX)
(Grasberger 2010). Two paralogs, DUOX1 and 2 (1,551 and 1,548 amino acids in
humans, respectively), are located in the apical membrane. To localize in the apical
membrane, they form heterodimers with another group of transmembrane proteins
called DUOX maturation factors (DUOXA). Two human thyroid-specific DUOXA
paralogs, DUOXA1 and 2 (483 and 320 amino acids, respectively), have been
identified. Because TPO is not activated by phosphorylation, H2O2 production by
DUOX is critical for both tyrosine residue iodination and coupling. Thus, failure to
produce H2O2 causes severe hypothyroidism (Amano et al. 2016). DUOX is acti-
vated by increased intracellular calcium. TSH, upon binding to the TSH receptor,
activates DUOX by intracellular calcium mobilization through the Gq/11-phospholi-
pase C pathway.

Uptake of TG-Thyroid Hormone Complex by Endocytosis

After iodotyrosine coupling, thyroid hormone does not dissociate from the TG
molecule in the follicular lumen. TG-thyroid hormone complexes are endocytosed
by follicular epithelial cells by endocytosis. This process is also activated by TSH.

Thyroid Hormone Production by TG Molecule Hydrolysis

Internalized vesicles containing TG-thyroid hormone complex fuse with lysosomes,
resulting in complex breakdown and thyroid hormone release. This also produces
iodotyrosines (monoiodotyrosine and diiodotyrosine). TG is further degraded to
produce amino acids. Iodotyrosines are deiodinated by iodotyrosine dehalogenase
to produce free iodine and are recycled in the follicular epithelial cells.

Secretion of Thyroid Hormone

After TG degradation, thyroid hormone (mainly T4) is secreted into the bloodstream
at the basal membrane. Although the precise mechanisms of thyroid hormone
secretion have not yet been completely clarified, thyroid hormone transporters,
particularly monocarboxylate transporter (MCT) 8, may play a major role in secre-
tion (Di Cosmo et al. 2010). MCT8 comprises 539 amino acids in humans and
contains 12 transmembrane domains. It promotes the uptake and secretion of thyroid
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hormone. However, MCT8 disruption cannot completely inhibit thyroid hormone
secretion, indicating that additional mechanisms may be involved.

Effect of TSH on Thyroid Hormone Synthesis

TSH, a glycoprotein hormone, is secreted from the anterior pituitary. It comprises an
α-subunit, which is common to other glycoprotein hormones such as luteinizing
hormone and follicle-stimulating hormone, and a β-subunit, which is unique to TSH.
It binds to the TSH receptor (TSHR), a G-protein-coupled receptor. It is translated
into a protein comprising 764 amino acids, followed by cleavage of a 352–366-
amino acid peptide, resulting in the formation of extracellular A and B subunits
containing seven transmembrane domains (Rapoport and McLachlan 2016).

The effects of TSH on the thyroid hormone synthetic pathway are shown in
Table 1. TSHR activates both the Gs-adenyl cyclase-cAMP and Gq/11-phospholipase
C-β signaling pathways (Kleinau et al. 2013). The cAMP pathway regulates many
steps in the synthesis and secretion of thyroid hormone, such as the expression of
NIS, TG, and TPO, iodide uptake, and hormone secretion, whereas Gq/11-phospho-
lipase C-β pathway activates iodine organification (activation of H2O2 production,
see above) by stimulating intracellular calcium mobilization and iodide efflux from
the apical membrane. TSH also stimulates follicular epithelial cell proliferation.

Defects of Thyroid Hormone Synthesis and Secretion in Adults
(Clinical Aspects)

Clinical disorders of thyroid hormone synthesis and secretion are commonly
observed in adults. In the United States, hyperthyroidism has a prevalence of 1.3%
of the population, whereas hypothyroidism has a prevalence of 4.6% (Hollowell
et al. 2002). The prevalence is higher in East Asia such as Japan (hyperthyroidism,
2.9%; hypothyroidism, 6.5%) (Kasagi et al. 2009). In both hyper- and hypothyroid
cases, the prevalence is higher in females. The most common cause of these
disorders is an autoimmune thyroid disease. Autoimmune disease affects the thyroid
gland more than any other organ (McLeod and Cooper 2012). Hyperthyroidism is
mainly caused by Graves’ disease, which is caused by a unique autoantibody to
TSHR acting as a TSHR agonist. On the other hand, more than 90% of adult-onset
hypothyroidism in countries with iodine sufficiency is caused by Hashimoto disease,
which is caused by T-cell-mediated follicular epithelial cell injury, causing decreased
secretion of the thyroid hormone. Autoantibodies against TG, TPO, and TSHR
(blocking antibody) are found in patients. The mechanism causing autoimmune
thyroid disease has not yet been fully clarified. In particular, the mechanism gener-
ating TSH receptor stimulating autoantibody needs to be clarified. Trials to clarify
such mechanisms are currently underway by many researchers.

Another important cause of decreased synthesis and secretion of thyroid hormone
is iodine deficiency. Because iodine is an essential component of the thyroid
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hormone, its deficiency results in impairment of the thyroid hormone synthesis
(Zimmermann 2013). Although programs to control iodine deficiency, such as
providing iodized salt, have been effective, it is still a major concern to the human
health, particularly among children and pregnant women in many countries
(de Benoist et al. 2008).

The signs and symptoms caused by hyper- and hypothyroidism are described in
another chapter (Cheng. S. Part III).

Congenital Defects in Thyroid Hormone Synthesis and Secretion

Because the thyroid hormone is essential for normal growth, development, and
functional maintenance of many organs, deficiency of the thyroid hormone induced
by thyroid gland dysgenesis or thyroid dyshormonogenesis results in various abnor-
malities in many organs known as cretinism in humans. The role of thyroid hormone
during development has been discussed in more detail in another chapter (Cheng.
S. Part III) and a previous article (Koibuchi and Chin 2000). Most congenital thyroid
dysgenesis and thyroid dyshormogenesis are caused by mutation of genes that
regulate thyroid development or thyroid hormone synthesis (Park and Chatterjee
2005). Another important factor that may cause congenital thyroid dyshormogenesis
is iodine deficiency (see above).

Various genes are involved in inducing congenital hypothyroidism. In particular,
thyroid agenesis or dysgenesis is caused by mutations in thyroid transcription factors
(TTFs) such as NKX2-1, FOXE1, and PAX 8 (Fernández et al. 2015). A homeobox
protein, NKX2-1, which was previously called TTF-1, is expressed in multiple
tissues in addition to the thyroid gland, e.g., lung, pituitary, and hypothalamus. In
the thyroid gland, NKX2-1 may play an important role in maintaining thyroid
follicular structure and follicular epithelial cell survival. Mutation of this gene in
humans results in thyroid agenesis or hypoplasia and respiratory distress. Forkhead
box protein, FOXE1, which was previously called TTF-2, is expressed in the thyroid

Table 1 Effects of TSH on the thyroid hormone synthetic pathway

Function
G-
protein Action

Iodine
mobilization

Gs Iodine uptake (induction of NIS expression and its translocation to
basal membrane)

Gq/11, Gs Iodine efflux to follicular lumen

Hormone
synthesis

Gs TG and TPO expression

Gq/11 H2O2 production

Gq/11 TG iodination

Hormone
secretion

Gs Iodinated TG uptake into follicular epithelial cells

Gs Thyroid hormone secretion

Other Gs, Gq/11 Follicular epithelial cell proliferation
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gland as well as in other tissues that are derived from the pharyngeal arches and wall,
e.g., tongue, palate, and esophagus. It may regulate migration of thyroid precursor
cells. Mutation of FOXE1 in humans results in ectopy, agenesis or hypoplasia of the
thyroid gland, and cleft palate. Paired box protein, PAX8, is expressed in the
developing thyroid gland, kidney, and brain. This protein may be essential for
thyroid precursor cell survival possibly by inhibiting apoptosis. Mutation of PAX8
in humans results in ectopy, agenesis, or hypoplasia of the thyroid gland, problems in
the urogenital tract, and, rarely, unilateral kidney. In addition to mutation of these
transcription factors, mutation of TSH receptor sometimes results in hypoplasia of
the thyroid gland, because TSH regulates the proliferation of thyroid follicular cells
(Kleinau et al. 2013).

Thyroid dyshormonogenesis is caused by the mutations in genes that play critical
roles in thyroid hormone synthetic pathway. Such genes include TG (Targovnik et al.
2010), TPO (Ruf and Carayon 2006), and DUOX (Grasberger 2010). The role of
these factors on thyroid hormone synthesis has been discussed above.

Summary

The thyroid hormone synthetic pathway is quite unique, in that, although it is a
relatively small molecule comprising two iodinated phenol rings, it is synthesized by
the breakdown of a large protein, TG. Furthermore, most synthetic process occurs in
the extracellular space (follicular lumen).

The research on thyroid hormone synthesis began early compared with that on
other hormones. In addition, many genes that induce congenital hypothyroidism
have been reported. Nevertheless, many questions remain to be answered. In partic-
ular, the mechanisms generating TSHR-stimulating autoantibody and the role of
TTFs on the thyroid gland development remain unclarified. Additional novel
approaches may be required to solve such questions.
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Abstract
G protein-coupled receptors (GPCRs) include one of the largest gene families in
the mammalian genome. The diversity of receptor binding sites and coupling
mechanisms provides the signaling specificity necessary to maintain homeostasis.
Various G protein-coupled receptors are critical for the functioning of every
endocrine system in health and disease, and these proteins are the predominant
targets of therapeutic drugs. GPCRs are grouped by primary sequence into
different families that all have a canonical seven alpha helical transmembrane
domain structure. In recent years, solving the crystal structure for an increasing
number of these receptors has helped to resolve the molecular mechanisms of
ligand interaction and activation. Despite their name, they couple to cellular
signaling via both heterotrimeric G proteins and G protein-independent mecha-
nisms. Receptor and signaling regulatory mechanisms contribute to controlling
the level of the cellular responses elicited. A variety of endocrine and systemic
diseases are caused by specific receptor mutations.

Keywords
Crystallography • Pharmacology • Signal transduction • Genetics • Regulation

Introduction

Homeostasis is maintained via a plethora of extracellular factors that coordinate
activity among organs and cell types. These mediators include hormones, peptides,
neurotransmitters, proteins, ions, and lipids that act via specific receptors to elicit
cellular responses. The functional classification of receptors includes at least three
general types of cell surface receptors: G protein-coupled receptors (GPCRs), ion
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channel receptors, and enzyme-associated receptors. The GPCRs form the largest
and most diverse mammalian receptor group. This extreme diversity of binding sites
serves the role of GPCRs throughout the endocrine system to maintain signaling
specificity with hormones transmitted through the bloodstream and portal circula-
tions. GPCRs are also promising therapeutic targets. In fact, 40–50% of drugs
currently available on the market target GPCRs (Stewart and Fisher 2015).

GPCRs share a topology of seven α-helical transmembrane domains (Fig. 1). This
structural template shows wide evolutionary conservation. Members of the largest
rhodopsin-like GPCR family can be found in yeast, slime mold, plants, and pro-
tozoa. The rhodopsin-like GPCR family comprises one of the largest gene families
known. GPCRs account for more than 1% of total cellular protein.

The term GPCR refers to the association with and signaling through hetero-
trimeric (α-, β-, and γ-subunit) G proteins. Although ligand-bound GPCRs were
originally thought to activate downstream effectors only via G protein dissociation
into Gα and Gβγ subunits, many other heterotrimeric G protein-independent trans-
duction mechanisms have been characterized. Hence, GPCRs interact with various
GPCR regulatory proteins, multidomain scaffolding proteins, and chaperone mole-
cules. Additional factors that affect signal transduction and specificity are GPCR
homo- and heterodimerization. The diversity of GPCRs, of their signaling cascades,
and of their regulatory factors underlies the specificity of the cellular response
required for endocrine processes.

Classification of G Protein-Coupled Receptors

The visual pigment opsin and the β-adrenergic receptor were the first GPCRs
resolved at the primary amino acid sequence level by molecular cloning in the
mid-1980s. Approximately 800 GPCRs have been identified in the human genome
(Davenport et al. 2013). Based on both physiological and structural features, GPCRs
have been grouped into either five families (rhodopsin, adhesion, secretin, gluta-
mate, frizzled) (Lee et al. 2015) or four classes (A, B, C, F) (Kolakowski 1994).
Class A represents by far the largest group (for review, see Venkatakrishnan et al.
2014). Class A receptors have various functions, such as vision, olfaction, and
regulation of immune response, and include most of the receptors for hormones.
Class B comprises 47 receptors that are notably involved in glucose homeostasis and
includes receptors for the hormones secretin, glucagon, and corticotropin-releasing
factor. Class C consists of 15 receptors that are notably involved in synaptic
transmission and includes the glutamate receptors. Class F receptors (11 members)
participate in the Wnt and hedgehog signal transduction pathways. While the
different GPCR classes lack significant sequence homology across families, the
heptahelical transmembrane domain structure is preserved among all GPCR classes.

The structure of class A/rhodopsin family receptors has been the most studied,
with the prototype rhodopsin structure being the first determined by X-ray crystal-
lography, followed by the β2-adrenergic receptor (β2AR), and other class A receptors
including the ternary structure of the agonist-bound (β2AR)–Gs complex (Figs. 2
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and 3). The crystal structure of the 7-transmembrane (7TM) domain has been
obtained for two class B/secretin family GPCRs, the glucagon receptor (GCGR)
and the corticotropin-releasing factor receptor type 1, and for two class C/glutamate
family GPCRs, metabotropic glutamate receptors 1 and 5 (for review, see Lee et al.
2015).

Structural Features of G Protein-Coupled Receptors

All GPCRs share the same general structural organization, with seven hydrophobic
transmembrane (7TM) α-helices interconnected by three extracellular loops (ECL)
and three intracellular loops (ICL), an extracellular N-terminus, and a C-terminus
located intracellularly (Fig. 1). While the size of each TM segment is conserved,
varying from 20 to 27 residues, the N-terminus, loops, and C-terminus show
considerable variability in length, typically ranging from tens to several hundreds
of residues.

In order to compare similar amino acid sequences among different receptors, the
most accepted consensus is the Ballesteros and Weinstein method. In this approach,
the most conserved single residue in each transmembrane helical domain is assigned
the arbitrary number 50, and each residue is numbered according to its position
relative to this conserved residue. For example, 4.57 indicates an amino acid located
in transmembrane segment 4, seven residues further along the sequence than the
most conserved amino acid in helix 4, Trp(4.50). The most conserved amino acids of
each transmembrane segment in rhodopsin and rhodopsin-like GPCRs are Asn1.50,

Fig. 1 Schematic of GPCR structure. Sites for extracellular glycosylation and disulfide bond
formation as well as intracellular palmitoylation and phosphorylation are indicated
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Asp2.50, Arg3.50, Trp4.50, Pro5.50, Pro6.50, and Pro7.50. Implicit in this numbering
scheme is the hypothesis that many relatively conserved amino acids at
corresponding positions serve analogous structural and functional roles.

Bovine rhodopsin was the first GPCR whose crystal structure was determined,
confirming the existence of seven transmembrane helices. The seven transmembrane
domains form a structural core, which is involved in ligand binding and in signal
transduction through structural rearrangements. The N-terminus and extracellular
loops play fundamental roles in processes related to ligand recognition and ligand
access. The intracellular loops interact physically with heterotrimeric G proteins, G

Fig. 2 Diversity of class A GPCR structures and binding sites. (a, b) Structure of the
β2-adrenergic receptor bound to the agonist carazolol from transmembrane and extracellular
views. (c) Sphingosine-1-phosphate receptor structure bound to the antagonist ML056.
(d) Neurotensin-bound neurotensin receptor structure. Disulfide bonds, palmitoylation, and
N-terminus glycans are included (Reprinted from Lee et al. (2015))
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protein-coupled receptor kinases (GRKs), and other downstream signaling compo-
nents (for review, see Zhang et al. 2015).

Crystallographic studies over the past decade and a half have confirmed the
hypothesis that, although transmembrane regions display high sequence variability
among GPCRs, they share conserved residues at key topological positions (for
review, see Venkatakrishnan et al. 2014). One of the most conserved motifs among
class A GPCRs is the D[E]R3.50Y motif, which frequently forms an “ionic lock” via
a salt bridge with D/E6.30. This ionic lock was identified in the rhodopsin structure
(Palczewski et al. 2000). It was proposed as a domain involved in the inactive
conformation of GPCRs, hindering G protein coupling at the cytoplasmic region.

Fig. 3 Structure of the β2AR–Gs complex. (a) Alternating layers of receptor and G protein
within the crystal are shown. (b) The overall structure showing the β2AR in green bound to an
agonist (yellow spheres) and interacting with Gαs (orange). Gβ is cyan and Gγ is purple. A GS

binding nanobody (red) and T4 lysozyme (magenta) fused to the amino terminus of the receptor
were included to facilitate crystallization. (c) The biological complex omitting nanobody and T4
lysozyme (Reprinted from Rasmussen et al. (2011))
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W6.48xP is also described as one of the components that switch conformations
between the active and inactive state of the receptor. A third conserved motif
involved in GPCR activation is the NP7.50xxY motif. Besides the transmembrane
domains, extracellular loops also have some conserved motifs. Hence, most GPCRs
harbor a highly conserved Cys3.25 disulfide bond between the extracellular tip of the
third transmembrane domain and a cysteine residue in the second extracellular loop.
This disulfide bond stabilizes the conformation of extracellular domains and con-
strains the structural arrangement forming the entrance to the ligand-binding pocket.
Similarly, the conformation of the intracellular loops is relatively conserved, which
may be related to the limited range of GPCR binding partners.

The secondary structures in the extracellular loop region vary considerably
between different receptors. For instance, the second extracellular loop has an
α-helical structure in adrenergic GPCRs and a hairpin structure in all peptide
GPCRs. In contrast, the first and third extracellular loops are relatively shorter and
do not show distinct secondary structures.

Posttranslational Modifications

Glycosylation

Most GPCRs have at least one glycosylation site in their N-terminal domain
(Wheatley and Hawtin 1999). A few GPCRs, such as the α2B-adrenoceptor, lack
identifiable glycosylation sites. In GPCRs that are glycosylated, complex or hybrid
high-mannose oligosaccharides are linked to the Asn side chain (N-linked
glycosylation).

The effects of glycosylation differ in specific GPCRs. Glycosylation is important
for the stability of the GnRH and vasopressin V1a receptors, but does not affect
ligand binding. Glycan chains are essential for folding and trafficking of the TRH
receptor, the FSH receptor, and the vasoactive intestinal peptide (VIP) 1 receptor. For
the TRH, somatostatin, β2-adrenergic, and gastrin-releasing peptide receptors, gly-
cosylation contributes to high-affinity ligand binding and may also influence
receptor–G protein coupling. For many GPCRs however, no function for glycosyl-
ation has been identified.

Palmitoylation

Covalent lipid modifications that interact with the cytoplasmic face of the cell
membrane serve to anchor numerous signaling proteins (Qanbar and Bouvier
2003). Protein fatty acylation may occur either through thioester linkages
(S-acylation) or amide linkages (N-acylation). N-Acylation occurs on the amino-
terminal glycines and S-acylation occurs on cysteine residues. Palmitate is the most
commonly used S-linked fatty acid. Protein palmitoylation is reversible and can be
regulated.
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Many GPCRs are palmitoylated at cysteine residues in the intracellular
C-terminal tail. Palmitoylation of GPCRs anchors the C-terminal tail to the plasma
membrane, creating in effect a fourth intracellular loop. The elimination of
palmitoylation sites attenuates G protein coupling of endothelin ETB,
β2-adrenoceptors, and somatostatin SST5 receptors (Qanbar and Bouvier 2003).
The palmitoylation state governs receptor internalization by regulating accessibility
to the arrestin-mediated internalization pathway (Charest and Bouvier 2003;
Ponimaskin et al. 2005).

GPCR phosphorylation, which is crucial for regulation of receptor activity, is
described in a later section.

Diversity of Receptor–Ligand Interaction

The cumulative resolution of structures of class A, B, C, and F receptors (for review,
see Cooke et al. 2015) has not only allowed to better grasp the mechanistic details of
ligand recognition, including diverse ligand-binding modes, but also improved strat-
egies for structure-based drug design. Variations in the location and size of the ligand-
binding sites are found among class A receptors (Venkatakrishnan et al. 2013) (Fig. 2).
Furthermore, the antagonist CP-376395 of the class B corticotropin-releasing factor
receptor 1 (CRF1) binds to a much deeper pocket than any class A receptor ligand
(Hollenstein et al. 2014). The ligand-binding pocket of the negative allosteric modu-
lator (NAM) in class C metabotropic glutamate GluR5 is narrow and located in the
transmembrane region, halfway between those of class A and class B receptors (Dore
et al. 2014). In contrast, the ligand-binding pocket of the class F receptor smoothened
(SMO) is closer to the extracellular space than those of class A receptors, interacting
with the second and third extracellular loops (Wang et al. 2013).

The physicochemical properties of the binding sites help to make ligand-binding
predictions and thus have implications in drug discovery. The two main attributes of
binding sites are the presence of hydrogen bonds or ionic interactions and the
presence of lipophilic hotspots. Computational methods can evaluate the relative
energies of water molecules and determine which ones favor or reduce ligand
binding. To illustrate this, the GPCR CXCR4 has a small-molecule binding site
with a single lipophilic hotspot high in the ligand-binding pocket and an unfavorable
ionic interaction due to more solvent exposure. By contrast, the dopamine D3 ligand
eticlopride binds at lipophilic hotspots deep in the pocket, thus dislodging several
water molecules (for review, see Cooke et al. 2015).

Mechanism of Receptor Activation

In the classical model of GPCR activation, receptors are in equilibrium between an
inactive (R) and an active (R*) state. Thus, a small fraction of receptors in the active
state account for GPCR basal or constitutive activity (i.e., activity in the absence of
agonist). In accordance with the two-state model, agonists shift the equilibrium
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toward the active state, whereas inverse agonists displace it toward the inactive state.
Partial agonists shift the equilibrium toward the active state less strongly. Pure
antagonists inhibit agonists in a competitive manner, without altering the equilib-
rium. However, a multi-state model has emerged, where the receptor can assume
multiple distinct active and inactive states and a ligand is proposed to stabilize
specific conformational states of a given GPCR (for review, see Sato et al. 2016).
This multi-state model explains the existence of the phenomenon of biased agonism,
described below.

The high-resolution crystal structures of the GPCR–G protein (Fig. 3) and several
GPCR-agonist complexes have provided insights into the molecular mechanisms of
ligand binding and the conformational changes induced by the ligand (for review,
see Zhang et al. 2015). Receptor activation involves conserved motifs, called
molecular microswitches, that are involved in the transitions between inactive and
active states. For instance, the ionic lock involved in the inactive conformation of
rhodopsin is broken during receptor activation. Transmembrane helices 3 and 6 form
an ionic lock via interaction of R135 and E134 of the conserved E(D)R3.50Y motif
(TM3) and E247 and T251 of TM6. Similarly, ligand interaction induces a confor-
mational change within the side chain of W6.48 in the CW6.48xP motif, resulting in
the sixth transmembrane segment moving outward with subsequent GPCR activa-
tion (Park et al. 2008; Scheerer et al. 2008).

Another important feature of GPCR activation is the rearrangement of the
transmembrane helices around proline bends. Class A GPCRs have highly con-
served prolines in TM5, TM6, and TM7. The activation of class A GPCRs involves
helical rearrangement, such as a proline-induced deformation of TM5, rotation and
translation of TM6, and inward repositioning of TM7 (for review, see
Venkatakrishnan et al. 2014). Classes B and F GPCRs have prolines at similar
positions in TM4 and TM5, and class C receptors have two conserved prolines in
TM6 and TM7 (see Venkatakrishnan et al. 2014). It is hypothesized that these
prolines also contribute to conformational changes occurring during receptor
activation.

Biased Agonism

Many GPCRs activate multiple downstream signaling pathways. Different agonists
acting at the same GPCR may induce very different relative activation of these
multiple signaling pathways coupled to that receptor. The signaling selectivity
represented by this biased agonism (originally called “stimulus trafficking”) can
contribute to the effects of therapeutic agonists and is important in drug discovery
(for review, see Violin et al. 2014).

Agonist bias is believed to result from GPCRs having distinct active conforma-
tions that differ in their activation of different signaling pathways and from the
capacity of certain agonists to stabilize a particular pattern of active GPCR confor-
mations. An example of agonist bias is the signaling effects of psychedelic or
non-psychedelic serotonin 5-HT2A receptor agonists (Gonzalez-Maeso et al. 2007;
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Schmid and Bohn 2010). Additional findings that support the fundamental role of
biased agonism in whole animal models include the modulation of circadian gluco-
corticoid oscillation via CXCR7 receptors recruiting β-arrestin-dependent signaling
by intermediate peptides (Ikeda et al. 2013), as well as the recent discovery of an
opioid analgesic (PZM21) that activates Gi proteins with high selectivity for the
μ-opioid receptor and minimal β-arrestin-2 recruitment (Manglik et al. 2016).
Considering that morphine and other opioids induce respiratory depression via
μ-opioid through the β-arrestin interaction, whereas their analgesic effects are
G protein-dependent, these findings may provide the basis for the development of
new opioid ligands with improved analgesic and less unwanted respiratory effects.

Receptor–G Protein Coupling and Selectivity

The binding of a ligand to a GPCR induces a conformational change that promotes
the formation of active Gα-GTP and the release of Gβγ dimer (Fig. 4). The G
proteins in turn stimulate downstream effectors including enzymes (adenylate
cyclases, phospholipases), ion channels, and protein kinases (for review, see Stewart
and Fisher 2015) (Fig. 5).

Heterotrimeric G Proteins

Gilman and Rodbell received the Nobel Prize in Physiology in 1994 for the
discovery of G proteins and their role in signal transduction. In the 1990s, scientists
characterized the crystal structures of G proteins such as Gαs, Gαt, Gαi, Gβγ dimer,
and Gαβγ heterotrimer (for review, see Duc et al. 2015).

G proteins bind and cause the hydrolysis of guanine nucleotides. Heterotrimeric
G proteins are composed of three subunits (α, β, and γ) (Milligan and Kostenis 2006;
Oldham and Hamm 2008). In its inactive state, the Gα subunit binds guanosine
diphosphate (GDP), and in its active state, it binds guanosine triphosphate (GTP).
The β- and γ-subunits are tightly bound to each other to form a dimer. The exchange
of GDP for GTP is facilitated by the conformational change induced by the agonist
binding to the GPCR. The GTP-bound Gα subunit and the βγ-dimer each activate
downstream effectors (Fig. 4).

Twenty-one Gα, 6 Gβ, and 12 Gγ subunits are found in humans. Most Gα
subunits are expressed ubiquitously. The four major classes (Gs, Gi/o, Gq/11, and
G12/13) of G proteins are based on Gα subunit sequence similarities (Baltoumas
et al. 2013). The various heterotrimeric complexes generated by combining these
different Gα, Gβ, and Gγ subunits influence the specificity of both GPCRs and their
downstream signal transduction (Oldham and Hamm 2008).

Crystallography revealed that the Gα subunit consists of two domains, a domain
similar to Ras-like small GTPases with binding sites for Gβγ and an α-helical
domain, which is thought to segregate the guanine nucleotide in the GTP-binding
domain; the guanine nucleotide-binding pocket is positioned between the Ras-like
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and the helical domains (for review, see Duc et al. 2015; Stewart and Fisher 2015).
The Gβ subunit includes an N-terminal α-helix and a seven-bladed β-propeller motif.
The Gγ subunit is composed of two α-helices connected by a linker loop. Gβ
dimerizes with Gγ via a coiled-coil interaction between the N-terminal helix of Gβ
and the N-terminal helix of Gγ (Sondek et al. 1996).

Agonist
binding

G protein coupling
and nucleotide exchange

Activated G protein subunits
regulate effector proteins

Reassembly of heterotrimeric G protein

GTP

R

α
β γ α α α

β βγ γ

R*

GDP

AC
ATP

Ca2+

cAMP Pi

GTP hydrolysis and
inactivation of Gα protein

Fig. 4 G protein cycle. Agonist binding to the receptor leads to conformational rearrangements
of the cytoplasmic ends of transmembrane segments that enable the Gs heterotrimer (α, β, and γ)
to bind the receptor. GDP is released from the α-subunit upon formation of GPCR–G protein
complex. GTP binds to α-subunit resulting in dissociation of the α- and βγ-subunits from the
receptor. The subunits regulate their respective effector proteins. The G protein heterotrimer
reassembles from α- and βγ-subunits following hydrolysis of GTP to GDP by the intrinsic
GTPase activity of the α-subunit (Reprinted from Rasmussen et al. (2011))

Fig. 5 Diversity of G protein signaling mechanisms. Heterotrimeric G proteins stimulate second
messengers such as Ca2+, cAMP, protein kinase activity, and ion channel activity. In conjunction
with additional non-G protein mechanisms, these signals generate an integrated cellular response
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How a G protein gets activated and transmits the signal from a GPCR to its
effectors can be recapitulated as follows: ligand binding to the GPCR induces a
conformational change in the receptor, as described earlier, that promotes G protein
binding and the release of GDP from the Gα G protein subunit. Next, GTP binds to
Gα, which induces the dissociation of Gα from the Gβγ dimer. Both GTP-bound Gα
and the released Gβγ dimer can then activate downstream effector molecules.
Deactivation of the G protein occurs via the GTPase activity of Gα, which hydro-
lyzes GTP into GDP and leads to heterotrimer reassociation (Fig. 4). The rate of
hydrolysis varies among the different classes of G proteins (for review, see Duc et al.
2015; Stewart and Fisher 2015).

Molecular Basis of Receptor–G Protein Coupling

Although GPCRs are numerous and diverse, and G proteins exhibit some degree of
variety, GPCRs interact only with a few G proteins, as defined by their Gα subunit
(Milligan and Kostenis 2006; Oldham and Hamm 2008). Accordingly, GPCRs are
typically distinguished by their Gi/o, Gs, or Gq/11 coupling (Table 1).

In 2011, the Kobilka group elucidated how a GPCR activates a G protein when
they determined the X-ray crystal structure of the β2-adrenoceptor-G protein com-
plex (Fig. 3). They observed a major displacement of the α-helical domain of Gα
relative to the Ras-like domain upon receptor binding, causing the opening of the
nucleotide-binding pocket (Rasmussen et al. 2011). The main interactions between
the receptor and Gαs involve the rotation and movement of the C-terminal α5-helix
of the Gαs Ras-like domain toward the β2-adrenergic receptor, which propagates the
conformational changes from the agonist-bound receptor to the nucleotide-binding
pocket. With regard to the GPCR regions involved in the GPCR–G protein interface,
the X-ray crystal structure of receptor–Gs complex revealed that the binding regions
of the receptor comprise transmembrane domains 3, 5, and 6 and intracellular loops
2 and 3. The C-terminus of Gαs, which contacts TM3, TM5, TM6, and parts of ICL2
(Rasmussen et al. 2011), may provide the selectivity of the GPCR–G protein
coupling. Other G protein regions may interact with GPCRs (Mnpotra et al. 2014;
Rasmussen et al. 2011).

Regulation of Receptor–G Protein Coupling by RNA Editing

RNA editing is a molecular process that creates diversity both at the RNA and at the
protein level. Deamination of adenosine into inosine (A to I) is a typical RNA editing
event that affects precursor and mature mRNAs and results in an alteration of amino
acid sequences (as inosine is recognized as guanosine during translation). Tran-
scripts of the human serotonin 2C receptor, for example, are subject to A-to-I RNA
editing, thereby generating multiple receptor isoforms that vary in constitutive
activity and G protein coupling efficacy (for review, see O’Neil and Emeson
2012). RNA editing also can increase receptor diversity. 5-HT2C transcripts have
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Table 1 Classification of selected GPCRs relevant to endocrinology, according to the current
IUPHAR database

GPCR class Family name Ligand Principal transduction

A (rhodopsin-like) 5-Hydroxytryptamine
receptors

5-Hydroxytryptamine Gi/o (subtypes 1A, 1B, 1D,
1E, 1F), Gq/11 (subtypes 2A,
2B, 2C), Gs (subtypes 4, 6, 7),
Gi/Go (subtype 5A)

Acetylcholine
receptors
(muscarinic)

Acetylcholine Gq/11 (subtypes M1, M3,
M5), Gi/o (subtypes M2, M4)

Angiotensin receptors Angiotensin Gq/11 (subtype 1), Gi/Go, Tyr
and Ser/Thr phosphatases
(subtype 2)

Apelin receptor Apelin-36, apelin-13,
apelin-17; apelin
receptor early
endogenous ligand

Gi/o

Bradykinin receptors Bradykinin, kallidin,
T-kinin

Gq/11 (B1 and B2 receptors)

Galanin receptors Galanin, galanin-like
peptide

Gi/o (subtypes 1, 3), Gi/o, Gq/

11 (subtype 2)

Ghrelin receptor Ghrelin Gq/11

Glycoprotein
hormone receptors

FSH, hCG, LH, TSH Gs (FSH receptor), Gs, Gq/11

(LH receptor), all four
families of G proteins (TSH
receptor)

Gonadotropin-
releasing hormone
receptors

GnRH I, GnRH II Gq/11 (subtypes 1, 2)

G protein-coupled
estrogen receptor

17β-estradiol Gs, Gi/o

Kisspeptin receptor Kisspeptin-10,
kisspeptin-13,
kisspeptin-14,
kisspeptin-54

Gq/11

Neurotensin receptors Large neuromedin N,
large neurotensin,
neuromedin N,
neurotensin

Gq/11

Orexin receptors Orexin-A, orexin-B Gq/11

Prolactin-releasing
peptide receptor

PrRP-20, PrRP-31 Gq/11

Somatostatin
receptors

CST-17, SRIF-14,
SRIF-28

Gi

Thyrotropin-releasing
hormone receptors

TRH Gq

Vasopressin and
oxytocin receptors

Oxytocin,
vasopressin

(continued)
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five A-to-I editing sites, with predicted amino acid sequence alterations affecting the
second intracellular loop; up to 24 receptor isoforms can be produced.

Effect of Posttranslational Modifications on Receptor–G Protein
Coupling Selectivity

The best defined GPCR regulatory mechanisms are mediated by G protein-coupled
receptor kinases (GRKs), arrestins, and regulator of G protein signaling (RGS)
proteins.

The standard allosteric two-state (off–on) model of GPCR activation has evolved
into a complex paradigm of functional selectivity based on multisite phosphoryla-
tion. G protein-coupled receptor kinases (GRKs) are recruited to the receptor and
phosphorylate cytosolic segments, thereby recruiting β-arrestins, which besides
sterically hindering the G protein interaction also can serve as signal transducers

Table 1 (continued)

GPCR class Family name Ligand Principal transduction

Gq/11 (subtypes V1A, V1B),
Gs (subtype V2), Gq/11, Gi/o

(subtype OT)

B (secretin
receptor family)

Calcitonin receptors Amylin, calcitonin,
α-CGRP, β-CGRP,
etc.

Gs

Corticotropin-
releasing factor
receptors

Corticotropin-
releasing hormone,
urocortin 1, 2, 3

Gs

Glucagon receptor
family

GHRH, gastric
inhibitory
polypeptide,
glucagon, secretin,
etc.

Gs

Parathyroid hormone
receptors

PTH Gs, Gq/11

VIP and PACAP
receptors

PACAP-38, PACAP-
27, PHM, PHV, VIP

Gs

C (metabotropic
glutamate)

Calcium-sensing
receptors

Ca2+, Mg2+ Gq/11, Gi/o, G12/13 (CaS
receptor), unknown (GPRC6

receptor)

Class C orphans Unknown Unknown

GABAB receptors GABA Gi/o

Metabotropic
glutamate receptors

L-Glutamic acid Gq/11 (subtypes 1, 5), Gi/o

(subtypes 2, 3, 4, 6, 7, 8)

F (frizzled/
smoothened)

Class frizzled GPCRs WNTs Unknown
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(Lefkowitz and Shenoy 2005). Based on mass spectrometry analyses, β2AR has
13 serine/threonine phosphorylation sites in the third intracellular loop and the
C-terminal tail, which are phosphorylated by multiple kinases. GRK2 and GRK6,
which have different phosphorylation sites on the receptor, induce distinct confor-
mations of β-arrestin upon its recruitment to the receptor and subsequently distinct
patterns of downstream signaling. Overall, evidence suggests that the different
phosphorylation patterns of GRKs establish a “barcode” that ultimately determines
different β-arrestin functional capabilities (for review, see Prabakaran et al. 2012).

Regulators of G Protein Signaling Proteins (RGS Proteins)

RGS proteins are negative regulators of G protein signaling. They accelerate the
GTPase activity of Gα, thereby promoting the reassociation of the heterotrimeric
complex with the GPCR and the termination of signaling to downstream effectors
(Fig. 6). Thus, RGS proteins determine the extent of the cellular response to GPCR
stimulation (for review see Stewart and Fisher 2015).

There are 20 mammalian RGS proteins that function as GTPases, accelerating
proteins or GAPs for Gαi/o, Gαq/11, or both. Another 20 RGS proteins contain
nonfunctional RGS homology domains that frequently serve as an interface with
GPCRs or Gα subunits. Resolution of the crystal structure of the RGS protein–Gα
complex has revealed the mechanism by which RGS catalyzes GTP hydrolysis by
Gα by stabilizing the transition state of Gα for nucleotide hydrolysis (Berman et al.
1996; Tesmer et al. 1997). As they can compete for effector binding, RGS proteins
also have the ability to modulate adenylate cyclase, MAPK, IP3/Ca

2+ signaling, K+

conductance, and visual signaling (Neubig and Siderovski 2002; Yan et al. 1997).

Activators of G Protein Signaling (AGS)

AGS proteins, in contrast with RGS proteins, use diverse mechanisms to activate G
proteins. They are organized in four groups: group I, guanine nucleotide exchange
factors (GEFs); group II, guanine nucleotide dissociation inhibitors (GDIs); group
III, Gβγ binding proteins; and group IV, Gα16 binding proteins (for review, see Park
2015).

Group I AGS proteins, which facilitate the exchange of GDP for GTP on Gα, do
so in the absence of GPCRs (for review, see Blumer and Lanier 2014). They
also demonstrate selectivity in their interaction with G proteins. Group II AGS
proteins carry one to four GPR motifs that stabilize GDP-bound Gα. Group III are
Gβγ-interacting proteins that show nonselectivity for Gα. The fourth group com-
prises AGS11–13 that are selective for Gα16, but their mechanism of action remains
to be elucidated. Groups I–III are thought to act together in a core signaling triad
(GEF/GαGPR/Gβγ-interacting proteins) that is akin to the one formed by GPCR/
Gαβγ/effector.
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G Protein-Dependent Signaling Effectors

GPCRs generate a variety of cellular responses, ranging from intracellular produc-
tion of cAMP to induction of gene transcription. GPCRs can stimulate different
families of G proteins (Gαs, Gαi, Gαq, and Gα12/13 in mammals). Receptors that
interact predominantly with Gαs stimulate adenylate cyclase as the downstream
effector, while those coupled to Gαq/11 activate phospholipase C, which increases
intracellular Ca2+ levels (Fig. 5). Some GPCRs transduce extracellular signals in the
absence or nearly absence of G protein activation (Brzostowski and Kimmel 2001;
DeWire et al. 2007).

Adenylyl Cyclase Signaling

The discovery of adenylate cyclases (Manning and Gilman 1983) preceded that of G
proteins. There are nine membrane adenylate cyclase isoforms (AC1–AC9) in
mammals. They consist of two transmembrane hydrophobic domains and two
cytosolic domains, C1 and C2, which represent the enzyme catalytic core and are
significantly homologous (for review, see Seifert et al. 2012). Although all ACs are
activated by stimulatory G proteins, AC5 and AC6 are also negatively regulated by
inhibitory G proteins (for review, see Bodmann et al. 2015). Hence, Gilman’s group
and others established the direct interaction of adenylate cyclases with Gαs and Gαi
by protein biochemistry (Dessauer et al. 1998; Sunahara et al. 1997). In particular,
six subtypes of inhibitory G proteins (Gαi1,2,3, GαoA,B, and Gαz) were shown to bind
AC5 and AC6 (Dessauer et al. 1998).

Fig. 6 G protein regulation by RGS proteins. RGS proteins accelerate the intrinsic GTPase
activity of Gα and promote reassociation of the heterotrimeric complex with the receptor at the cell
membrane, thereby terminating signaling
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Phospholipase C Signaling

Phospholipase C-β (PLC-β) is the major effector of Gαq, and it also displays a
GTPase-activating protein (GAP) function that is selective for Gαq (for review, see
Litosch 2016). Rapid hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) by
PLC-β results in the accumulation of inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 induces the release of cytosolic Ca2+ from intracellular
stores, while DAG activates protein kinase C (PKC). There are four PLC-β isoforms
(β1–β4), which are activated by Gαq with variable efficiencies (Smrcka and
Sternweis 1993). The amplitude of the signal transmitted from the agonist-bound
receptor to the effector is determined by the relative rates of the receptor-promoted
activation of Gαq and the GTPase-activating protein (GAP) activity of PLC-β
(Biddlecome et al. 1996; Mukhopadhyay and Ross 1999).

Thirteen PLC family members have been cloned. They belong to six classes, β , γ ,
δ , ε , η, and ζ (for review, see Vines 2012). Although the residues are poorly
conserved between members, there is 40–50% homology for the N-terminal pleckstrin
homology domain (PH), the EF hand, the X and Y domains, and the C2 domain.
Except for PLC-ζ, all PLC family members have a PH domain, which is implicated in
signal transduction. The EF hand, X, Y, and C2 domains form the catalytic core.

Other Gαq effectors include p63RhoGEF, G protein-regulated kinase 2 (GRK2),
as well as type 1A phosphatidylinositol-3-kinase (PI3K) and tetratricopeptide repeat
1 (TPR1). The guanine nucleotide exchange factor (GEF) activity of p63RhoGEF
catalyzes the exchange of bound GDP for GTP on Rho GTPases, which in turn
control key cellular processes such as regulation of actin cytoskeleton (for review,
see Sanchez-Fernandez et al. 2014). Interestingly, p63RhoGEF and PLC-β2 compete
with each other following Gαq activation. GRK2 acts as a suppressor of Gαq
signaling via binding and most likely sequestration of activated Gαq (Carman et al.
1999). PI3K, which is involved in the regulation of the Akt pathway, is inhibited by
activated Gαq via a direct interaction (Ballou et al. 2003). TPR1 is a scaffold protein
that functions as an adaptor between Gα16 and Ras (Marty et al. 2003). Two other
atypical effectors, PKCζ and MEK5, associate with Gαq upon GPCR activation to
activate the ERK5 MAPK in a PLC-β-independent manner (Garcia-Hoz et al. 2010).

Ion Channel Signaling

Ion channel activation is mediated by G proteins following GPCR ligand binding,
thereby inducing specific downstream signaling cascades. The activation of ion
channels by G proteins can either be direct or indirect via a second messenger.
Examples of direct interactions with G proteins include high-voltage N-type calcium
channels/Gαo (inhibition) and L-type calcium channels/Gαs (stimulation; for review,
see Luttrell 2006). Moreover, the Gβγ heterodimer can also activate ion channels, as
in the case of the inward-rectifying muscarinic-gated potassium channel.
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Voltage-gated calcium channels (VGCC) are modulated by a variety of GPCRs
following agonist activation. Hence, presynaptic N, P/Q, and R-type calcium chan-
nels are negatively regulated by GPCRs, while the sodium leak channels non-
selective (NALCN) are activated by the acetylcholine M3 muscarinic receptor
(M3R) (for review, see Altier 2012).

G Protein-Coupled Receptor Signaling Networks

In the early model of GPCR signaling, receptor activation leads to dissociation of
heterotrimeric G proteins into α- and βγ-subunits that activate effector molecules,
including second messenger systems. Activation of these pathways modulates
cellular responses in the target cells. However, the number of effectors is much
smaller than the number of GPCRs. Cells express multiple different GPCRs, leading
to integration and cross regulation among the different signaling pathways. The
presence of G protein-independent signaling pathways further increases the com-
plexity of GPCR regulation of signaling and cell responses.

Multiple G Protein Coupling

Although GPCRs usually preferentially stimulate one G protein type, many recep-
tors can activate several different G protein classes (Hermans 2003). The
α2-adrenoceptor can suppress or activate adenylate cyclase activity via Gi/o or Gs,
with the signaling altered according to agonist concentration. Promiscuous coupling
(the capacity for a receptor to couple to more than one G protein type) has also been
demonstrated using receptor–G protein fusion proteins, in which a Gα subunit is
fused to the receptor (Milligan et al. 2004).

Membrane Microdomains and GPCR Signaling

Different GPCRs that signal through the same G protein in a single cell type have
been found to sometimes activate different cellular responses (Ostrom 2002). The
concept of random mixing of receptors and signaling components cannot easily
account for these observations because it does not include compartmentalization of
molecules in cells (Gonzalez-Maeso et al. 2002; Remmers et al. 2000). The com-
partmentalization of receptors and effectors in membrane microdomains is an
important determinant of receptor signaling (Ostrom 2002; Ostrom et al. 2000).

Caveolae are plasma membrane microdomains enriched in caveolins, cholesterol,
and sphingolipids (Insel et al. 2005). Several GPCRs, G proteins, and other signaling
proteins are located in caveolae (Ostrom 2002). This compartmentalization may
cause receptor coupling to multiple effect systems, increase signaling, or influence
which pathway is activated.
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Cross Talk Between GPCRs

One mechanism of integration of signaling of different GPCRs occurs through modu-
lation of signaling pathways of one GPCR by activation of a different GPCR on the
same cell (Hur and Kim 2002; Jordan et al. 2000; Neves et al. 2002). For example,
activation of phospholipase C by purinergic P2Y2 receptors via Gq proteins inhibits
cAMP synthesis stimulated by β-adrenoceptors via Gs proteins (Suh et al. 2001).

In addition to modulating other GPCR-signaling pathways, signaling pathways
activated by GPCRs also influence the signaling of other structural classes of receptors.
Epidermal growth factor receptors, for example, can be transactivated by stimulation of
a number of GPCRs (Hur and Kim 2002). GPCRs may also cause cross talk regulation
of downstream signaling pathways. For example, vasopressin and bombesin (acting at
Gq-coupled receptors) act synergistically with several growth factors to stimulate
growth. Morphine desensitization, internalization, and downregulation of the Gi/o-
coupled μ-opioid receptor are facilitated by activation of the Gq/11-coupled 5-HT2A
receptor (Lopez-Gimenez et al. 2008). Another important area of cross talk is via
heterodimerization of different GPCRs, discussed in a subsequent section.

G Protein-Coupled Receptor Interacting Proteins

Besides GRKs, arrestins, RGS and AGS, additional GPCR-interacting proteins
(GIPs) including other GPCRs (via homo- or heterodimerization), scaffolding, and
accessory proteins have been identified. Dimerization plays an important role in
ligand recognition, signaling, and receptor trafficking. GIPs assist nascent receptors
in correct folding, target them to the appropriate subcellular compartments, and
accomplish their signaling tasks. GIPs include receptor activity-modifying proteins
(RAMPs), PDZ domain-containing proteins, various ions, lipids, and peptides that
act as allosteric modulators (for review, see Brady and Limbird 2002; Maurice et al.
2011; van der Westhuizen et al. 2015). Thus, GIPs are involved in the regulation of
GPCR function, may play a role in pathophysiology, and represent potential targets
for drug development.

Receptor Activity-Modifying Proteins (RAMPs)

RAMPs are a family of accessory proteins that alter the ligand pharmacology or
signaling of several GPCRs (Gingell et al. 2016). Structurally, they contain an
extracellular N-terminal domain, a single transmembrane-spanning domain, and a
short intracellular C-terminal domain. RAMPs were initially characterized as cou-
pling partners for the class B calcitonin receptor-like receptor (CRLR). Hence, the
induction of cAMP production by the calcitonin gene-related peptide (CGRP)
receptor is dependent on RAMP1 expression. Additionally, RAMPs act as molecular
chaperones in receptor trafficking, as it is the case with CRLR and the class C
extracellular calcium-sensing receptor (CaSR). Based on in vivo studies, RAMPs
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play major roles in the cardiovascular, renal, and respiratory systems, as well as in
inflammation. In terms of drug development, RAMPs and the RAMP–GPCR inter-
face both represent promising targets.

Interestingly, the receptor component protein (RCP) is a small intracellular periph-
eral membrane protein that is critical for CGRP signaling, as loss of RCP expression
results in a decrease in CGRP-induced cAMP production. A functional CGRP recep-
tor thus consists of the receptor itself, the chaperone RAMP, and RCP that couples the
receptor to downstream effectors (for review, see Brady and Limbird 2002).

Melanocortin Receptor Accessory Proteins (MRAPs)

Like RAMPs, MRAPs are also single transmembrane-spanning proteins, which
modulate the expression, trafficking, and signaling of members of the melanocortin
receptor (MCR) family. Without MRAP, the melanocortin 2 receptor MC2R stays in
the ER (for review, see Maurice et al. 2011).

Homer Family Proteins

The Homer proteins, which contain a PDZ-like domain in their N-terminal region,
bind the C-terminal tail of the metabotropic glutamate receptors mGlu1 and mGlu5 at
huge postsynaptic membrane-associated protein complexes termed postsynaptic
densities (PSD) and thus contribute to postsynaptic signaling and plasticity (for
review, see Maurice et al. 2011). In neurons, the ratio between Homer1a and
Homer1b regulates the cell surface expression of mGlu5 and thus the calcium
signaling response of the receptor.

Cytoskeleton-Associated Proteins

Numerous proteins modulate GPCR intracellular trafficking by playing the role of
adaptors between the receptors and cytoskeleton-associated proteins. Examples include
the dynein light chain Tctex-1 (t-complex testis expressed 1), which is critical for the
apical surface targeting of rhodopsin (for review, see Maurice et al. 2011). Filamin A is
an actin-binding protein that controls GPCR trafficking. The interaction of D2 and D3
dopamine receptors with protein 4.1N is crucial for their localization at the neuronal
plasma membrane. Conversely, binding of protein 4.1G to the metabotropic glutamate
receptor subtype 1 diminishes its anchoring to the cell surface membrane.

PDZ Domain-Containing Proteins

GPCRs interact with a number of PDZ domain-containing proteins that act as
adaptors of multimeric complexes and modulate signaling (Maurice et al. 2011).
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Hence, the sodium–hydrogen exchanger regulatory factors, NHERF-1 (also known
as EBP50) and NHERF-2, bind to several GPCRs; β2AR binding of NHERF-1 is
involved in the receptor-mediated regulation of Na+/H+ exchange. NHERF-2 reg-
ulates P2Y1 purinergic receptor-induced calcium signaling. MUPP1 is a multi-PDZ
domain protein that interacts with the melatonin MT1 receptor and stimulates its
coupling to the Gi/adenylate cyclase pathway.

Other GPCR-Interacting Proteins and Allosteric Modulators

Various other GIPs as well as ion, lipid, and peptide allosteric modulators have been
reported. Details can be found in recent reviews (Brady and Limbird 2002; Maurice
et al. 2011; van der Westhuizen et al. 2015).

G Protein-Independent Signaling by G Protein-Coupled Receptors

The traditional GPCR-mediated signaling transduction involves activation of down-
stream effectors via the catalysis of heterotrimeric G protein dissociation into Gα and
Gβγ subunits. However, the heptahelical receptors have the ability to stimulate G
protein-independent signaling pathways, such as mitogen-activated protein kinase
(MAPK) cascades.

Although β-arrestins are classically known for desensitizing GPCRs, they also
have the ability to mediate the activation of MAPK signaling via the recruitment of
signaling molecules distinct from G protein-mediated signaling, thus setting off a
second wave of signaling (for review, see Smith and Rajagopal 2016). Hence,
β-arrestins function as adaptors that bind both the nonreceptor tyrosine kinase
c-Src and ligand-bound β2AR, causing c-Src recruitment to the membrane and the
GPCR sequestration, which results in Ras-dependent activation of the MAPKs
ERK1 and ERK2 (Luttrell et al. 1999). In the case of angiotensin II type 1a receptors
(AT1aR), the receptor, β-arrestin-2, and components of the ERK cascade form a
multiprotein complex. β-arrestins act as scaffolds that enhance c-Raf-1 and
MEK-dependent activation of ERK2 (Luttrell et al. 2001). β-arrestins were also
shown to scaffold JNK1/2 and thus promote their activation (Kook et al. 2013).
β-arrestins mediate p38 MAPK activation, yet the underlying molecular mechanism
remains to be elucidated (Sun et al. 2002).

G Protein-Coupled Receptor Dimerization

In addition to the plethora of GIPs that include scaffolding and accessory proteins
modulating GPCRs, GPCRs can form homo-, heterodimers, or larger oligomers.
GPCR homo-/heterodimerization and hetero-oligomerization have been implicated
in the regulation of GPCR function, trafficking, and ligand pharmacology (for
review, see Milligan 2009). This phenomenon has important biological implications,
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i.e., the modulation of GPCR signaling and the mediation of cross talk between
GPCR pathways. Clinically, GPCR heterodimers may be exploited as potential drug
targets. While most studies have relied on expressing recombinant receptors in
heterologous cells, very few have demonstrated the existence of GPCR heteromers
in native tissues or in vivo. Probing close physical relationships between two GPCRs
is technically challenging. Recent progress, notably in the development of
proximity-based assays, may help to better evaluate the presence and function of
GPCR heteromers in native tissues (for review, see Gomes et al. 2016). On the
whole, there has been accumulating evidence supporting heteromerization between
GPCRs, yet the underlying molecular mechanisms and functional effects of hetero-
merization remain to be elucidated.

Homodimerization

Although GPCRs were originally thought to function as monomers, co-expression
and co-immunoprecipitation studies, reported nearly two decades ago, provided
evidence for the existence of multiple copies of each of the β2AR, the dopamine
D2 receptor, and the δ-opioid peptide (DOP) receptor within a complex (for review,
see Milligan 2009). Although DOP receptor dimerization was inhibited by specific
agonists (Cvejic and Devi 1997), agonist-induced dissociation of the homomultimer
was not corroborated by resonance energy transfer techniques (McVey et al. 2001),
highlighting the need for independent confirmation. The dopamine D2 receptor was
shown to homodimerize as well as to heterodimerize with the 5-hydroxytryptamine
5-HT1B receptor; furthermore, ligand selectivity was demonstrated for the receptor
monomer vs. the dimer (Ng et al. 1996). More recent research on the β2AR
contradicted earlier work suggesting that the dimer, but not the monomer, was
involved in G protein activation and receptor function (Whorton et al. 2007).
Similarly, when rhodopsin is incorporated into a reconstituted phospholipid bilayer
particle, it is monomeric and activates transducin (Whorton et al. 2008). Accord-
ingly, it seems unlikely that GPCR dimerization is necessary for G protein activation
and signal transduction.

Some GPCR dimers were previously described in crystal structure studies. For
instance, the β2AR dimer is formed via lipids composed of two cholesterol and two
palmitic acid molecules in the carboxy-terminal region (Rasmussen et al. 2007). The
CXCR4 homodimer involves interactions via helices V and VI (Wu et al. 2010).
Overall, a number of studies have reported GPCR dimerization or oligomerization in
heterologous systems, yet there is still a lack of physiological or pathological evidence.

Heterodimerization

The occurrence and significance of GPCR heterodimerization have remained elu-
sive. Previous heterologous expression studies and/or yeast two-hybrid studies
revealed that the GABAB receptors GABABR1 and GABABR2 form heterodimers
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via their intracellular C-terminal tails and that these heterodimers are fully functional
(White et al. 1998). Similarly, the amino acid taste receptor, T1R1+3, was charac-
terized as a heterodimer of taste-specific T1R1 and T1R3 GPCRs (Nelson et al.
2002). GPCR heterodimerization is thought to happen early during protein synthesis
and to be involved in the receptor delivery to the cell surface. Hence, the C-terminal
endoplasmic reticulum (ER) retention motif of GABAB1 is key in the cell surface
delivery of a functional GABAB receptor heterodimer (Margeta-Mitrovic et al.
2000). Co-expression of the β2AR with an altered β2AR harboring the C-terminal
tail of GABAB1 results in intracellular ER retention of both the mutant and the wild-
type receptor (Salahpour et al. 2004). In cells co-expressing the cannabinoid CB1
receptor and the orexin OX1 receptor, the CB1 receptor antagonist causes a redis-
tribution of both receptors to the cell surface; likewise, the selective OX1 receptor
antagonist causes a redistribution of both receptors to the cell surface when they are
co-expressed, indicating that the two receptors most likely form stable heterodimers
that are regulated by both CB1 and OX1 receptor ligands (Ellis et al. 2006). Thus,
selective ligands may trigger co-trafficking of heterodimerized GPCRs.

With regard to pharmacology of a GPCR heterodimer, the effect of a selective
ligand on the conformation of a GPCR can be relayed to G protein activation via the
other GPCR, implying the induction of a conformational change of the other GPCR
in the absence of direct ligand binding. This is illustrated with the neurotransmitter
GABA, which binds to the N-terminal region of GABAB1 within the GABAB

receptor heterodimer GABAB1–GABAB2. Additionally, a ligand with no affinity
for a given GPCR can regulate the function of that GPCR if it forms a heterodimer
with a receptor for which the ligand has affinity. As an example, in cells
co-expressing the human DOP opioid and chemokine CXCR2 receptors, a
CXCR2 antagonist enhanced the function of DOP receptor agonists, although it
had no affinity for the DOP receptor alone (Parenty et al. 2008). Thus, the CXCR2
antagonist functions as an allosteric modulator of a GPCR heterodimer.

GPCR heterodimers may be implicated in disease etiology and/or represent
potential targets for disease treatment. Hallucinogenic drug models of psychosis
have some similitudes with characteristics of schizophrenia, and the contribution of
the 5-hydroxytryptamine 5-HT2A receptor Gi/o-mediated signaling pathway is essen-
tial for distinguishing hallucinogenic from non-hallucinogenic agonists of this
receptor (Gonzalez-Maeso et al. 2007). Gonzalez-Maeso and his collaborators
carried out co-immunoprecipitation experiments in human brain tissues and
RET-based assays in transfected cells to demonstrate that the 5-HT2A receptor
(2AR) interacts with the mGlu2 but not the mGlu3 receptor (Gonzalez-Maeso et al.
2008). The 2AR–mGluR2 complex may be involved in the altered cortical processes
of schizophrenia.

Identifying small-molecule ligands that target specific GPCR heterodimers may
enable researchers to study heterodimer expression and function in native tissues or
cells and in vivo, as well as to ultimately treat diseases. The opioid agonist
60-guanidinonaltrindole, which activates the DOP–KOP receptor heterodimer (but
not homomers), is the best heterodimer-selective ligand described so far (Waldhoer
et al. 2005). In most cases of reported heterodimers, however, either data validation
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in native cells has been missing, or data observed in native tissues have not replicated
those obtained in heterologous systems. Investigators have proposed the following
criteria for claiming evidence of heterodimerization in endogenous systems:
(i) heterodimer components should colocalize and physically interact;
(ii) heterodimers should have biochemical properties that differ from those of their
individual components; (iii) heterodimer disruption should result in a loss of
heterodimer-specific properties (for review, see Gomes et al. 2016).

Mechanisms of G Protein-Coupled Receptor Desensitization

Receptor desensitization occurs when there is a rapid decline in the receptor response
to repeated or sustained agonist stimulation. By contrast, receptor downregulation,
which is a decrease in the number of receptors on the cell surface, is a slower process
that extends over hours (for review, see Smith and Rajagopal 2016).

GPCR desensitization entails (i) receptor phosphorylation and subsequent
uncoupling of the receptor from its cognate G protein and (ii) receptor internalization
to intracellular compartments. Receptor desensitization can be separated into homol-
ogous mechanisms, in which the activated receptor is desensitized, and heterologous
densensitization, in which downstream signaling such as adenylate cyclase activa-
tion leads to desensitization of any GPCRs with cAMP-activated protein kinase A
phosphorylation sites. Homologous desensitization typically involves the sequential
actions of G protein-coupled receptor kinases (GRKs) and β-arrestins (Ferguson
2001; Krupnick and Benovic 1998) (for review, see Walther and Ferguson 2013).

Uncoupling of Receptors from G Proteins

β-Arrestins are thought to suppress G protein signaling by preventing the G pro-
tein–GPCR interaction at the second (ICL2) and third (ICL3) intracellular loops of
the receptor (DeGraff et al. 2002; Marion et al. 2006). This competition between
arrestin and G protein for receptor binding results in desensitization of the down-
stream effector pathways (for review, see Smith and Rajagopal 2016). β-Arrestin
binding requires (i) activation of the GPCR by its ligand and (ii) GRK-mediated
receptor phosphorylation, as previously reported for β2AR (Krasel et al. 2005).

GPCR phosphorylation can either target the ligand-bound receptor (homologous
desensitization) or various GPCRs throughout the cell (heterologous desensitiza-
tion). While phosphorylation of the GPCR intracellular residues is predominantly
mediated by GRKs in homologous desensitization, heterologous desensitization is
often mediated by PKA or PKC. In both cases, the residues that are phosphorylated
are serine and threonine.

β-Arrestins were originally proposed to be involved in β2AR desensitization and
were found to share homology with the retinal visual arrestin (for review, see Smith
and Rajagopal 2016). Visual arrestin (arrestin-1) blocks rhodopsin signaling in the

24 H. Pincas et al.



retina. The arrestin family consists of four members: two visual arrestins, arrestin-1
(visual arrestin) and arrestin-4 (cone arrestin), and two nonvisual arrestins,
β-arrestin-1 and β-arrestin-2 (also referred to as arrestin-2 and arrestin-3). The
structurally related α-arrestins have been implicated in receptor endocytosis (Patwari
and Lee 2012). Based on high-resolution crystallography and mutagenesis experi-
ments, visual arrestin comprises an N-terminal and a C-terminal domain, each of
which is organized as a seven-strand β-sandwich. The N-terminal domain is respon-
sible for recognition of the activated receptor, while the C-terminal domain contains
a secondary receptor-binding region (Luttrell and Lefkowitz 2002).

There are seven human GRKs (GRK1–7). GRK1 and GRK7 are expressed in the
eye; GRK2, GRK3, GRK5, and GRK6 are ubiquitous; and GRK4 is predominantly
in the reproductive tract (Premont and Gainetdinov 2007). GRKs have similar
structures, with an N-terminal RGS-like domain involved in receptor recognition,
a central catalytic domain, and a C-terminal domain that facilitates the translocation
of the kinase to the plasma membrane. Besides targeting the C-terminal tail of the
GPCR for phosphorylation (e.g., for rhodopsin and β2AR), GRK can target other
intracellular GPCR sites such as ICL3 (e.g., for α2-adrenergic receptor and M2
muscarinic receptor (Liggett et al. 1992; Pals-Rylaarsdam and Hosey 1997)).

Unlike GRK phosphorylation, which depends on receptor activation by its ligand,
PKA- or PKC-mediated phosphorylation of the receptor is dependent upon the
increase in second messenger intracellular concentration (e.g., cAMP or DAG).
Hence, besides their classical function in signal transduction via phosphorylation
of downstream effectors, PKA and PKC are involved in a negative feedback
mechanism, namely, heterologous receptor desensitization, through GPCR
phosphorylation.

Endocytosis and Internalization of G Protein-Coupled Receptors

Receptor internalization can lead to either receptor resensitization or degradation (for
review, see Walther and Ferguson 2013). Besides their role in receptor desensitiza-
tion through the uncoupling of GPCRs from G proteins, arrestins target GPCRs for
internalization via clathrin-coated pits (for review, see Lee et al. 2016). Additionally,
they indirectly regulate GPCR trafficking by coordinating their ubiquitination and
deubiquitination.

Arrestins represent an adaptor between the GPCR and key components of the
internalization machinery. They bind to trafficking proteins (clathrin, clathrin adap-
tor protein 2 AP2), thus functioning as scaffolds in the receptor-mediated endocy-
tosis pathway (Gurevich and Gurevich 2015). Mechanistically, binding of nonvisual
arrestins to GPCR stimulates the release of the arrestin C-terminal tail, which
contains binding sites for clathrin and AP2. Binding of clathrin and AP2 to those
C-terminal sites induces receptor internalization via coated pits. This is exemplified
by β2AR, whose internalization is promoted by arrestin-2 and arrestin-3 (Goodman
et al. 1996).
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Arrestin-Independent Internalization
GPCRs use more than one internalization pathway. In the muscarinic M2 receptor,
mutation of the two clusters of serine/threonine residues that are required for arrestin
binding and receptor desensitization does not block receptor endocytosis, suggesting
that the receptor internalizes in an arrestin-independent manner (Pals-Rylaarsdam
et al. 1997). Similarly, while wild-type protease-activated receptor 2 (PAR2) inter-
nalizes in a β-arrestin-dependent manner, mutation of all the serine/threonine in the
receptor C-tail results in β-arrestin-independent internalization (Ricks and Trejo
2009). The type II GnRH receptor can internalize both in an arrestin-dependent
and arrestin-independent fashion (Ronacher et al. 2004). Alternatively, GPCRs can
internalize in a β-arrestin-independent manner via caveolae (for review, see Walther
and Ferguson 2013). Hence, β1AR mutants lacking GRK phosphorylation sites are
internalized via caveolae following PKA phosphorylation, independently of
β-arrestin, suggesting that PKA- and GRK-mediated phosphorylation influence
β1AR internalization in an additive fashion (Rapacciuolo et al. 2003). Although
diverse internalization mechanisms have been reported, β-arrestin and clathrin
dependent, β-arrestin and clathrin independent, β-arrestin independent and clathrin
dependent, and β-arrestin dependent and clathrin independent (Marchese et al.
2003), the majority of GPCRs are internalized via the β-arrestin-dependent,
clathrin-mediated internalization pathway.

Stability of the GPCR/b-Arrestin Complex and GPCR Intracellular Fate
Distinct β-arrestins differentially regulate GPCR internalization. For instance,
β-arrestin-2 promotes β2AR internalization 100 times more efficiently than
β-arrestin-1 (Kohout et al. 2001). Thus, GPCRs have been grouped into two categories
based on the strength of the GPCR/arrestin interaction, which is thought to determine
whether they are preferentially recycled or degraded. One class of receptors (e.g.,
β2AR, μ-opioid receptors, dopamine D1A receptors) has a higher affinity for
β-arrestin-2, and their association with arrestins is transient, resulting in their transfer
to endosomes and their recycling to the plasma membrane and their resensitization.
Conversely, other receptors (e.g., V2 vasopressin, neurotensin 1, angiotensin II type 1a
receptors) bind β-arrestin-1 and β-arrestin-2 with comparable affinity, and their asso-
ciation with arrestins remains steady through endocytosis, predominantly resulting in
lysosomal degradation (for review, see Walther and Ferguson 2013).

Alternate Role of Arrestins in GPCR Signaling
Although β-arrestins are known for regulating GPCR signaling, they can also
mediate signaling via the recruitment of signaling molecules distinct from G
protein-mediated signaling, thus setting off a second wave of signaling (Luttrell
et al. 1999, 2001). In the case of angiotensin II type 1a receptors (AT1aR), β-arrestins
act as scaffolds to enhance ERK2 activation. Interestingly, there is a correlation
between the affinity of the GPCR/arrestin complex and the degree of β-arrestin–ERK
binding, as the class of GPCRs forming stable receptor–β-arrestin complexes acti-
vates ERK more persistently than those forming transient receptor–β-arrestin com-
plexes (Tohgo et al. 2003).
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G Protein-Coupled Receptor Ubiquitination

To recapitulate the principal functions of arrestins, they are implicated in GPCR
desensitization, GPCR internalization, and GPCR post-endocytic trafficking. Both
arrestin ubiquitination and GPCR ubiquitination regulate GPCR trafficking (for
review, see Gurevich and Gurevich 2015). Upon agonist stimulation, both GPCR
and arrestin are ubiquitinated. While arrestin ubiquitination may affect the stability
of the GPCR/arrestin complex (Shenoy and Lefkowitz 2003) and appears to be
required for receptor internalization (Shenoy et al. 2001), GPCR ubiquitination is
dependent upon arrestin and may mediate lysosomal sorting (Marchese and Benovic
2001; Shenoy et al. 2001). However, one study reports that agonist-stimulated
ubiquitination of arrestin-2 by E3 ubiquitin ligase Mdm2 has no effect on β2AR
internalization (Ahmed et al. 2011). Notably, the pattern of β-arrestin ubiquitination
correlates with the stability of the GPCR/β-arrestin complex, as receptors forming a
stable complex are linked with persistent ubiquitination (Shenoy and Lefkowitz
2003).

Downregulation of G Protein-Coupled Receptors

Lysosomal targeting leads to a decline in the number of receptors on the cell surface.
Gurevich’s group has proposed two distinct models for the recycling versus degra-
dation of GPCRs. According to the first model, the longer time the GPCR spends in
the endosome, the higher the likelihood that it will be targeted to lysosomal
degradation. This hypothesis is in agreement with the fate of internalized receptors
being determined by the stability of GPCR/arrestin interaction (see above). The
second model speculates that only phosphorylated forms of the receptor are targeted
to lysosomes for degradation (Pan et al. 2003) (for review, see Gurevich and
Gurevich 2015). It is based on studies indicating that GPCR dephosphorylation
may be necessary for its recycling to the cell surface (Hsieh et al. 1999). Indeed,
Gurevich’s group previously showed that arrestin-2 mutants, which bind to activated
GPCRs independently of receptor phosphorylation, prevent β2AR downregulation
(Pan et al. 2003).

G Protein-Coupled Receptor Signaling and Disease

The GPCR superfamily represents the most prevalent group of transmembrane
receptors, thus mediating the majority of physiological responses to hormones,
neurotransmitters, ions, light, and odors. Consequently, impairment of GPCR func-
tion can cause a wide range of diseases, including blindness, cancers, cardiovascular
diseases, neuropsychiatric, and metabolic disorders. A large variety of endocrine
diseases are due to GPCR mutations (Table 2).

Naturally occurring GPCR mutations may cause alterations in ligand binding, G
protein coupling, receptor desensitization, and receptor recycling in a variety of
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human genetic diseases (for review, see Thompson et al. 2008b). Loss-of-function
mutations result in reduced ligand binding, while gain-of-function mutations lead to
constitutive activation or enhanced binding. As an example, polycystic kidney
disease is an inherited disorder that can result in progressive loss of renal function.
Genetic variants in the PKD1 gene, which encodes the GPCR polycystin-1 (PC-1),
are the predominant factor associated with the disease in nearly two-thirds of patients
(Hama and Park 2016).

A large number of genetic endocrine disorders affecting every endocrine system
result from specific GPCR mutations. Hence, mutations in the LH receptor
(LHCGR) result in a constitutively active receptor and are linked to familial male

Table 2 GPCR mutations causing endocrine disease. Partial list of the large number of
endocrine diseases caused by specific GPCR mutations

Receptor mechanism Disease Receptor

Adrenocorticotropin receptor (ACTHR/
MC2R)

Isolated glucocorticoid
deficiency

Loss of function

Arginine vasopressin receptor 2 (AVPR2) Nephrogenic diabetes
insipidus

Loss of function

Calcium-sensing receptor (CASR) Familial hypocalciuric
hypercalcemia

Loss of function

Neonatal severe
hyperparathyroidism

Loss of function

Ghrelin receptor Short stature Loss of basal activity

Gonadotropin-releasing hormone Idiopathic
hypogonadotropic

Reduced/loss of
function

Hormone receptor (GnRHR) Hypogonadism

Growth hormone-releasing hormone Short stature Loss of function

Follicle-stimulating hormone receptor
(FSHR)

Ovarian dysgenesis Loss of function

KISS1 receptor Central hypogonadotropic
hypogonadism

Loss of function

Luteinizing hormone/chorionic
gonadotropin receptor (LHCGR)

Familial male precocious
puberty

Constitutive activity

Leydig cell hyperplasia Constitutive activity

Melanocortin 4 receptor (MC4R) Autosomal dominant
obesity

Loss of function

Parathyroid hormone receptor Jansen’s chondrodysplasia Constitutive activity

Blomstrand’s
chondrodysplasia

Lack of adenylyl
cyclase signaling

Thyroid-stimulating hormone Non-autoimmune Constitutive activity

Receptor (TSHR) Thyroiditis

Toxic adenoma Constitutive activity

Congenital
hypothyroidism

Loss of function

Familial gestational
hyperthyroidism

Activation by HCG
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precocious puberty. An FSH receptor (FSHR) mutation that causes decreased affin-
ity for its ligand is associated with ovarian dysgenesis. GnRHR reduced or loss-of-
function mutations are associated with idiopathic hypogonadotropic hypogonadism
(IHH). TSH receptor (TSHR) mutations lead to constitutive activity causing
non-autoimmune thyroiditis as well as adenomas. Loss-of-function mutations in
the calcium-sensing receptor (CASR) are responsible for familial hypocalciuric
hypercalcemia and neonatal severe hyperparathyroidism. Loss-of-function muta-
tions in the melanocortin 4 receptor (MC4R), which is involved in energy homeo-
stasis, are associated with severe autosomal dominant obesity. A mutation in the
high-affinity binding site of the thyrotropin-stimulating hormone receptor has been
identified as a cause of familial gestational hyperthyroidism. The altered receptor can
be activated by chorionic gonadotropin as well as its native agonist, thyrotropin-
stimulating hormone. Elevated levels of chorionic gonadotropin during pregnancy
lead to unregulated activation of the thyrotropin-stimulating hormone receptor,
resulting in clinical hyperthyroidism occurring only during pregnancy.

Genes encoding accessory proteins for GPCRs (e.g., G protein, RGS, AGS,
GRK) are also disrupted in various hereditary diseases (Thompson et al. 2008a).
Termination of GPCR signaling relies on the hydrolysis of GTP by the intrinsic
GTPase activity of Gα. If impaired, this process can bring about a number of
diseases. Hence, cholera toxin, which is produced by Vibrio cholerae upon infection,
prevents GTP hydrolysis by covalently modifying an arginine residue located in the
nucleotide-binding pocket of Gαs. This causes prolonged activation of GPCR
signaling and thus elevated cAMP levels in mucous intestinal cells, leading to
secretory diarrhea. In some pituitary tumors, mutation of the same arginine residue
in the gene encoding Gαs also results in prolonged GPCR signaling and enhanced
secretion of growth hormone (Vallar et al. 1987). Inactivating Gαs variants are
associated with a form of pseudohypoparathyroidism called Albright’s hereditary
osteodystrophy (Spiegel 1990), whereas activating mutations are observed in
patients with McCune–Albright syndrome and in various tumors (Turan and Bastepe
2015). RGS2 SNPs are linked to hypertension in African Americans, and GRK4
mutations that increase GRK4 activity are associated with hypertension and sodium
sensitivity. Aberrant upregulation of GRK2 and/or GRK5, which interferes with
GPCR signaling, can lead to cardiovascular diseases, neurodegenerative disorders,
and cancer (Penela 2016). Moreover, epigenetic modulation of GPCR signaling has
been associated with CNS disorders as well as pain disorders (Dogra et al. 2016).

Summary

G protein-coupled receptors (GPCRs) include one of the largest gene families in the
mammalian genome. About 800 human GPCRs have been identified. The specificity
provided by the diversity of GPCR receptor binding sites leads to their playing
crucial roles in every endocrine system, and GPCRs represent the predominant target
of therapeutic drugs. The term GPCR refers to the classical coupling of these
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receptors via heterotrimeric G proteins. In addition, they can also couple via many
other non-heterotrimeric G protein interactions.

GPCRs are grouped by primary sequence similarity into different families that all
have a canonical seven alpha helical transmembrane domain structure. Covalent
modifications of these receptors include extracellular glycosylation and intracellular
palmitoylation and phosphorylation. By far, the largest family, class A, comprises
the rhodopsin-like GPCRs that have over 700 members including the majority of
receptors for hormones and neurotransmitters. A distinct gene family, class B, also
includes receptors for hormones including secretin, glucagon, and corticotropin-
releasing factor.

In recent years, the crystal structure has been solved for an increasing number of
GPCRs. The increasing number of solved crystal structures for GPCRs includes
rhodopsin, the β2-adrenergic receptor, the glucagon receptor, the corticotropin-
releasing factor receptor, and two metabotropic receptors. The agonist-bound crystal
structure of the β2-adrenergic receptor has clarified the mechanism of activation of
the receptor, which involves helical movement around proline bends in the trans-
membrane helices. The crystal structures from the different classes reveal distinct
location of the ligand-binding pockets both across and within classes.

Despite their name, they couple to cellular signaling via both heterotrimeric G
proteins and G protein-independent mechanisms. Specific heterotrimeric G proteins
can signal by regulating different mediators, including adenylyl cyclase,
phospholipase C, and ion channel activity. A specific GPCR may couple to more
than one heterotrimeric G protein, and agonists can influence the relative coupling to
different pathways activated by the same receptor, a phenomenon called biased
agonism. The activity of GPCRs can be modulated by regulators of G protein
signaling proteins (RGS) and activators of G protein signaling (AGS). Receptor
activity may also be modified by interaction with receptor activity-modifying pro-
teins (RAMP) as well as a variety of other signal-transducing or signal-modulating
proteins. GPCR activity can be regulated by phosphorylation by protein kinases.
Receptor dimerization and cross dimerization of different GPCR subtypes contribute
to creating functional diverse receptor complexes.

Hundreds of endocrine and systemic diseases are caused by specific receptor
mutations. Examples include cases of male precocious puberty due to LH receptor
mutations, idiopathic hypogonadotropic hypogonadism due to GnRH receptor muta-
tions, and autoimmune thyroid disease due to TSH receptor mutations.
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Introduction

Protein tyrosine kinases (PTKs) are encoded by a large multigene family. PTKs
regulate many aspects of metabolism, growth, and cancer progression – including
cell proliferation, differentiation, and survival, adhesion and motility, and systemic
nutrient homeostasis (Schlessinger 2014; Robinson et al. 2000; Lemmon and
Schlessinger 2010). Of the approximately 90 unique PTKs in the human genome,
58 are cell-surface RTKs (receptor tyrosine kinases), which pass once through the
plasma membrane (Fig. 1). The extracellular ligand-binding domains translate the
rise and fall of circulating polypeptide growth factors, cytokines, and hormones into
unique patterns of intracellular signals (Lemmon and Schlessinger 2010); cell-cell
interactions regulate some RTK family members. In the first part of this chapter, I
will summarize the RTK landscape and describe how deep understanding of the
EGFR (epidermal growth factor receptor) set the stage to understand RTK signaling.
In the second part, I focus upon the insulin receptor signaling cascade and its
heterologous regulation, because it has a broad role in metabolic regulation and is
my principle interest for the past 30 years.

Ligand binding usually promotes the formation of RTK dimers – or in a few cases
modifies a preexisting dimer – which activates the intracellular catalytic domain to
transfer γ-phosphate from ATP onto specific tyrosyl residues of the RTK complex.
This autophosphorylation reaction – which usually occurs in “trans” – is the first
response to ligand-induced dimerization. Heterologous adapter proteins and
enzymes recruited to the autophosphorylated sites can also be tyrosine phosphory-
lated. Depending upon their distribution in space and duration in time, these diverse
proximal signals generate or regulate downstream effectors that control cytoplasmic
and nuclear events – including the production of phospholipid mediators, GTP/GDP
cycles, the activity or location of transcription factors, or cascades of Ser/Thr
phosphorylation.

RTKs dysregulated by mutations, toxins, or challenging lifestyles can promote
acute or chronic disease – including cancer, obesity, cardiometabolic disease, and
diabetes. The life-threatening sequelae of dysregulated or amplified RTKs – such as
ERBB2 (HER2, human epidermal growth factor receptor 2) – drive the development
of new drugs to block RTK activity with enough specificity to prevent the progres-
sion of disease with minimal off-target consequences (Lemmon and Schlessinger
2010).In the subset of human cancers associated with an amplified ERBB2 gene –
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breast, ovary, stomach, lung, and salivary gland – the ERBB2-blocking antibody
Herceptin (trastuzumab) can be beneficial (Mates et al. 2015).

The RTK Landscape

Introduction

Years before the discovery of PTKs, early work established the existence of specific
cell-surface receptors for insulin, EGF, NGF (nerve growth factor), and other factors.
The families of RTKs grew rapidly upon identification of the EGFR tyrosine kinase
(Schlessinger 2014). In 1980, Ushiro and Cohen discovered that EGF treatment
ofA431 cell membrane preparations activates immediately a cAMP/cGMP-
independent protein kinase activity (Carpenter et al. 1979). The specificity of the
EGF-sensitive kinase toward tyrosine residues was revealed by new electrophoretic
methods to separate phosphotyrosine from phosphothreonine developed during the
investigation of v-Src phosphorylation (the transforming PTK encoded by the Rous
sarcoma virus (Hunter and Sefton 1980; Ushiro and Cohen 1980). During the next
few years, phosphotyrosine was detected in the presumptive receptors for insulin and
PDGF (platelet-derived growth factor), which indicated strongly that cell
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Fig. 1 The 20 families of human RTKs (receptor tyrosine kinases). The extracellular region is
illustrated to the left on the blue-shaded background; the intracellular tyrosine kinase is illustrated to
the right on the green-shaded background. Functional domains are defined in the gray box
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metabolism and growth might be regulated by RTKs (Kasuga et al. 1982a, b; Ek and
Heldin 1982; Ek et al. 1982). Regardless, the prototype RTK was not established
definitively until biochemical analysis of the EGFR revealed partial amino acid
sequences with strong similarities to the v-erbB oncogene, and cDNA cloning
provided the complete deduced amino acid sequence of the tyrosine kinase domain
(Ullrich et al. 1984; Ullrich and Schlessinger 1990).Work during the next 10 years –
including the full sequence of human genomes – revealed 20 families of human
RTKs (Robinson et al. 2000). The family members are type I transmembrane pro-
teins anchored in the plasma membrane by a single hydrophobic sequence, which
separates the highly variable extracellular ligand-binding domain from the highly
conserved intracellular tyrosine kinase (Fig. 1).

Each RTK family displays common and unique biological properties owing to its
tissue specificity and timing of expression; intracellular trafficking, degradation, and
recycling; the cohort of downstream signaling proteins recruited to the auto-
phosphorylated receptor; and feedback mechanisms that modulate the signal inten-
sity and duration. In many cases, multiple receptor isoforms can form heterologous
receptor dimers with many ligands to generate distinct downstream signals. The
ERBB family is the prototype RTKs. Its structural and functional features provide a
solid framework to understand the mechanisms of regulated and dysregulated signal
transduction (Lemmon et al. 2016). Although the function of most RTKs is still
poorly understood at both the molecular and systemic level, the search for specific
activators and inhibitors – some of which are already clinically available or in
clinical trials – has been underway for years.

ERBB Family

EGFR is the prototype ERBB family member (Fig. 1) (Schlessinger 2014).EGFR
binds several ligands in addition to EGF – including TGFα (transforming growth
factor-α), HBEGF (heparin-binding EGF-like growth factor), AREG
(amphiregulin), BTC (betacellulin), EREG (epiregulin), and (EPGN (epigen)
(Schneider and Wolf 2009). By comparison, ERBB2 lacks a known ligand but
dimerizes with the other ERBB members to generate a signal. ERBB3 binds
neuregulin but lacks an active kinase domain; neuregulins are a family of four
structurally related proteins and spliced isoforms with diverse functions in the
development of the nervous system, cardiac development, Schwann cell and oligo-
dendrocyte differentiation, and formation of neuromuscular synapses (Burden and
Yarden 1997). ERBB4 is activated by neuregulin-2 and neuregulin-3, HBEGF, and
BTC. The tyrosyl-phosphorylated EGFR has multiple interaction partners, including
SHC (SRC homology 2 domain containing), CBL (casitas B-lineage lymphoma),
PTPN11 (protein-tyrosine phosphatase 1D (PTP-1D), STAT5 (signal transducer and
activator of transcription 5), CRK (v-crk avian sarcoma virus), and several sites for
GRB2 (growth factor receptor-bound protein 2) (Schulze et al. 2005). SHC is the
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major interaction partner for ERBB2; ERBB3 interacts mainly with the PI3K (class
1A phosphatidylinositol 3-kinase); and ERBB4 has many partners (Schulze et al.
2005).Insufficient ERBB signaling associates with neurodegenerative diseases,
schizophrenia, and amyotrophic lateral sclerosis, whereas excess ERBB signaling
promotes solid tumors (Lemmon and Schlessinger 2010).

Insulin Receptor Family

The receptors for insulin (InsR) and insulin-like growth factors (IGF1 and IGF2)
occur as preexisting but inactive dimers linked by disulfide bonds (Fig. 1). The InsR
plays a key role in nutrient homeostasis and the IGFR controls tissue and body
growth. These tetrameric receptors are synthesized as single polypeptides which
upon cleavage at a furin site generate disulfide-linked α- and β-subunits (αβIR or
αβIGF1R). These dimers assemble with additional disulfide bonds to form the InsR
(αβIR•αβIR), IGF1R (αβIGF1R•αβIGF1R), or hybrid receptors (αβIR• αβIGF1R)
(Benyoucef et al. 2007). Since the InsR occurs in two isoforms, a total of five
receptors subtypes can be produced from the InsR and IGF1R genes (Blanquart
et al. 2008). Dysfunctional INSRs cause rare forms of severe insulin resistance,
metabolic disease, and growth abnormalities (Kahn et al. 1976). The IRS (insulin
receptor substrate) proteins are the principle targets phosphorylated by the insulin
receptor family, which provides a platform for multiple downstream signals that can
be regulated through feedback and heterologous mechanisms (see details below).

Platelet-Derived Growth Factor Family

The PDGFR family has five members that are important for regulating cell prolif-
eration, cellular differentiation, cell growth, development, and cancer (Fig. 1).The
extracellular regions of these receptors contain five immunoglobulin-like domains,
whereas the intracellular region contains a distinctive tyrosine kinase domain with a
relatively long “kinase insert region.” The PDGFR isoforms – PDGFRα and
PDGFRβ – can dimerize with four PDGF isoforms (PDGFA, PDGFB, PDGFC,
and PDGFD). PDGFs contain a conserved region, which remains noncovalently
associated after processing to form a dimer that binds and activates two PDGFRs
(Shim et al. 2010). The four PDGF ligands (PDGFA, PDGFB, PDGFC, PDGFD) are
under independent genetic control, which gives the signaling system a high degree of
flexibility – including the generation of PDGF homo- or heterodimers (PDGFAA,
PDGFAB, PDGFBB, PDGFCC, PDGFDD) and the formation of three dimeric
receptors αα, ββ, and αβ. Sites of tyrosine autophosphorylation in the PDGFβ
receptor recruit signaling molecules to the juxtamembrane domain (SHC, STAT5,
SRC), the kinase insert region (GRB2, PI3K, SHC, NCK, SHP2, RasGAP, STAT5),
and the C-terminal tail (PLCγ, SHP2) (Kazlauskas and Cooper 1989).

Receptor Tyrosine Kinases and the Insulin Signaling System 5



Phosphorylation of a single tyrosine residue in the second kinase domain promotes
the catalytic activity of this RTK (Heldin and Lennartsson 2013). Enhanced
PDGF•PDGFR signaling is a hallmark of a variety of diseases, including cancers,
atherosclerosis, pulmonary fibrosis, and restenosis (Ostman 2004).

Fibroblast Growth Factor Receptor Family

FGFRs (fibroblast growth factor receptors) consist of four members that bind to the
largest family of growth factors, including 22 distinct FGFs (Fig. 1). FGFs are a
family of growth factors, with members involved in angiogenesis, wound healing,
embryonic development, and various endocrine signaling pathways. Most FGFs are
key players in tissue-specific proliferation and differentiation – especially during
development – because they signal at the site of secretion owing to specific binding
to cell-surface-associated heparan sulfate proteoglycans that restrict their diffusion
into the circulation. Like the insulin receptor, FGFRs recruit adapter molecules for
tyrosyl phosphorylation that add diversity to the signaling complexes (Lemmon and
Schlessinger 2010). A few FGFs– including FGF19, FGF21, and FGF23 – escape
the site of secretion because they lack a heparin-binding domain and can enter the
circulation to signal at distant sites (Fisher and Maratos-Flier 2016; Reitman 2007).
Without heparin binding, Fgf21 signals via FGFR1 and FGFR2 in complex with the
co-receptor βKlotho (KLB) (Fisher and Maratos-Flier 2016). Circulating Fgf21 is
produced almost entirely by PPARα-mediated transcription in the liver (Badman
et al. 2007; Markan et al. 2014), where Fgf21 cell autonomously promotes fatty acid
oxidation (Fisher et al. 2014).Cold exposure and β-adrenergic agonists stimulate
Fgf21 secretion within the adipose tissue to promote energy expenditure and meta-
bolic health by uncoupling BAT mitochondria (Hondares et al. 2011; Chartoumpekis
et al. 2011) and “browning” inguinal white adipose tissue (Fisher et al. 2012).

Vascular Endothelial Growth Factor Receptor Family

VEGFR-1, VEGFR-2, and VEGFR-3 are important for monocytes/macrophages and
blood vascular endothelial and lymphatic endothelial cells in both physiology and
cancer (Claesson-Welsh 2016).Hypoxia induces VEGFR1 expression through a
hypoxia-inducible enhancer element in the VEGFR1 promoter (Nomura et al.
1995). Five mammalian dimeric VEGF polypeptides (VEGFA, VEGFB, VEGFC,
and VERGFD) and PIGF (placenta growth factors) are spliced (VEGFA, VEGFB,
and VEGFC) or processed (VEGFC and VEGFD) to generate a wide range of
isoforms that dimerize to activate the VEGFRs. Moreover, signaling is further
diversified by neuropilins, heparan sulfate, and integrins, which act as VEGF
co-receptors (Koch et al. 2011). Upon ligand-induced dimerization, the VEGFR1
activates the PKCγ!PKC cascade that produces mild MAPK (mitogen-activated
protein kinase) activity. It also activates the PI3K!AKT cascade (Koch et al. 2011;
Shibuya 2006). Since the RTK activity of VEGFR1 is comparatively weak, it
displays mild activity toward migration/proliferation.
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Hepatocyte Growth Factor Receptor

HGFR (hepatocyte growth factor receptor, cMet) is similar structurally to the insulin
receptor. The HGF pro-peptide is cleaved to generate a disulfide-stabilized α-β dimer
that dimerizes to activate the HGFR (Fajardo-Puerta et al. 2016). Kinase activation
promotes autophosphorylation, which recruits GRB2, SHC, PI3-kinase, PLCγ,
STAT3, and GAB1 (Grb2-associated binding protein 1). The downstream signaling
pathways generate diverse cellular responses, including proliferation, survival,
motility, invasion, and angiogenesis (Fig. 1). HGFR is essential for embryonic
development, organogenesis, and wound healing, whereas its abnormal activation
is associated with cancer of the kidney, liver, stomach, breast, and brain (Zhang and
Babic 2016). Since HGF is the only known ligand, the HGF!HGFR axis is an
attractive drug target for activation or inhibition. A hybrid receptor created through
the interaction of the HGFR with the InsR might promote tyrosine phosphorylation
and activation of the InsR!Irs signaling revealing a role in metabolic control
(Fafalios et al. 2011).

TRK Family

TRKA, TRKB, and TRKC (tropomyosin receptor kinases) regulate synaptic
strength and plasticity in the mammalian nervous system. TRK receptors affect
neuronal survival and differentiation and promote the functional properties of
neurons. Homodimeric neurotrophins are the common ligands of the TRKRs:
NGF (nerve growth factor) and NT3 (neurotrophin-3) bind TRKA; brain-derived
neurotrophic factor (BDNF), NT3, and NT4 (neurotrophin-4) bind TRKB; and NT3
binds TRKC. A member of the tumor necrosis factor receptor superfamily p75NTR

(p75 neurotrophin receptor) affects the binding affinity and specificity of TRK
receptor activation by neurotrophins (Bothwell 2016). This selectivity can produce
complex results as illustrated with sympathetic neurons, which express TRKA and
p75NTR, but not TRKB (Bothwell 2016). Neurotrophin binding promotes dimeriza-
tion and activation of the TRKRs, which undergo trans-autophosphorylation on
three tyrosine residues in the “activation loop,” and at other sites to recruit SHC,
SH2B (SH2B adapter protein 2), GRB2, PI3K, STAT, and PLCγ (Huang and
Reichardt 2003). Regardless, a system level understanding is largely incomplete
(Bothwell 2016).

Erythropoietin-Producing Hepatocellular Receptor Family

EPHRs (erythropoietin-producing human hepatocellular receptors) form the largest
known subfamily of RTKs with a complicated signaling mechanism. EPHRs are
classified into nine EPHA or five EPHB subfamilies depending upon whether they
bind to glycophosphatidylinositol-linked (ephrin-As) or transmembrane (ephrin-Bs)
ligands (Kania and Klein 2016). EPHRs are composed of a Cys-rich domain, two
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fibronectin (FN) domains, and an NH2-terminal extracellular ligand-binding domain
(LBD) that binds to the extracellular domain of membrane-tethered ephrins. The
signaling mechanisms are complex because EPHRs and ephrins can act simulta-
neously as receptors and ligands, leading to bidirectional – parallel or antiparallel –
signaling. Crystal structures of ephrin$EPHR interactions reveal complex and
alternative patterns of oligomerization. Forward ephrin!EPHR signaling requires
autophosphorylation in the EPHR intracellular juxtamembrane domain (Kania and
Klein 2016; Kullander et al. 2001), which recruits various adapters and enzymes –
including Nck1 (non-catalytic region of tyrosine kinase adaptor protein 1) and Nck2,
PI3K, Src family kinases, and Vav2/Vav3 (guanine nucleotide exchange factors for
the Rho family of GTP-binding proteins). For reverse signaling, intracellular
domains of ephrin-B are tyrosine phosphorylated by Src PTKs, which can recruit
the Grb4•Pak1•Dock180 complex (Kania and Klein 2016; Palmer et al. 2002).
Together this signaling mechanism regulates cell proliferation, repulsion, migration,
and adhesion, which are important in developmental processes such as pattern
formation and morphogenesis of segmented structures and neural connections
(Kania and Klein 2016). Bidirectional ephrin$EPHR signaling also controls energy
metabolism as it mediates communication between pancreatic islet β-cells to regulate
insulin secretion: EphrinA!EPHRA forward signaling inhibits insulin secretion,
whereas reverse signaling stimulates it (Konstantinova et al. 2007). First identified in
an erythropoietin-producing hepatoma cell line, ephrin$EPHR also promotes can-
cer and other diseases.

TAM-Receptor Family

TYRO3, AXL, and MERTK (tyrosine-protein kinase Mer) are homologous RTKs
that are essential for immune homeostasis (Rothlin et al. 2015). TAM RTKs have
sequence similarity to the insulin receptor, cMET, and RON tyrosine kinase sub-
domains (Rothlin et al. 2015). TAM RTKs are activated by PROS1 (protein S) or
GAS6 (growth arrest-specific gene 6) and differentially modulated by the presence
of apoptotic cells, phosphatidylserine-containing lipid vesicles, and enveloped virus
(Tsou et al. 2014). AXL can be activated by conventional ligand-dependent dimer-
ization with GAS6, ligand-independent dimerization, interaction between two
monomers on neighboring cells, or heteromeric dimerization (Janssen et al. 1991).
The TAM family regulates cell proliferation, survival, adhesion migration, blood clot
stabilization, and regulation of inflammatory cytokine release (Janssen et al. 1991).
Autophosphorylation of MERTK provides docking sites for GRB2 or PLCG2 and
induces phosphorylation of MAPK1, MAPK2, FAK/PTK2, or RAC1. MERTK
signaling plays a role in various processes such as macrophage clearance of
apoptotic cells, platelet aggregation, cytoskeleton reorganization, and engulf-
ment. Deficiencies in TAM signaling associate with chronic inflammatory and
broad-spectrum autoimmunity involving a severe lymphoproliferative disorder
(Lu and Lemke 2001).
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Tyrosine Kinase with Immunoglobulin-Like and EGF-Like Domains

TIE1 and TIE2 (tyrosine kinase with immunoglobulin-like and EGF-like domains)
are cell-surface receptors that are activated by ANG1, ANG2, ANG3, and ANG4
(angiopoietins). TIERs consist of three Ig-like domains, three EGF domains, and
three FNIII (fibronectin type III) repeats in the extracellular region. The catalytic
domain of TIERs displays 45% sequence identity with the FGFR1 and is activated
by receptor tetramerization facilitated by the multimeric angiopoietin ligands (Bar-
ton et al. 2014). Similar to ErbB receptors, the activation loop in TIE2R adopts an
overall “active conformation” independent of phosphorylation; however, the
carboxy-terminal tail acts as a substrate mimetic to inhibit autophosphorylation.
Tyrosine phosphorylation in the C-terminus recruits Grb2, PI3K, PTPN11, and
DOK2 (Barton et al. 2014). ANG!TIER signaling is essential during embryonic
vessel assembly and maturation and functions as a key regulator of adult vascular
homeostasis. ANG2 antagonizes the activation of TIER by ANG1, whereas alone
ANG2 can activate TIERs. Like PDGFR, TIERs contain a kinase insert region with
autophosphorylation sites that bind and activate the PI3K!AKT cascade. Mice
lacking either ANG1 or TIE2 die before birth (Suri et al. 1996). By contrast,
dysregulated ANG!TIER axis can promote malignant neoplasia by inducing
angiogenesis (Hilbert and Klaschik 2015).

RYK and ROR Families

Ryk (related to receptor tyrosine kinase) and Ror (receptor tyrosine kinase-like
orphan receptor) families were classified initially as orphan RTKs but are now
known to contain extracellular WNT (wingless)-binding domains (Green et al.
2014). ROR and RYK display extracellular membrane-proximal Kringle domains
that can mediate protein-protein interactions and Frizzled-like CDRs (cysteine-rich
domains) that bind WNT. RYK displays a second WNT-binding module called the
WIF (WNT-inhibitory factor) domain. WNT ordinarily activates Frizzled, a family
of G protein-coupled receptors, which regulate cell proliferation and differentiation.
RYK and ROR are mostly associated with polarized cell migration. ROR1 and RYK
might be pseudo kinases, whereas ROR2 contains a functional intracellular tyrosine
kinase domain related to the Trk-family (Oishi et al. 2003). Interestingly, both
Ror2�/� and Wnt5a�/�mice exhibit dwarfism, facial abnormalities, short limbs
and tails, dysplasia of lungs and genitals, and ventricular septal defects. Together
with interaction studies, these physiological results suggest that RORs act as recep-
tors for Wnt5a to activate non-canonical WNT signaling (Green et al. 2014).The
phosphorylation of ROR1 might be mediated by complexes with the EGFR or
HGFR (Borcherding et al. 2014). In lung carcinoma and gastric carcinoma cell
lines, ROR1 is phosphorylated by MET, and silencing ROR1 impairs cell growth.
Since ROR1 is absent in most adult tissue, it might be druggable target for some
cancer therapies.
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Discoidin Domain Receptor Family

DDR1 (discoidin domain receptor tyrosine kinase 1) and DDR2 (Vogel et al. 1997)
are expressed in normal and transformed epithelial cells and activated by various
types of collagen, which stimulate tyrosine autophosphorylation to promote poorly
defined cell-collagen interactions (Fu et al. 2013). Alternative splicing of the DDR
genes results in multiple transcript that are expressed mainly in the kidney, lung,
gastrointestinal tract, and brain; and overexpressed in human tumors from the breast,
ovary, esophagus, and brain. DDRs are major cellular sensors of environmental cues
and appear critical for normal development as revealed by the phenotype of
DDR-deficient mice (Fu et al. 2013). Phosphorylation of tyrosine residues in the
intracellular domains – including an NPXY motif in the juxtamembrane region –
generates docking sites for SH2 and PTB (phosphotyrosine binding) domain-
containing proteins, respectively, which promote the activation of the PI3K! AKT
and SHC ! Ras ! MAPK cascades (Fu et al. 2013).

RET Family

RET (rearranged during transfection) proto-oncogene encodes an RTK for the glial
cell line-derived neurotrophic factor family (GDNF, neurturin, artemin, and
persephin) that supports the survival of dopaminergic and motor neurons (Knowles
et al. 2006; Oppenheim et al. 1995).Loss-of-function mutations in RET are impli-
cated in Hirschsprung disease, a congenital condition owing to missing nerve cells in
the colon that impairs colon motility. Activating RET mutations occur in human
cancers, including familial medullar thyroid carcinoma and multiple endocrine
neoplasia 2A and 2B (Knowles et al. 2006). Structural studies suggest that the
canonical activation loop resides in a phosphorylation independent “open” confor-
mation, suggesting that a novel mechanism might controls RET signaling (Knowles
et al. 2006). Regardless, phosphorylation at several tyrosine residues (two of them in
the activation loop) are important for signaling (Coulpier et al. 2002).

Tyrosine-Protein Kinase-Like 7 Family

PTK7 (tyrosine-protein kinase-like 7) is a RTK that was discovered originally in colon
cancer (Mossie et al. 1995). PTK7 functions in various processes including embryonic
morphogenesis and epidermal wound repair (Peradziryi et al. 2012). It functions as a
co-receptor in Wnt, semaphorin/plexin, and VEGF signaling pathways. Although
PTK7 does not contain a canonical WNT-binding domain, it appears to interact with
some WNTs to inhibit WNT!β-catenin signaling (Peradziryi et al. 2011). PTK7
recruits Dsh (Dishevelled), which regulates canonical (β-catenin) and non-canonical
Wnt signaling pathways. Although the kinase homology domain is largely conserved,
it lacks amino acid motifs critical for catalytic activity (Peradziryi et al. 2012). Thus,
PTK7!Dsh might be mediated by RACK1 (receptor for activated C kinase 1) that
interacts with protein kinase C and the kinase domain of PTK7.
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Muscle-Specific Kinase Family

MuSK (muscle-specific kinase) is a RTK required for the formation and maintenance
of the neuromuscular junction. The ligand for MuSK is LRP4 (low-density lipopro-
tein receptor-related protein-4), a transmembrane protein in muscle whose binding
affinity for MuSK is potentiated by a neuronally derived heparan sulfate proteogly-
can called AGRIN. AGRIN is a component of the basal lamina that causes the
aggregation of acetylcholine receptors on cultured muscle fibers (Rupp et al. 1991).
MuSK undergoes trans-autophosphorylation on three tyrosine residues in the acti-
vation loop (Y750, Y654, Y755), which increases kinase activity and biological
function (Bergamin et al. 2010). Interestingly, phosphorylation of the NPXY553

motif in the juxtamembrane binds to the PTB domain of the adapter protein
DOK7. DOK7 serves as a substrate of MuSK and as a cytoplasmic ligand to stabilize
the MuSK dimer facilitating trans-autophosphorylation in the activation loop
(Bergamin et al. 2010). Thus, LRP4, AGRIN, and DOK7 cooperate to fully activate
MuSK to induce clustering of acetylcholine receptors (AChR) essential for the
postsynaptic structures. Failure of AChR clustering is associated with disorders in
neuromuscular transmission, including congenital myasthenic syndrome and myas-
thenia gravis (Okada et al. 2006).

Apoptosis-Associated Tyrosine Kinase 1/Lemur Kinase Family

AATYK1 (apoptosis-associated tyrosine kinase 1)/LMTK (Lemur kinase) family of
RTKs is expressed predominantly in the nervous system where they can regulate
neurite extension and apoptosis (Gaozza et al. 1997). Although the kinase domain of
AATYK is most like the PTK families, AATYKs display serine phosphorylation that
might be mediated by Cdk5 (cell division protein kinase 5) (Tomomura et al. 2007).
Recent work suggests that LMTK1 negatively controls dendritic formation by
regulating Rab11A (Ras-related protein Rab-11A)-positive endosomal trafficking
in a Cdk5-dependent manner (Takano et al. 2014).

Serine/Threonine/Tyrosine Kinase)/Novel Oncogene with Kinase
Domain Family

STYK (serine/threonine/tyrosine kinase)/NOK (novel oncogene with kinase
domain) is 30% homologous with members of the FGFR/PDGFR family on the
intracellular tyrosine kinase domain (Liu et al. 2004). Although the 422-amino acid
protein contains an N-terminal transmembrane domain and a C-terminal RTK, it
lacks an extracellular domain for ligand binding, suggesting that it might be a
co-receptor. STYK1 can activate MAPK and PI3K pathways and promotes cell
proliferation, differentiation, and survival. STYK1 is dysregulated in several
human malignancies including breast, lung, ovary, blood, prostate, and colorectal
cancer (Hu et al. 2015).
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Anaplastic Lymphoma Kinase Family

ALK (anaplastic lymphoma kinase) and LTK (leukocyte receptor tyrosine kinase)
are expressed throughout the adult mammalian hippocampus CA1 and CA3 regions
(Weiss et al. 2012). ALK contains an extracellular binding site for the basic heparin-
binding growth factors pleiotrophin (neurite growth-promoting factor 1, NEGF1)
and midkine (neurite growth-promoting factor 2, NEGF2). Both factors distribute
similarly to ALK in the nervous system during fetal development. NEGGF2 is a
developmentally important retinoic acid-responsive gene product strongly induced
during mid-gestation – hence the name midkine. The intracellular regions of both
ALK and LTK are related to the insulin receptor family (Grande et al. 2011). The
intracellular juxtamembrane region contains a binding site for the PTB
(phosphotyrosine binding) domain of IRS1 (insulin receptor substrate-1); and the
catalytic domain contains three autophosphorylation sites in the activation loop
followed by the C-terminal domain with interaction sites for PLCγ and SHC (Tartari
et al. 2008). Interestingly, inhibition of ALK in mammals enhances cognitive
performance (Weiss et al. 2012). By comparison, alterations in the ALK gene,
including mutations, overexpression, amplification, translocations, or other struc-
tural rearrangements are implicated in human cancer (Grande et al. 2011; Schonherr
et al. 2012). ALK activates many interconnected and overlapping pathways, includ-
ing PI3K, AKT, ERK, and STAT3 (Grande et al. 2011).

ROS Family

ROS1 (ROS proto-oncogene) belongs to the drosophila sevenless subfamily of
tyrosine kinase genes, and is related closely to ALK and LTK. The extracellular
domain contains sequences that are analogous to sequences found in cell adhesion
molecules and extracellular matrix proteins. ROS might be involved in cellular
attachment, as a soluble ligand is unknown. Activated ROS promotes signaling
through PLCγ, PI3K!AKT, STAT3, VAV3, and ERK. ROS1 rearrangements are
detected in a variety of human cancers, including glioblastoma, non-small cell lung
cancer, ovarian cancer, gastric adenocarcinoma, and colorectal cancer (Davies and
Doebele 2013).

EGFR Dimerization and Activation

RTK dimers or higher order oligomers are probably required, but not always
sufficient for signal transduction (Lemmon and Schlessinger 2010). The exact
steady-state distribution between monomer and oligomer depends upon the intrinsic
structure of each RTK and the effect of ligand binding. At one extreme, the receptors
for insulin and IGF1 (insulin-like growth factor 1) exist as inactive covalently linked
tetramers before ligand binding. However, for others the unliganded receptors exist
in a steady-state distribution between monomer and dimer. The steady-state
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distribution probably depends upon the concentration of the RTK and any homolo-
gous partners in the plasma membrane, the basal ligand concentration, and the
concentration of any auxiliary components or inhibitory factors (Lemmon et al.
2016). Extracellular ligand binding stabilizes the RTK dimer, which facilitates
additional steps toward full activation usually involving juxtaposition of the adjacent
catalytic domains to promote trans-autophosphorylation of tyrosine residues in the
kinase activation loop (A-loop) and phosphorylation of tyrosine residues outside the
catalytic domain to recruit heterologous signaling proteins (Schlessinger 2000;
Burgess et al. 2003).

Remarkable progress during the past decades reveals a general framework to
understand the regulation of RTKs upon extracellular ligand binding. The detailed
mechanisms can differ between the families of RTKs; however, extensive cell
biology, analysis of receptor mutants and orthologs, and crystal structures of
EGFRs revealed a clear picture of the effect of EGF binding on receptor dimerization
(Burgess et al. 2003). The extracellular EGFR resolves into four subdomains –
designated I–IV (Fig. 2). The monomeric inactive EGFR has a bent configuration
held together by intramolecular interactions between the dimerization arm (II) and
the tethering arm (IV) (Ferguson et al. 2003). This “tethered conformation” separates
the two EGF-binding sites and occludes the extracellular dimerization surfaces;
however, a rare “extended conformation” exposes the dimerization arm (II) and
juxtaposes the two EGF-binding sites (Fig. 2a and b) (Burgess et al. 2003). EGF
binds with low affinity to the “tethered conformation” because it can only touch one
binding surface (Fig. 2c), whereas EGF binds with high affinity to the “extended
conformation” that exposes the binding sites in subdomains I and III (Fig. 2d). As the
concentration of receptors in the extended conformation rises, more receptor dimer-
ization surfaces are also available to promote receptor dimerization (Fig. 2e). Con-
trary to many other RTKs, the bound EGF molecules never interact in the dimer as
the high-affinity binding sites in the dimerized receptor are never adjacent. Although
well separated, the EGF-binding sites in the assembled dimer are not equivalent and
develop some asymmetry – possibly related to changes that occur around the plasma
membrane during autophosphorylation – which leads to negative cooperative EGF
binding (Pike 2012).

A single hydrophobic transmembrane spanning segment separates the intracellu-
lar catalytic domain of all RTKs from the extracellular ligand-binding domain
(Fig. 1) (Schlessinger 2014). Dimerization per se and subsequent conformational
changes promote tyrosine autophosphorylation, suggesting that this is the first step in
signal transduction. All RTKs contain 1–3 tyrosine residues in the activation loop
(A-loop) of the intracellular catalytic domain where the first autophosphorylation
occurs after ligand binding. Autophosphorylation of these residues stabilizes the
A-loop in an “open” configuration, which facilities ATP binding and phosphoryla-
tion of other tyrosine residues in the receptor or in heterologous substrates. Most of
the tyrosine residues that become autophosphorylated on RTKs are in non-catalytic
regions of the cytoplasmic domain, including the juxtamembrane region (e.g.,
PDGFR and KIT), the kinase insert region (e.g., FGFR and KIT), or the carboxyl
terminal tail.
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The EGFR is the prototype of the ErbB family of RTKs. By contrast to most
RTKs, the A-loop of the EGFR resides constitutively in the open configuration
usually reserved for phosphorylated A-loops, suggesting that kinase activation is
not a regulatory event of EGF binding. EGFR trans-autophosphorylation mainly
targets tyrosine residues in the adjacent carboxy-terminal tail of the receptor, which
generates SH2 (Src homology-2) domain-binding sites that recruit signaling
enzymes (PLCγ, Shp2, SOS) or adapters (GRB2, CRK, NCK).Thus, after dimer-
mediated trans-autophosphorylation, the EGFR and its family members are plat-
forms for assembly of multicomponent intracellular signaling pathways (Fig. 2e).
Each RTKs has adapted its own version of this mechanism to link extracellular
ligand binding to intracellular signal transduction.
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Fig. 2 Activation of the EGF receptor and downstream signaling. The extracellular EGFR contains
four subdomains designated i, ii, iii, and iv. (a) The monomeric inactive EGFR is stabilized by
interactions between domain ii and domain iv, which separates the two EGF-binding sites in
domains I and iii, and occludes the extracellular dimerization surfaces of domains ii and iv: (c)
EGF binds with low affinity to a single site in this conformation. (b) The inactive monomer exists in
an unstable conformation that juxtaposes the EGF-binding sites in subdomains i and iii, which
promote high-affinity binding and (d) dimerization. (e) Autophosphorylation of the juxtaposed
intracellular domains recruits signaling protein, which generates various signals, including the
MAPK cascade
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The Insulin Receptor Family

Insulin has physiologic effects everywhere in the body, but it is secreted only from
pancreatic β-cells. Insulin is synthesized as a single polypeptide (proinsulin) that is
processed by PCSK1 (prohormone convertase-1/convertase-3) into the bioactive
disulfide-linked A and B chains and the excised “C-peptide.” Human IGF1 and
IGF2 display high sequence similarity with both the A and B chains of insulin but
retain the connecting peptide along with a C-terminal extension called the
“D domain” (Brzozowski et al. 2002). Extensive analysis of natural insulin muta-
tions supplemented with hypothesis-driven site-directed mutagenesis reveals two
asymmetric receptor-binding surfaces called “S1” (the classical site) and “S2” (the
novel site) (Fig. 3) (De Meyts 2008). Together both sites generate high-affinity
insulin binding that activates the insulin receptor tyrosine kinase.

The insulin receptor (IR) is encoded by a 150-kb gene on human chromosome
19p13.3–p13.2 that contains 22 exons. Exon-11 is alternatively spiced depending
upon the tissue and developmental stage to produce two InsR isoforms: IRA lacks
the residues encoded by exon-11; IRB includes the 12 amino acid residues encoded
by exon-11 (DeMeyts 2008; Yang Feng et al. 1985; Seino and Bell 1989). IRB binds
only insulin with high affinity, whereas IRA binds both insulin and IGF2 with
moderate affinity (Belfiore et al. 2009). The homologous IGF1R is assembled
without alternative splicing from a 19-exon gene located on human chromosome

Classical
Site
(red)

Novel
Site

(orange)

GA1

AB30

NA21
FB1

S2

S1

Fig. 3 The conformation of insulin and its receptor-binding site. Insulin structure showing the
position of some critical amino acids that compose the two binding surfaces (S1 and S2) that interact
with the L1•CR•CT and Fn31•Fn32 regions of the insulin receptor, respectively. The A chain is
shown in green and the B chain is shown in blue, and some amino acids composing each binding
site are shown as space filling residues in red (S1) or orange (S2). The amino and carboxyl terminal
residues of each chain are labeled in black
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15. The IGF1R binds IGF1 and IGF2 with high affinity but binds insulin weakly. A
high-affinity ligand is unknown for the third member of the family called the IRR
(insulin receptor-related receptor) (Shier and Watt 1989). The IRR appears to sense
alkali conditions in the kidney to modulate systemic bicarbonate concentrations
(Deyev et al. 2011).

The insulin and IGF1 receptor precursors have similar structures, which are
processed to form holoreceptors composed of two α-subunits and two β-subunits.
The process is best characterized for the IR, which is synthesized as a single protein
with a classical amino-terminal signal sequence followed by well-defined extracel-
lular modules – including two leucine-rich motifs (L1 and L2) flanking a cysteine-
rich (CR) region followed by three fibronectin III motifs (Fn31, Fn32, and Fn33)
ending with a hydrophobic transmembrane spanning domain and the intracellular

L1

Fn32
Fn32

Fn33

CR
S2

Ins

S1

L2

pY1158
pY1162
pY1163

L2

Fn

S

S-S

S-S
S-S

SSS

32

L1

Fn32

Fn33

Fn31
CR

NPEY972

+12 +12

Lys1030 pY1158

pY1162

Open
A-loop

ATP

pY1316
pY1322

pY1316
pY1322

NPEY 972

Fig. 4 A diagram of the activated insulin receptor. Diagram of the mature insulin receptor
composed of two extracellular a-subunits and two intracellular b-subunits. Contiguous modules
of the two α subunits are indicated by black or white labels and dashed tracings. The holoreceptor is
stabilized extracellularly by disulfide bonds between cysteine residues (S-S) in the α- and
β-subunits, as well as by noncovalent interactions. Two regions within the α-subunit contribute to
insulin binding – including L1•CR (and the extra 12 amino acids encoded by exon-11 in the B form
of the insulin receptor) that binds S1 of insulin and the junction between Fn31 (the first fibronectin
III domain) and Fn32 that S2 of insulin. The β-subunit contains the tyrosine kinase catalytic domain
with an ATP-binding site (Lys1030) and several tyrosine phosphorylation sites, including those in the
juxtamembrane region (pY972), activation loop (pY1158, 1162, 1163), and carboxyl terminal regions
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tyrosine kinase (Fig. 4). Fn32 is interrupted by a 120-amino-acid insert containing a
furin cleavage site that generates upon cleavage the α- and β-subunits of the
holoreceptor. Depending upon relative expression levels, the pro-receptors for
insulin and IGF1 assemble either as disulfide-linked homodimers – IR (αβIR•αβIR)
or the IGF1R (αβIGF1R•αβIGF1R) – or as hybrid receptors (αβIR• αβIGF1R) with
approximate molecular masses of 350,000 by SDS-PAGE (Benyoucef et al. 2007).
Since the insulin receptor occurs in two isoforms, five receptor types can be
produced from the co-expressed receptor genes (Blanquart et al. 2008). Upon
reduction of the disulfide bonds, SDS-PAGE resolves the InsR and IGF1R into the
α- and β-subunits that migrate near 135-kDa and 95-kDa, respectively (Kasuga et al.
1982c; Hedo et al. 1983). Hybrid receptors can be detected by specific immunoblot-
ting strategies (Benyoucef et al. 2007).

Like the EGFR, each insulin receptor α-subunit contains two insulin-binding
sites, but unlike the EGFR a functional high-affinity site is created between adjacent
α-subunits. Insulin binding begins through interactions between “S2” on insulin with
the Fn31•Fn32 interface in the α-subunit (De Meyts et al. 2004). Sixteen amino acid
residues at the COOH-terminus (CT) of Fn32 interact with the L1•CR-region to
create a composite insulin-binding site – L1 ! CR! CT – that interacts with “S1”
on insulin (Figs. 3 and 4). Although the α-subunits are arranged symmetrically in the
dimer, there is a sharp bend between the L2 and Fn31! Fn32 regions that juxtaposes
the L1 ! CR ! CT domain antiparallel to Fn31 ! Fn32 (Fig. 4) (Lawrence et al.
2007; Ward et al. 2007; McKern et al. 2006; Hubbard 2013; Vashisth and Abrams
2013). Insulin binds to the L1 ! CR ! CT domain of one α-subunit and to the
Fn31 ! Fn32 region of the adjacent α-subunit to create the cross-link that activates
the kinase (Hubbard 2013). Only one insulin molecule can bind with high affinity
(Lawrence et al. 2007; McKern et al. 2006; Kiselyov et al. 2009). Inclusion of exon-
11 in IRB lengthens the CT-region by 12 amino acids, which modifies the
L1•CR•CT domain to exclude IGF2 binding and reduce strongly IGF1 affinity,
while promoting high insulin-binding affinity. These details have been described
in detail (Vashisth and Abrams 2013; Menting et al. 2013).

Structure and Regulation of the INSR Tyrosine Kinase

The discovery that rare cases of severe insulin resistance in humans associated with
INSR mutations that inactivate the tyrosine kinase – without altering insulin binding
– reveals tyrosyl phosphorylation as the principle signal that drives insulin signaling
(Taylor 1999). The intracellular portion of the insulin receptor β-subunit is composed
of three distinct regions that contain tyrosyl phosphorylation sites (numbered as in
IRB): Y965 and Y972 in the juxtamembrane region between the transmembrane helix
and the cytoplasmic tyrosine kinase domain; Y1158, Y1162, and Y1163 in the activation
loop (A-loop) of the catalytic core; and Y1328 and Y1334 in the COOH-terminus
(Ullrich et al. 1985; White et al. 1988; Rajagopalan et al. 1991) (Fig. 4). As
summarized in the previous sections, most receptor tyrosine kinases are activated
by ligand-induced dimerization, which brings two intracellular catalytic domains
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together to mediate tyrosine phosphorylation of the A-loop and the other sites that
recruit cellular substrates (Schlessinger 2000). Since the homologous InsR and
IGF1R reside in the plasma membrane as preformed but inactive covalent dimers,
high-affinity insulin or IGF binding adds a transient cross-link to induce and stabilize
structural transitions within the receptor that activate the intracellular catalytic site
(Hubbard 2013).

Before insulin stimulation, the unphosphorylated Tyr1162 – the second of the three
A-loop tyrosine residues – is positioned near the catalytic site, while the amino-
terminal end of the A-loop (D1150FG-motif) folds into the ATP-binding site elevating
the apparent Km for ATP (Hubbard 2013; Cann and Kohanski 1997; Hubbard et al.
1994). Since the closed A-loop exists in equilibrium with an open conformation,
ATP occasionally gains access to mediate basal autophosphorylation (Till et al.
2001). Infrequent oscillation from the “closed” to an “open” conformation in the
basal state might be coupled to complementary changes in the α-subunits, which can
be stabilized by insulin binding to accelerate ATP entry and accelerate trans-
autophosphorylation of Tyr1162. Once initiated, the autophosphorylation cascade
progresses to Tyr1158 but more slowly to Tyr1163, which stabilizes the open confor-
mation to allow unrestricted access by Mg-ATP and protein substrates (Hubbard
2013). This model of kinase regulation is supported by activation of the kinase upon
substitution of Asp1161 with alanine in the middle of the A-loop, which shifts the
steady-state conformation of the unphosphorylated A-loop toward the open config-
uration (Till et al. 2001). Substitution of Tyr1162 with phenylalanine also increases
basal autophosphorylation, consistent with its role to stabilize the closed conforma-
tion or compete with ATP and protein substrates for binding at the kinase active site
(Ellis et al. 1986; Wilden et al. 1992). Whether other kinases can activate the insulin
receptor by phosphorylation of A-loop tyrosine residues independently of insulin is
an open question that deserves attention.

The Insulin Receptor Substrates

Following discovery of the RTKs, many investigators searched for cellular proteins
that might mediate downstream signals (Kasuga et al. 1982a; Kasuga et al. 1982b).
The “substrate” hypothesis was an attractive mechanism from the beginning, but it
was difficult to establish because beyond the RTKs themselves, only proteins with
unlikely signaling potential were found initially (Cooper et al. 1983). The first
evidence for a substrate of any RTK came from anti-phosphotyrosine antibody
immunoprecipitates that revealed a 185-kDa phosphoprotein (pp185) in insulin-
stimulated hepatoma cells (White et al. 1985). This protein displayed many features
expected for a biologically important insulin receptor substrate – including imme-
diate phosphorylation upon insulin stimulation and no phosphorylation by catalyt-
ically inactive or biologically inactive insulin receptors (White et al. 1988). Together
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these data provided the first clue that receptor autophosphorylation followed closely
by substrate phosphorylation could be the initial step in signal transduction.

Purification and molecular cloning of pp185 revealed the first of a large family of
signaling scaffolds and the first insulin receptor substrate called IRS1 (Sun et al.
1991). Four IRS-protein genes exist in rodents, but only three (IRS1, IRS2 and
IRS4) are expressed in humans (Bjornholm et al. 2002). IRS1 and IRS2 are broadly
expressed in mammalian tissues, whereas IRS4 is largely restricted to the hypothal-
amus (Numan and Russell 1999; Sadagurski et al. 2014). The IRS proteins are
arguably the most important adapter molecules linking the InsR and IGF1R to
downstream signaling cascades and heterologous regulatory components used by
many signaling systems. Moreover, work with transgenic mice reveals that all
insulin responses – especially those that are associated with somatic growth; carbo-
hydrate, protein, and lipid metabolism; hepatic, adipose, skeletal muscle, and car-
diovascular physiology; pancreatic β-cell function; and central nutrient homeostasis
– are mediated through IRS1, IRS2, or both (White 2003).

IRS proteins are composed of tandem structurally similar PH and PTB domains
followed by a long unstructured tail of tyrosine phosphorylation sites that coordinate
the insulin/IGF signal. During insulin and IGF1 stimulation, some tyrosine residues
in the tail are phosphorylated and recruit the SH2 domains of various signaling
proteins, especially the 85 kDa regulatory subunit of the PI3K (White and Myers
2001). The interaction between IRS1 and PI3K was the first insulin signaling
cascade to be reconstituted successfully in vivo and in vitro (Backer et al. 1992).

Specific insulin-stimulated tyrosine phosphorylation of the IRS protein is accom-
plished through at least two mechanisms – including specific recruitment of IRS to
the juxtamembrane region of the InsR followed by recognition of preferred phos-
phorylation motifs by the “open” catalytic domain. Several motifs have been iden-
tified as optimal insulin receptor-mediated phosphorylation sites in IRS1 – including
several YMXM-motifs and the YVNI-, YIDL-, and YASI-motifs (Songyang and
Cantley 1995; Songyang et al. 1995; Shoelson et al. 1992; Hubbard 1997). These
motifs are targeted by the InsR catalytic domain as antiparallel β-strands relative to
the COOH-terminal end of the open A-loop. This orientation positions the hydro-
phobic side chain in the Y+1 and Y+3 positions into two hydrophobic pockets on the
activated kinase (Hubbard 1997).

The selective and regulated recruitment of IRS to the juxtamembrane region of
the activated InsR and IGF1R is important for signaling specificity. The
juxtamembrane region is about 35 residues long and connects the transmembrane
helix of the IRβ subunit to the kinase domain (Figs. 4 and 5). Autophosphorylation
of Tyr972 in the juxtamembrane region creates a docking site (. . .NPEpY972. . .) for
the PTB (phosphotyrosine binding) domain in the IRS proteins and in another
signaling protein called SHC (White et al. 1988; Pelicci et al. 1992; Eck et al.
1996). The NPEpY972-motif fills an L-shaped cleft on the PTB domain, while the
N-terminal residues of the bound peptide form an additional strand in the β-sandwich
(Eck et al. 1996). The NPEpY972-motif is a low-affinity binding site for the PTB
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domain of IRS1 (Kd ~ 87 μM), owing to a destabilizing effect of E971 that facilitates
autophosphorylation of Y972 by the insulin receptor (Hubbard 2013; Farooq et al.
1999). By comparison, the PTB domain of SHC binds to NPEpY972 with a much
higher affinity (Kd ~ 4 μM).

Regardless, the PH domain immediately upstream of the PTB domain helps
recruit the IRSs to the InsR (Fig. 3) (Yenush et al. 1996). The PH domain is
structurally similar but functionally distinct from the PTB domain (Dhe-Paganon
et al. 1999). Although the PH domain promotes the interaction between IRS and the
IR, its mechanism of action remains poorly understood as it does not bind
phosphotyrosine. PH domains are generally thought to bind phospholipids, but the
PH domains in IRS1 and IRS2 are poor examples of this binding specificity
(Lemmon et al. 1996, 2002). These PH domains bind to negative patches in various
proteins, which might be important for InsR recruitment (Burks et al. 1997).
Regardless, the PH domain in IRS plays an important and specific role as it can be
interchanged among the IRS-proteins without noticeable loss of bioactivity, whereas
heterologous PH domains reduce IRS1 function when substituted for the IRS1 PH
domain (Burks et al. 1998).

IRS2 utilizes an additional mechanism to interact with the insulin receptor, which
is absent in IRS1. Amino acid residues 591 and 786 – especially Tyr624 and Tyr628 –
in IRS2 mediate a strong interaction with the activated InsR catalytic site (Sawka-
Verhelle et al. 1996, 1997). This binding region in IRS2 was originally called the
kinase regulatory-loop binding (KRLB) domain because tris-phosphorylation of the
A-loop was required to observe the interaction (Sawka-Verhelle et al. 1996). Struc-
ture analysis reveals an essential functional part of the KRLB domain – residues
620–634 in murine IRS2 – that fits into the “open” catalytic site of the insulin
receptor (Wu et al. 2008). With the A-loop out of the catalytic site – by auto-
phosphorylation or other means – Tyr621 of IRS2 inserts into the receptor
ATP-binding pocket while Tyr628 aligns for phosphorylation. This interaction
might attenuate signaling by blocking ATP access to the catalytic site, or it might
promote signaling by opening the catalytic site before tris-autophosphorylation.
Interestingly, the KRLB-motif does not bind to the IGF1R possibly explaining
signaling differences between InsR and IGF1R, as well as the receptor hybrids
(Wu et al. 2008).

�

Fig. 5 Schematic diagram of heterologous and feedback inhibition of insulin signaling mediated
by pS/TIRS1 or degradation. Various kinases in the insulin signaling cascade are implicated in this
feedback mechanism, including PKB, mTOR, S6 K, ERK, AKT, and atypical PKC isoforms. Other
IRS kinases are activated by heterologous signals, including lipids, TNFα, or other cytokines.
Serine phosphorylation of IRS1 can recruit CRL7 ubiquitinylation complex to mediate degradation
of IRSs through the 26S proteasome. Proinflammatory cytokines that cause insulin resistance also
induce the expression of SOCS family members, which contain an NH2-terminal SH2 domain and a
COOH-terminal SOCS box (216,217). SOCS1 or SOCS3 can target phosphotyrosine residues in
IRS1 or IRS2 for ubiquitinylation and degradation, because the SOCS box associates with elongin
BC-containing ubiquitin ligase E3
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Transcriptional Regulation of Insulin Signaling Components

Over a decade of genetic experiments in mice establishes that changes in the relative
function of a broad array of insulin signaling components, nutrient sensors, and their
downstream metabolic effectors can have profound effects upon insulin sensitivity
and nutrient homeostasis. While this work is remarkably informative, the complexity
and tissue specificity of heterologous regulation complicate the identification and
design of strategies for the treatment of insulin resistance and its pathological
sequela. Although the list of insulin signaling components and their interactions
continues to grow, the IRSs retain a special place as the common integrating node
that coordinates insulin responses in all tissues and cells. Indeed, a 50% reduction in
the concentration of the IR, IRS1, and IRS2 achieved by genetic methods causes
growth deficits and diabetes in mice (Kido et al. 2000). We are now aware of many
heterologous pathways that regulate the concentration and function of these proxi-
mal insulin signaling components, but how dysregulation of these mechanisms
contributes to the progression in humans of insulin resistance, metabolic disease,
and type 2 diabetes is not understood well enough to guide the development of
efficacious and safe treatments.

At the genomic level, various components in the insulin signaling cascade are
regulated byYY1 (Yin Yang 1) – including IGF1 and IGF2, IRS1 and IRS2, and
AKT1, AKT2, and AKT3 in skeletal muscle (Blattler et al. 2012). Although the
concerted repression of multiple signaling components can have strong effects,
reduced expression of individual signaling molecules can also lead to insulin
resistance. Although decreased expression of IRS1 in patients and rodents is asso-
ciated with diabetes, few studies have investigated whether dysregulated transcrip-
tion of IRS1 might be involved. By contrast, IRS2 transcription is regulated by
multiple factors, including CREB (cAMP response element-binding protein) and its
coactivator CRTC2 (CREB-regulated transcription coactivator 2,), FOXO1/FOXO3,
NFAT (nuclear factor of activated T-cells), TFE3 (transcription factor E3), HIF2α
(hypoxia-inducible factor-2α encoded by Epas1), and SREBP1 (sterol regulatory
element-binding protein 1) (Thorpe et al. 2015; Antonetti et al. 1996). Under fasting
conditions, the cAMP-responsive CREB coactivator CRTC2 promotes glucose
homeostasis by stimulating gluconeogenesis in the liver upon assembly of
CREB•CRTC2 dimers on relevant CRE promoter sites, including a half-CRE on
IRS2 (Antonetti et al. 1996). The induction of hepatic IRS2 during fasting appears to
modulate glucose homeostasis as it mediates a feedback response that limits glucose
output from the liver even when the insulin concentration is low.

A transcriptional mechanism regulates IRS2 in pancreatic β-cells. Since β-cells
are always exposed to insulin and IGF, the insulin/IGF signaling cascade appears to
be regulated through the coordinate action of FOXO1/FOXO3, NFAT, and
CREB•CRTC2 (Tsunekawa et al. 2011; Demozay et al. 2011; Jhala et al. 2003; Li
et al. 2008). Since β-cell mass and function must be protected during the challenge of
chronic nutrient excess, heterologous mechanisms – including glucose-stimulated
Ca2+ influx and cAMP production – defend IRS2 expression. In addition to its
immediate role in insulin secretion, Ca2+ activates calcineurin which
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dephosphorylates NFAT to facilitate its entry into the nucleus where it induces
expression of IRS2 and other genes (Demozay et al. 2011). Glucose, glucagon-like
peptide-1, and other GPCR agonists also increase the cAMP concentration in β-cells,
which has many important effects, including the activation of CREB•CRTC2 that
promotes IRS2 transcription (Assmann et al. 2009; Park et al. 2006). Through this
mechanism, the responsibility for insulin/IGF1 itself to trigger downstream insulin/
IGF signaling in β-cells has been replaced by indirect control through glucose,
incretins, or neuronal signals – the physiologically relevant regulators of pancreatic
β-cell function. Whether drugs can be found to modulate this mechanism to promote
β-cell function needs to be further investigated (Kuznetsova et al. 2016).

Regulation of Insulin Signaling by Proteolysis

Proteasome-mediated degradation regulates many biological processes including
signal transduction, gene transcription, and cell cycle progression (Kirschner
1999). Proteins targeted for destruction by the 26S proteasome are poly-
ubiquitinylated by various complexes containing ubiquitin-activating enzymes
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases (E3).
IRS1 and IRS2 can be polyubiquitinylated during chronic inflammatory states,
nutrient excess, and hyperinsulinemia through various tissue-specific mechanisms
(Rui et al. 2001).

One of these regulatory pathways is associated with proinflammatory cytokine-
mediated upregulation of SOCS1/SOCS3 (suppressors of cytokine signaling)
(Fig. 5).In another mechanism, the cullin-RING E3 ubiquitin ligase 7 (CRL7) can
mediate IRS1 degradation downstream of feedback serine phosphorylation signals
generated by PI3K!AKT!mTORC1 cascade (Xu and Sarikas 2008) (Fig. 5).
Chronic consumption of high-calorie diets upregulates CBLB (Cbl proto-oncogene
B), a RING-type E3 ubiquitin ligase that belongs to the casitas B-lineage lymphoma
family of proteins (Samuel and Shulman 2012). CBL proteins share a conserved
NH2-terminal region containing a tyrosine kinase-binding domain and a RING-
finger domain to facilitate E3 ubiquitin ligase activity. Calorie excess induces
ChREBP (carbohydrate-responsive element-binding protein) and SREBP1c, which
upregulates MSTN (myostatin) in murine muscle and liver-inducing CBLB to drive
insulin resistance through the polyubiquitinylation and degradation of IRS1 (Bonala
et al. 2014). Finally, MG53 (Mitsugumin 53), a TRIM (tripartite motif-containing)
family E3 ubiquitin ligase, can promote IRS1 and InsR degradation in muscle during
calorie excess.

Heterologous Regulation of IRS1 by Ser/Thr Phosphorylation

IRS1 and IRS2 are regulated by a complex mechanism involving phosphorylation of
more than 50 serine/threonine residues (pS/TIRS1 or pS/TIRS2) located in the tail
regions (see Fig. 5) (Copps and White 2012). Understanding how phospho-S/Ts

Receptor Tyrosine Kinases and the Insulin Signaling System 23



regulate signaling is a difficult problem because so many sites and phosphorylation/
dephosphorylation mechanisms can be involved. Heterologous signaling cascades
initiated by proinflammatory cytokines or metabolic excess – including TNFα
(tumor necrosis factor-α), endothelin-1, angiotensin II, excess nutrients (free fatty
acids, ceramides, amino acids, and glucose), or endoplasmic reticulum stress – are
implicated in pS/TIRS1 (Zick 2003; Gual et al. 2005) (Fig. 5). Many biochemical and
genetic experiments in cell-based systems suggest that various pS/TIRS1 sites are
associated with a 50% reduction of insulin-stimulated tyrosine phosphorylation
(Zick 2005). Based upon genetic experiments, this level of inhibition is sufficient
to cause glucose intolerance that could progress to diabetes, especially if pancreatic
β-cells also fail to provide adequate compensatory hyperinsulinemia (Kido et al.
2000).

A few studies have investigated directly the function of pS/TIRS1 in transgenic
mice or genetic knock-in to augment or replace endogenous (wild-type) IRS1 with a
mutant version. Transgenic expression in mice of a triple Ser!Ala mutant of IRS1
(S!A302Irs1; S!A307Irs1; S!A612Irs1) expressed in skeletal muscle suggest that
phosphorylation at these serine residues can promote insulin resistance (Morino et al.
2008). Regardless, genetic knock-in experiments to replace wild-type IRS1 in mice
with a single mutant (S!A307IRS1) do not support this result (Copps et al. 2010).
Contrary to the sensitizing effect of the A307IRS1 mutation in cell-based assays,
homozygous A307IRS1 mice show increased fasting insulin, mild glucose intoler-
ance, and decreased PI3K binding (p85 and p110) compared against control mice.
Moreover, homozygous A302IRS1 mice display normal insulin signaling, even
though S302Irs1 is a major insulin-stimulated site in skeletal muscle (Copps et al.
2016). It is possible that multiple phospho-S/Ts work together to inhibit insulin
signaling.

pS/TIRS1 is usually considered to be associated with the progression of insulin
resistance; however, recent work suggests that it might also be an important phys-
iological feedback mechanism to control the intensity of insulin signaling. Using
monoclonal antibodies against more than 25 pS/TIRS1, we noted that all the observed
phosphorylation events increase during insulin stimulation (Hancer et al. 2014).
Moreover, these pS/TIRS1 are downstream of the PI 3-kinase and AKT, whereas
some of the phosphorylation sites are also sensitive to mTorc1, S6 k, or some stress-
activated kinases (Hancer et al. 2014). While inhibition of various kinases reduce
pS/TIRS1, they increase insulin-stimulated pYIrs1. Thus, pS/TIRS1appears to be an
integrated mechanism to modulate insulin-stimulated pYIRS1 by feedback or heter-
ologous inflammatory cascades.

Dephosphorylation of pS/TIRS1 Couples GPCRs to the PI3K!AKT
Cascade

Recent work suggests that pS/TIRS1 might be an important mechanism coupling
GPCRs (G-protein-coupled receptors) to the PI3K ! AKT cascade.PI3Ks are lipid
kinases central to numerous signaling pathways, which are organized into three
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classes – class I, class II, and class III (Thorpe et al. 2015). RTKs usually regulate the
class IA PI3Ks, which are composed of one catalytic subunit (p110α or p110β)
inhibited and stabilized by a regulatory subunit (p85α, p85β, p55α, p50α, or p55γ)
(Antonetti et al. 1996; Taniguchi et al. 2006; Ueki et al. 2002). The regulatory
subunits contain 2 SH2 (src homology 2) domains that bind phosphorylated YMPM-
motifs in IRS1/IRS2 to disinhibit the catalytic domain that produces PI P3
(phosphatidylinositol 3,4,5-trisphosphate) (Thorpe et al. 2015; Vanhaesebroeck
et al. 2012; Cantley 2002). The p110γ isoform does not bind to a p85 subunit but
binds to the unrelated p101 regulatory subunit linking p110γ to Gβγ subunits released
from heterotrimeric G-proteins downstream of GPCRs (G-protein-coupled recep-
tors) (Vanhaesebroeck et al. 2012).

Regardless, we found that pS/TIRS1also has a role in the regulation of
PI3K!AKT signaling by GPCRs (G-protein-coupled receptors) (Law et al. 2016).
This mechanism was discovered during experiments investigating the activation of
AKT by FSH (follicle-stimulated hormone). FSH binds to its GPCR, which activates
PKA (protein kinase A) upon adenylyl cyclase-mediated cAMP production
(Hunzicker-Dunn and Maizels 2006), but how this mechanism couples to
PI3K ! AKT has been difficult to understand (Srinivas et al. 1997;
Balasubramanian et al. 1997). Interestingly, ovarian granulosa cells secrete low
levels of IGF1 that activate constitutively the IGF1R through a paracrine mecha-
nism. However, IGF1 fails to stimulate IRS1 tyrosine phosphorylation or recruit
PI3K before FSH stimulation (Law and Hunzicker-Dunn 2016).

In ovarian granulosa cells and some other cell types, GPCRs ! PKA can
phosphorylate MYPT1 (myosin phosphatase-targeting subunit 1) – a regulatory
subunit of PP1 (protein phosphatase 1). Importantly, the phosphorylated and acti-
vated MYPT1•PP1 complex associates with the IGF1R•IRS1 complex where it can
dephosphorylate at least four (and possibly more) pS/TIRS1 – including S318IRS1,
Ser346IRS1, Ser612IRS1, and S789IRS1. Regulated dephosphorylation of
pS/TIRS1promotes IRS1 tyrosine phosphorylation, which activates the PI3K!AKT
cascade (Fig. 6). In this model, activation of PI3K requires both PKA-mediated relief
of IRS1 inhibition and IGF1R-mediated tyrosine phosphorylation of IRS1. Together
these effects couple GPCR ! cAMP signaling to the AKT─┤FOXO1 (fork head
box O1) to drive synergistic expression of genes that underlies follicle maturation
(Law et al. 2016). PP1 activation to relieve IRS1 inhibition might be a general
mechanism by which GPCRs act with the insulin and IGF receptors or possibly other
receptors to activate PI3K ! AKT cascade.

Summary and Perspectives

The investigation of the RTKs reveals a highly integrated multisystemic network that
plays critical roles in cellular growth, differentiation, development and metabolism.
When receptor tyrosine kinases fail, life threatening diseases develop, especially
cancer but also progressive metabolic disease. Importantly, when a mutation consti-
tutively activates a RTK (i.e. EGFR) cell growth can accelerate in unpredictable
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locations. On the other hand, loss of function can disrupt metabolic homeostasis (i.e.
IR). Since the network of signaling pathways controlled by RTKs are similar across
the families, drugs to modulate dysregulated signaling to control disease progression
can have unintended consequences. For example, efforts to suppress the PI3K
cascade to stop cancer growth might also cause severe glucose intolerance and
life-threatening diabetes. Innovative ways to modulate dysregulated RTK—perhaps
with targeted antibodies or other engineered binding proteins—can provide ways to
leverage RTKs for the cure of disease.
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Cytokine Receptors

Andrew J. Brooks, Farhad Dehkhoda, and Birthe B. Kragelund

Abstract
Cytokine receptors initiate intracellular signaling that regulate a diverse range of
biological and medically important functions including metabolism control,
neural stem cell activation, inflammatory responses, bone development, as well
as blood cell and immune cell development and growth. The unifying feature of
these receptors is their ability to activate the JAK-STAT pathway; however, they
are grouped into two structurally related classes, known as class I and class II.
Class I cytokine receptors have over 30 members including receptors for eryth-
ropoietin (EPO), prolactin (PRL), growth hormone (GH), thrombopoietin (TPO),
leptin, (LEP), granulocyte-macrophage colony-stimulating factor (GM-CSF),
leukemia inhibitory factor (LIF), interleukin-3 (IL-3), IL-5, IL-6, and IL-7. The
class II cytokine receptor family includes the interferon receptors, IL-10 receptor,
and number of more recently discovered cytokine receptors for IL-19, IL-20,
IL-22, IL-24, IL-26, and IL-29. This chapter will review the structure, activation
mechanism, and signaling of cytokine receptors.
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Introduction

Cytokine receptors play pivotal roles in many cellular processes. They initiate signal-
ing cascades that regulate a vast range of vital physiological functions, including
metabolism control, neural stem cell activation, inflammatory responses, bone devel-
opment, as well as blood cell and immune cell development and growth. They are also
involved in reproduction, lactation, postnatal growth, and body composition. One of
the most defining and indeed unifying features of this diverse group of receptors is
their ability to activate Janus kinase (JAK) tyrosine kinases to initiate signaling. The
cytokine receptors are grouped into two classes based on sequence homology and
structural features. The class I cytokine receptor family (Fig. 1) comprises more than
30 members including receptors for erythropoietin (EPO), prolactin (PRL), growth
hormone (GH), thrombopoietin (TPO), leptin (LEP), granulocyte-macrophage colony-
stimulating factor (GM-CSF), leukemia inhibitory factor (LIF), interleukin-3 (IL-3),
IL-5, IL-7, and IL-6 (Waters and Brooks 2015). The class II receptors initially included
the interferon receptors and IL-10 receptor; however, due to the discovery of further
cytokines and their receptors, this class has expanded to include others such as IL-19,
IL-20, IL-22, IL-24, IL-26, and IL-29 (Renauld 2003). Only some class I cytokine
receptors have ligands that are considered hormones and are directly involved in the
endocrine system. These are GH, PRL, and LEP.

Cytokines

Cytokines are a group of pleiotropic small soluble polypeptides that exhibit a wide
range of actions. They can affect cells from which they are secreted in an autocrine
fashion, on other cells in near vicinity in a paracrine fashion, or on distant target cells
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in an endocrine fashion. Cytokines bind to their cognate transmembrane receptors
and initiate downstream signaling leading to multiple functions including induction
of immune responses, cell proliferation, altered metabolism, and differentiation.

Class I cytokines (activate class I cytokine receptors) are characterized by their
four-α-helix bundle protein structures. The four α-helices of hematopoietic cytokines
fold in an “up-up-down-down” orientation with the two first helices (A and B) being
parallel to each other and antiparallel to the other two (C and D), and they are
connected by two long, overhand loops (Kossiakoff and De Vos 1998). Based on the
length of these helices, they are classified into two groups: a “short-chain” group and
a “long-chain” group (Wells and de Vos 1996). Members of the “long-chain” group
possess 160–200 residues and long helices (~25 residues) with an angle of about 18�

between the AD and BC helix pairs (Sprang and Bazan 1993). Based on structural
evidence, growth hormone (GH), interleukin-6 (IL-6), granulocyte colony-
stimulating factor (G-CSF), leukemia inhibitory factor (LIF), erythropoietin
(EPO), and prolactin (PRL) (Kossiakoff and De Vos 1998) belong to the long-
chain cytokine group. Analogously, cytokines that belong to the short-chain group
are shorter (105–145 residues) with shorter helices (~15 residues) and a wider
AD/BC packing angle of 35�. Members of this family include granulocyte-
macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating
factor (M-CSF), IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, and IL-13 (Wells and de Vos

Fig. 1 Domain organization of class I cytokine receptors. Illustration showing domains of exam-
ples of homodimeric receptors and of the γc, gp130, and βc family of receptors
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1996). In addition, the short-chain group of cytokines contains β-sheets in their
structure, a structure that long-chain cytokines lack (Sprang 1993). The first structure
solved of a cytokine was porcine GH (Abdel-Meguid et al. 1987), and later the
crystal structure of human GM-CSF was reported (Walter et al. 1992).

Class II cytokines were originally confined to interferons (IFNs) and IL-10;
however, with the discovery of new cytokines, this has forced a reorganization of
the classifications. Based on current classification, class II cytokines are grouped into
four different types including type I, II, and III IFNs and the IL-10 family of
cytokines. Although these cytokines share common structural features, they induce
various and diverse responses on their target cells (Pestka et al. 2004b).

Cytokine Receptors

Class I Cytokine Receptors

Members of the class I cytokine receptor family (also known as the hematopoietin
superfamily) are fundamentally important in a diverse range of biological processes,
and their dysregulation is implicated in roles in cancers, inflammatory bowel disease,
osteoporosis, multiple sclerosis, as well as disorders related to blood cell formation,
postnatal growth, obesity, lactation, and neural function. All class I cytokine recep-
tors employ receptor-associated Janus kinases (JAK1, JAK2, JAK3, and TYK2)
bound to a conserved “Box1” motif of the intracellular domain of the receptor to
initiate intracellular signaling (Waters and Brooks 2015). Generally this is predom-
inantly transmitted through activation of signal transducers and activators of tran-
scription (STATs), of which several different types exist (STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6). In addition to the associated JAKs, several
members of the class I receptor family have now been shown to associate with and
activate Src family kinases (SFKs), and for some receptors, this has been further
defined to be independent of receptor interaction with, and activations of, JAK
(Ingley 2012; Kobayashi et al. 1993; Perugini et al. 2010; Rowlinson et al. 2008).

The cytokine receptors are single-pass transmembrane receptors with an
N-terminal extracellular domain (ECD) and a C-terminal intracellular domain
(ICD) (Fig. 1). Great insight into the mechanism of these receptors has been obtained
through solving the extracellular domain structures that bind their ligand. ECD
structures of many members of this receptor family have now been solved including
that of GHR (Brown et al. 2005; de Vos et al. 1992), EPOR (Livnah et al. 1998,
1999), PRLR (Broutin et al. 2010; Dagil et al. 2012), GM-CSFR (Hansen et al.
2008a), IL-3Rα (Broughton et al. 2014), IL-6R (Boulanger et al. 2003; Skiniotis
et al. 2005), IL-7Rα (McElroy et al. 2009), and LIFR (Huyton et al. 2007; Skiniotis
et al. 2008). There are currently no high-resolution structures of a full-length class I
cytokine receptor; however, there is a low-resolution EM structure of the full-length
IL-6 receptor with bound JAK1 (Lupardus et al. 2011), and recently a full structural
model was presented of full-length PRLR (Bugge et al. 2016b). A few NMR
structures of the transmembrane domains (TMDs) have been solved which show
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how these are α-helical (Bugge et al. 2016b; Kim et al. 2007; Li et al. 2014, 2015),
and a recent in-depth review has described the details of these structures, including
their dimers (Bugge et al. 2016a). The only structural analysis of the intracellular
domain for class I cytokine receptors has shown that the ICDs of the GHR and PRLR
are intrinsically disordered throughout their entire length and appears to contain
disordered lipid interaction domains (Bugge et al. 2016b; Haxholm et al. 2015).

The extracellular domain of class I cytokine receptors is characterized by an
approximately 200-amino acid residue-long modular region known as a cytokine
receptor homology (CRH) domain (de Vos et al. 1992) that comprises a cytokine-
binding region (Fig. 1). The CRH module possesses two fibronectin type III (FNIII)
domains connected via a short, rather inflexible linker region. The N-terminal
domain of the CRH (upper FNIII) carries four conserved cysteine residues that
form two disulfide bonds. The membrane-proximal C-terminal domain (lower
FNIII) contains a conserved WSxWS motif, with the exception of GHR which
possesses the homologous sequence YGeFS (Waters and Brooks 2011). The
WSxWS motif is not necessary for cytokine binding; however, it is important for
the receptor expression and stability (Hilton et al. 1995) and has been speculated to
form a binding site for ligands of the extracellular matrix (Olsen and Kragelund
2014). The WSxWS motif appears not to be directly involved in binding the ligand
(Dagil et al. 2012; Olsen and Kragelund 2014), but undergoes conformational
changes of importance for activation (see below for PRLR) (Dagil et al. 2012).
The WSxWS motif and conserved cysteine residues are defining features of the
class I cytokine receptor family (Bazan 1990; Liongue andWard 2007). Some class I
cytokine receptors such as GHR, PRLR, and EPOR have a single CRH which is
sufficient to mediate cytokine binding and receptor activation, while other members
of this family carry additional membrane-proximal (FNIII) domains or immuno-
globulin III (IgIII) domains and may possess even more than one CRH (Fig. 1)
(Liongue and Ward 2007; Waters and Brooks 2015). Class I cytokine receptors that
possess two CRHs include LIFR, leptin receptor (LEPR or OBR), TPO receptor
(TPOR or MPL), and the common beta chain (βc) (Liongue and Ward 2007; Sato
and Miyajima 1994).

Each FNIII domain of the CRH possesses seven β-strands that are sequentially
named A, B, C, C0, E, F, and G, where these strands form a sandwich of two
antiparallel β-sheets, one with three strands (A, B, and E) and the other with four
strands C, C0, F, and G (Bagley et al. 1997; de Vos et al. 1992; Wang et al. 2009). The
four conserved cysteine residues are buried deep in the core of the N-terminal FNIII
domain of a CRH and form two disulfide bonds that connect strands A to B and C0

to E. The GHR possesses an additional cysteine residue in the C-terminal E strand of
the CRH that forms a disulfide bond with strand F, the cysteine of which is also
present in other class I receptors as a reduced cysteine (Bagley et al. 1997; de Vos
et al. 1992; Wang et al. 2009). The linker between the two domains is short, rather
inflexible, and via a short turn formation, it generates an angle between the domains.
This arrangement secures that two tryptophans, one from each FNIII domain, are
presented toward the incoming ligand where they form prominent parts of the
binding site.
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Some members of the class I cytokine receptor family, including GHR, PRLR,
EPOR, and LEPR, are homodimers when bound to their activating ligand (Fig. 2).
Other receptor members form a complex of two receptor subunits and in some cases
three receptor subunits, where one subunit is shared between different cytokine
receptor complexes. There are three shared class I cytokine receptor subunits:
GP130 (also known as CD130, IL-6ST, or IL-6β), common beta chain (βc), and
common gamma chain (γc) (Broughton et al. 2015; McElroy et al. 2012; Miyajima
et al. 1992; Ozaki and Leonard 2002; Skiniotis et al. 2008). These shared receptors
do not typically show substantial affinity toward cytokines; however, in the presence
of cytokine-specific α-receptors, they form high-affinity cytokine receptor com-
plexes that initiate intracellular signaling (Hercus et al. 2013; Nicola and Hilton
1998; Wang et al. 2009).

The ICDs of cytokine receptors have properties that characterize them as intrin-
sically disordered (ID) (Dunker et al. 2001; Sigalov 2011; Tantos et al. 2012; Wright
and Dyson 1999), at least in the absence of bound signaling proteins (Bugge et al.
2016b; Haxholm et al. 2015; Skiniotis et al. 2008). Intrinsically disordered proteins
(IDPs) or regions (IDR) can fold upon binding (Dyson and Wright 2005), but very
often they exploit short linear sequence motifs (SLiM) for interactions (Davey et al.

Fig. 2 The homodimeric class I cytokine receptors. Illustration showing ECD, TMD, and ICD for
each member (a) and an example of a ligand-bound active receptor shown for GHR bound to GH (b)
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2012; Fuxreiter et al. 2007; Neduva et al. 2005) that may or may not fold into a helix
or a strand when bound (Fuxreiter 2012; Fuxreiter et al. 2004; Mohan et al. 2006;
Vacic et al. 2007). Thus, the mere length of the ICDs of the cytokine receptors has
the potential to carry numerous small interaction motifs, which is the prerequisite for
their generally large interactome. The intracellular proline-rich Box1 motif, which is
a perfect example of a SLiM, is located a short distance from the cell membrane and
is an essential feature of this class of cytokine receptors. A less conserved Box2
sequence consisting of acidic, hydrophobic, and aromatic residues is located close to
but C-terminal of the Box1 motif (Bagley et al. 1997; Waters and Brooks 2015). The
Box1 motif is essential for signal transduction to JAKs and acts as a high-affinity
binding site for a cognate JAK, while the Box2 also appears to play an important role
in the interaction with, and signal transduction to, JAKs (Bagley et al. 1997;
Usacheva et al. 2002). Activation of the receptor results in JAK phosphorylation
followed by further phosphorylation of multiple tyrosine residues in the ICD of the
receptor (Brooks and Waters 2010; Shuai and Liu 2003). This provides a scaffold for
binding of STAT members, especially STAT5a and STAT5b, which are subsequently
phosphorylated by the receptor-bound JAK. The phosphorylated STATs are then
transported to the nucleus where they drive the transcriptional regulation aspect of
the cytokine/hormone action (Baker et al. 2007; Brooks et al. 2008; Shuai and Liu
2003). The JAK members are not restricted to phosphorylation of certain tyrosine
residues in a cytoplasmic domain of a cytokine receptor as they can directly
phosphorylate other signal-transducing protein substrates. Accordingly, STAT1
and STAT3 can be activated directly by JAK2 without binding to the cytokine
receptor. The SFKs, Ras/extracellular signal-regulated kinase (ERK),
phosphoinositol (PI)-3 kinase/Akt, and nuclear factor kappa-light-chain-enhancer
of activated B cell (NF-ҡB) pathways are shown to be activated for GHR, PRLR,
and other cytokine receptors (Chin et al. 1998; Fresno Vara et al. 2000; Rawlings
et al. 2004; Slavova-Azmanova et al. 2014; Waters and Brooks 2011).

Homodimeric Class I Cytokine Receptors
The homodimeric class I cytokine receptors include the simplest members of this
family with a single CRH (GHR, PRLR, and EPOR) and more complex receptors
such as LEPR and TPOR with two CRHs (Fig. 2). The simple homodimeric
receptors have been extensively studied at the structural and functional level and
have become archetypes for understanding the mechanism of activation and signal
transduction. The GHR and PRLR will be discussed in detail due to their importance
in endocrinology and the large amount of structural and functional data available.

Growth Hormone Receptor (GHR)
Activation of GHR by GH mediates a diverse range of physiological actions,
particularity metabolic and growth-related actions. These actions can be directly
mediated by GH or indirectly by insulin-like growth factor 1 (IGF-1) (Brooks and
Waters 2010; Lichanska and Waters 2008). There is considerable evidence for an
important role for GH signaling in cancer, including a role for nuclear-localized
GHR (Brooks et al. 2008; Chhabra et al. 2011; Conway-Campbell et al. 2007, 2008).
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The GHR signals through the well-characterized JAK-STAT signaling pathway and
also through ERK1/ERK2 signaling via SFKs (Brooks and Waters 2010). The
extracellular domain of GHR is cleaved by proteolysis from the full-length mem-
brane-bound form, generating a soluble protein that retains GH-binding ability. This
protein is known as the growth hormone-binding protein (GHBP) and can be found
in humans and other species (Barnard et al. 1989; Baumann 2002). There is strong
evidence that GHBP plays important functional roles in modulating GH action
(Herington and Brooks 2014).

The GHR is a 638-amino acid residue-long homodimeric class I cytokine receptor
with one CRH, a single-pass transmembrane domain, and a 350-residue-long cyto-
plasmic intracellular domain. The GHR was the first class I cytokine receptor to be
cloned and the first to have its extracellular domain structure solved. This crystal
structure was in complex with the ligand GH and showed two receptors bound to a
single hormone (de Vos et al. 1992). Elegant biophysical studies showed that GH
first bound one receptor with high affinity at a site known as site 1 and then
subsequently bound the second receptor with lower affinity in what is known as
site 2 (Cunningham et al. 1991; Fuh et al. 1992). The residues that contribute with
major binding energy in the hormone/receptor complex are Trp104 and Trp169, one
from each site with Trp104 playing a key role in the weaker site 2 interaction
(Clackson et al. 1998; Walsh et al. 2004). The lower cytokine receptor domain of
each receptor interacts and thus is also termed the dimerization domain or site 3 with
significant contribution to the overall stability of the ternary complex (Chen et al.
1997; Waters and Brooks 2011).

Prolactin Receptor (PRLR)
The biological functions of PRLR signaling include, in addition to its regulation of
lactation, growth and differentiation of the mammary gland, modulation of cell
proliferation, and survival (Freeman et al. 2000; Horseman and Gregerson 2014;
Oakes et al. 2008). Although it remains controversial, a link between PRL signaling
and cancer, especially breast and prostate cancers, has been proposed (Bogorad et al.
2008; Ginsburg and Vonderhaar 1995; Tworoger et al. 2013; Wennbo et al. 1997).
Activation of the PRLR by PRL, which is produced by the pituitary gland or locally
in certain tissues such as the breast and prostate, activates primarily the JAK2/
STAT5, the PI3K/Akt, and the mitogen-activated protein kinase (MAPK) pathways,
for the latter mainly ERK1/ERK2 and p38 MAPK (Clevenger 2003; Clevenger et al.
2009). In addition, SFKs including Fyn and Src, focal adhesion kinase (FAK), and
a Vav2-Nek3-Rac signaling axis are activated (Acosta et al. 2003; Clevenger and
Medaglia 1994; Miller et al. 2007). PRLR regulates the transcription of numerous
genes, including receptor activator of NF-κB ligand (RANKL), important for mam-
mary gland development (Srivastava et al. 2003), and suppressor of cytokine
signaling-3 (SOCS3), a negative feedback regulator of cytokine signaling (Barclay
et al. 2009); see below.

The many physiological functions of the PRLR may also be associated with its
rare ability to bind other hormones than its cognate ligand PRL, and under different
physiological conditions, it can signal in responses to GH and placental lactogen
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(PL) (Bole-Feysot et al. 1998; Fu et al. 1992). Although the GH, PRL, and PL are
structurally homologous (Teilum et al. 2005), different residues have been shown to
be responsible for providing the energy and specificity of the interaction in complex
with PRLR (Broutin et al. 2010; Elkins et al. 2000; Somers et al. 1994). Interestingly,
the different complexes are variably sensitive to environmental factors such as pH
(Keeler et al. 2004).

Similar to the GHR, the PRLR forms trimeric complexes with the hormones;
whereas the binding site 1 and 2 affinities of the GH/GHR complex are both in the
nM range (Cunningham et al. 1991; Uchida et al. 1999), binding of PRL to PRLR
occurs through a much lower combined site 2 and site 3 interactions with just
~30 μM affinity (Jomain et al. 2007). This indeed has consequences for the lifetime
of the complex and is manifested in a signaling network, similar to but also different
from GHR.

As an archetype and simple class I receptor, the PRLR has only a single CRH on
its extracellular side, and in addition to the defining cysteine bridges, the WSxWS
motif possesses different additional molecular switches within the lower FNIII
domain of relevance to its signaling properties. Based on structural and other
biophysical studies, it was found that the WSxWS motif adopted a significantly
different conformation in the unbound state of the receptor compared to that of the
complex. In the unbound state, the two side chains of the two tryptophans Trp191 and
Trp194 arrange in a T-stack that stabilizes an off-state of the receptor in which the
dimerization surface of the receptor (site 3) is not mature (Dagil et al. 2012). Binding
of the hormone leads to a conformational change that reorients the tryptophans into a
tryptophan-arginine ladder (Olsen and Kragelund 2014) with measureable local
effects in the receptor dimerization site (site 3). Thus, in PRLR, and potentially in
other receptors, the lower FNIII domain acts to stabilize the receptor off-state, a role
that is supported by a constitutive signaling of a prostate cancer-identified variant
that lacks this domain (ΔS2) (Tan et al. 2013), as well as a constitutive active
variants, Ile146 ! Leu146, identified in a breast cancer cohort (Bogorad et al.
2008). Furthermore, a second motif, forming a quartet of residues, and only impor-
tant in the second receptor in the complex, was seen to control the duration of
intracellular MAPK signaling (Zhang et al. 2015). Thus, together these data high-
light the very interesting notion that the extracellular domains of class I receptors are
not just mere ligand-binding domains that act to capture these in the surrounding
solute, but they may exert more sophisticated tasks in modulating the onset as well as
the timing of intracellular signaling.

The PRL/PRLR receptor system has been structurally characterized both using
x-ray crystallography and solution-state NMR spectroscopy, and the portfolio of
structures includes structures of PRL (Teilum et al. 2005), the 1:1 and 1:2 complexes
of PRL:PRLR-ECD (Broutin et al. 2010) and of PL:PRLR-ECD (van Agthoven
et al. 2010), and the 1:1 complex of a PRL-based antagonist and the PRLR-ECD
(Svensson et al. 2008). Besides structures of the complexes, the NMR structure of
the unbound PRLR-ECD-D2 domain (C-terminal FNIII domain) has been solved
(Dagil et al. 2012), and thorough NMR and biophysical characterization have
characterized the hPRLR-ICD as being intrinsically disordered throughout its length
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(Haxholm et al. 2015). Recently, combining NMR and computation, a full structural
model of the human PRLR was described, which was the first full structure of any
cytokine receptor (Bugge et al. 2016b). This structure highlighted that the extracel-
lular domain merely is the tip of a huge molecular iceberg with a long and extended
capture radius of the disordered ICD. Interestingly, the structure of the transmem-
brane helix, which was solved in a membrane mimic detergent, was seen to be
equally as long as one FNIII domain, and since this domain carries much of the
responsibility for the dimerization process as well as acts as transducers of the signal
across the lipid bilayer, this holds the key to the mechanistic understanding.

gp130 Family of Shared Cytokine Receptors
The gp130 is the founding member of the tall cytokine receptors (>1 CRH) and
serves as a signal-transducing subunit for IL-6, IL-11, IL-27, LIFR, oncostatin-M
(OSM), ciliary neurotropic factor (CNTF), cardiotrophin-1 (CT-1), cardiotrophin-
like cytokine (CLC), and others (Fig. 3). The roles played by the gp130 family of
cytokines are diverse and include immune responses, neural growth, maintenance of
stem cell pluripotency, and cardiovascular functions through signaling via IL-6,
CNTF, LIF, and CT-1, respectively. The gp130 cytokines form a dimerization
complex through three different combinations of receptor subunits and engage in
oligomeric signaling complexes (Wang et al. 2009). The first combination is the
formation of a gp130 homodimer following cytokine (IL-6 or IL-11) binding to the
specific α-receptors IL-6Rα and IL-11Rα (Matadeen et al. 2007; Schuster et al.
2003; Xu et al. 2010). The second gp130-receptor combination is the formation of a
heterodimer with the shared LIFR induced by multiple cytokines such as OSM,
CLC, LIF, CNTF, or CT-1 (Pflanz et al. 2004; Skiniotis et al. 2008). Of these
cytokines, LIF and OSM can directly interact with gp130 or LIFR with no need to
bind any specific α-receptor. However, other cytokines (CLC, CNTF, and CT-1)
need to be recognized by a nonsignaling CNTFα receptor (CNTFRα) to form a
quaternary signaling complex with gp130 and LIFR (Elson et al. 2000). The third
gp130 complex is with the OSM receptor. OSM is the only cytokine that can induce
LIFR/gp130- and OSMR/gp130-receptor combinations (Heinrich et al. 1998; Wang
et al. 2009).

IL-6 is a pleiotropic cytokine that exhibits both inflammatory and anti-
inflammatory functions dependent on its cellular context. It also plays a substantial
role in hematopoiesis, regeneration, and tumor formation (Jenkins et al. 2007;
Scheller et al. 2011). IL-6Rα contains three domains (D1-D3), where D2 and D3
comprise one CRH (Fig. 3). The IL-6/gp130-receptor complex is initiated by
binding of IL-6 to its specific nonsignaling receptor (IL-6Rα) via site 1 interaction.
Following binary (IL-6/IL-6Rα) complex formation, this competent complex binds
to the CRH of gp130 (situated at D2-D3) via site 2 interactions to form an interme-
diate nonsignaling ternary complex (Boulanger et al. 2003; Skiniotis et al. 2005).
This complex then dimerizes with another ternary complex via interactions in site
3 and with gp130 D1 to form a signaling-competent hexamer (Fig. 3). The hexamer
complex contains a membrane-distal “headpiece” and a membrane-proximal “leg”
region. A single-particle EM imaging of the ECD of gp130 in a hexameric complex
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with IL-6/IL-6Rα revealed that the C-terminal FNIII domain “legs” (D6 domains)
are brought into proximity on the cell surface upon cytokine binding to allow
transphosphorylation of receptor-associated JAKs (Skiniotis et al. 2005). This was
also supported by a later higher-resolution crystallography study of the entire
ectodomain of gp130 (Xu et al. 2010).

The bC Family of Shared Cytokine Receptors
Members of the family of the beta common (βc) cytokines including IL-3, IL-5, and
GM-CSF are produced by activated T cells and play import roles in production,
survival, and activation of many hematopoietic cells (Broughton et al. 2012). Some
other cell types such as macrophages and epithelial cells can produce GM-CSF
(Wang et al. 2014). IL-3 is the most pleiotropic cytokine among these family
members as it stimulates production and function of hematopoietic stem cells,
mast cells, and basophils (Broughton et al. 2015; Dahl et al. 2004). Contrary to
IL-3, IL-5 is the most specific cytokine of this family and stimulates only the
production and activation of eosinophils (Broughton et al. 2015; Lopez et al.
1988). Recent studies have demonstrated that IL-3 and GM-CSF can have actions
outside the hematopoietic system. Preclinical studies suggested that GM-CSF

Fig. 3 The gp130 family of shared cytokine receptors. Illustration showing the ECD, TMD, and
ICD for each receptor α-subunit (a); an example of a ligand-bound active receptor is shown for the
hexameric domain structure of gp130/IL-6/IL-6Rα (b)
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contributes to metastasis of solid tumors by stimulating the overexpression of
vascular endothelial growth factor (VEGF) (Wang et al. 2014), matrix meta-
lloproteinase (Gutschalk et al. 2013), and chemokines (Broughton et al. 2015; Su
et al. 2014). On the other hand, other studies proposed that overexpression of
GM-CSF by human colorectal tumor cells might be an indication of improved
prognosis and/or extended patient survival in colorectal cancer patients (Nebiker
et al. 2014; Urdinguio et al. 2013).

The βc is the main signaling subunit shared by the cytokines of this family;
however, it does not by itself bind to cytokines, but in the presence of a specific
receptor α-chain, high-affinity complexes are formed where the bound cytokine makes
close contacts with residues of the βc (Hercus et al. 2013). In a similar manner to
initiation of signaling by the gp130 family, cytokines need first to bind to their specific
α-receptor followed by binding to the βc receptor, which then completes a signaling-
competent complex that activates associated JAK2s. Activation of the JAK2s results in
transphosphorylation of six crucial tyrosine residues in the ICD of the β C receptor that
subsequently leads to activation of downstream signaling pathways such as STATs,
MAPK, and PI3K (Broughton et al. 2012; Hercus et al. 2009).

The ECD of the βc receptor consists of four FNIII domains (D1-D4) divided in two
consecutive CRH (Carr et al. 2001). Crystallographic studies suggest that the βc
receptor exists as a dimer on the cell surface (Stomski et al. 1998), and later mutagen-
esis investigations along with further crystallography studies suggested that the
cytokine binds to D1 of one chain and to the D4 of another chain in a βc homodimer,
which thereby join in an antiparallel fashion (Murphy et al. 2003; Wang et al. 2009).

Of the three cytokines that signal through the βc receptor, only binding of the
GM-CSF is discussed in details. The GM-CSF is a typical four α-helix bundle class I
cytokine that binds to its specific α-subunit GMRα. The GMRα is comprised of three
FNIII domains constituting an N-terminal domain (NTD), D2, and D3, the latter two
constituting the CRH. Similar to other complexes, the GM-CSF binds to the GMRα
in the elbow region between D2 and D3 forming a binary complex (Hansen et al.
2008b). The crystal structure of the binary complex has recently been solved, and
comparison of this structure with the crystal structure of the ternary complex shows
rotations of the membrane-proximal GHRα and βc receptor subunits (Broughton
et al. 2016). It was suggested that such movements might reorient the transmem-
brane domains upon cytokine binding supporting that a receptor activation mecha-
nism similar to what has been proposed for the GHR may exist. The GM-CSF
ternary complex crystal structure also showed that two binary complexes bind to a βc
dimer to form a hexameric complex (Hercus et al. 2013). In the ternary complex, the
GMRα receptor binds to the D4 domain of the βc receptor via its D3 domain to form
a third interaction site (site 3) (Hansen et al. 2008b). The structure of the βc receptor
enables it to be assembled into a unique higher-order signaling complex that has not
been seen in other cytokine receptors. The crystal lattice of the ternary complex
forms an unexpected dodecamer complex (Fig. 4) comprised of two hexamers
oriented in a head-to-head fashion (Hansen et al. 2008a, b). Three additional
interaction sites were apparent from the dodecamer complex (Broughton et al.
2015). First is a large interaction surface “site 4” with major contributions from
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two central D4 domains of the βc receptor of each hexamer and minor contributions
from interactions between the GMRα of one hexamer and the D4 domain of βc
receptor of another hexamer. Second, interactions between two GM-CSF molecules
in the center of the dodecamer complex were designated as site 5. Third, a possible
site 6 interaction formed between the NTD domains of two GMRα subunits in the
overlapping region of two hexamers was suggested (Broughton et al. 2012; Hercus
et al. 2013). Formation of the dodecamer has been proposed to be critical for forming
a competent receptor signaling complex (Hercus et al. 2009). Whether such higher-
order complexes are possible for other cytokine receptors is currently not known.

The gc Family of Shared Cytokine Receptors
The γc receptor is a shared receptor subunit for a subset of class I cytokines (Fig. 5)
including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (Walsh 2012). Cytokines of this
family play a significant role in maintaining normal functions of the cells of the
immune system. Survival and proliferation of natural cell precursors, B, and T cells
have been shown to be upregulated in the bone marrow and thymus via cytokines of
this family (Masse et al. 2007). Different forms of severe combined immunodefi-
ciency (SCID) diseases, which are the most severe forms of primary immune
deficiencies so far, have been linked to mutations in γc receptor such as X-linked
SCID (XSCID) resulting in the absence of NK and T cells in patients (Noguchi et al.
1993; Rochman et al. 2009).

A signaling-competent γc receptor complex is composed of one of the specific
cytokines mentioned above, a cytokine-specific α- or β-specific chain and a γc chain.
Among the γc family of cytokines, IL-2 and IL-15 form receptor complexes com-
prised of three different receptor subunits in which they share IL-2Rβ and γc chains.
IL-2 binds to IL-2Rβ, IL-2Rα, and γc to induce signaling, while IL-15 binds to
IL-2Rβ, IL-15Rα, and γc. IL-4, IL-7, IL-9, and IL-21 bind to their specific

Fig. 4 The βc family of shared cytokine receptors with the higher-order signaling complex shown
for GM-CSFR. Illustration showing the ECD, TMD, and ICD for each receptor α-subunit (a); an
example of a ligand-bound active receptor is shown for the dodecameric GM-CSFR (b)
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α-receptors and to the γc receptor for signaling (Kovanen and Leonard 2004; Wang
et al. 2009). The γc receptor is not required for all receptor signaling complexes for
this subset of cytokines as IL-13Rα heterodimerizes with IL-4Rα, which can be
activated by IL-13 or IL-4 (Oh et al. 2010; Wang et al. 2009). Thus, it is currently not
clear what determines the promiscuity of the different receptors and to what extent
the ligand is deterministic.

The γc possesses a relatively short cytoplasmic domain (86 amino acid residues)
compared to other signaling subunits of class I cytokine receptors, and it also lacks
the classical Box1 or Box2 motif (Lai et al. 1996; Wang et al. 2009). However,
despite the short cytoplasmic domain and lack of archetypal JAK-binding motif,
the γc receptor retains the ability to bind JAK3 via its membrane-proximal region
and is also known to be the only receptor that mediates JAK3-dependent signaling
(Nelson et al. 1996; Suzuki et al. 2000; Wu and Sun 2012). Cytokine binding to γc
receptor complexes results in activation of the γc-associated JAK3 and a different
JAK family member bound to the opposing receptor subunit (Ghoreschi et al. 2009;
Oh et al. 2010; Wang et al. 2009).

Class II Cytokine Receptors

The class II cytokine receptors are distinguished from class I cytokine receptors by
several features including different arrangement of their conserved four cysteine

Fig. 5 The γc family of shared cytokine receptors. Illustration showing the ECD, TMD, and ICD
for each receptor α-subunit (a); an example of a ligand-bound active receptor is shown for the
heterodimeric domain structure of IL-7Rα/IL-7/γc (b)
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residues and lack of the WSxWS motif in their ECD. Initially six receptors were
described as class II cytokine receptors; however, discoveries of new cytokines led to
the addition of further six new receptors which have resulted in a total of 12 class II
cytokine receptors described to date (Langer et al. 2004; Liongue et al. 2016;
Renauld 2003).

Cytokines for class I receptors were originally defined as interferons and IL-10,
but with the discovery of more cytokines, this has expanded the class of IL-10-like
(or IFN-like) cytokines. Interferons were initially discovered as antiviral agents
during virus interference (Samuel 2001). The interferons are divided into three
groups: types I, II, and III. Type I IFNs include IFN-α and IFN-β which are the best
characterized and the most broadly expressed cytokines. However, other members
such as IFN-δ (interferon-delta), IFN-E (interferon-epsilon), IFN-κ (interferon-
kappa), IFN-ν (interferon-nu), IFN-τ (interferon-tau), and IFN-ω (interferon-
omega) are not ubiquitously expressed but are instead tissue specific (Finter
1996; Trinchieri 2010). Type I IFNs signal through heterodimeric receptor com-
plexes composed of IFNAR1 and IFNAR2. The type II IFNs only possess the sole
member IFN-γ which signals through the IFNGRI/IFNGR2 receptor complex
(Liongue et al. 2016; Pestka et al. 2004a). Type III IFNs include IL-28A or
IL-28α (IFN-λ2), IL-28B or IL-28β (IFN-λ3), and IL-29 (IFN-λ1) (Fox et al.
2009) and are also distantly related to IL-10-like family of cytokines. These
cytokines unveil antiviral activity similar to type I IFNs with epithelial cells as
their primary targets (Kotenko et al. 2003). This family of cytokines assembles
signaling complexes through binding to IFN-λR1 (IL-28R) and IL-10R2
(Donnelly et al. 2004).

IL-10 is a prominent member of the class II cytokine family and exhibits a
different mode of action compared to the other members. IL-10 is an anti-
inflammatory cytokine that protects cells from effects of excessive inflammatory
response (Zhang and An 2007). Other members of this family are IL-19, IL-20,
IL-22, IL-24, and IL-26, which have protective roles on epithelial cells against
pathogens such as bacteria and yeast (Liongue et al. 2016; Renauld 2003; Sa et al.
2007). Also, IL-20 has been reported to possess wound healing effects and
maintaining homeostasis and tissue integrity at the time of infection (Ouyang
et al. 2011). Signaling-competent receptor complexes of this family include a
cytokine, R1 or a receptor α-chain, and R2 or a receptor β-chain. The R2 chains
usually possess shorter intracellular domains, while R2 chains have longer
cytoplasmic chains and can bind to other signal transduction protein such as
STATs (Kotenko et al. 1997). IL-10 exclusively binds to the IL-10R1 and signals
through a heterodimeric IL-10R1/IL-10R2 complex. The IL-10R2 is a shared
signaling subunit for other IL-10-related cytokines such as IL-22 and IL-26
where IL-22R1/IL-10R2 and IL-20R1/IL-10R2 complexes are formed, respec-
tively (Sheikh et al. 2004; Wang et al. 2002; Xie et al. 2000). IL-19, IL-20, and
IL-24 form signaling complexes via binding to IL-20R1 and IL-20R2. In addi-
tion, IL-20 and IL-24 form functioning receptor complexes with IL-22R1 and
IL-20R2 (Sabat 2010).
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Mechanism of Cytokine Receptor Activation

Activation of JAK

Unlike the family of receptor tyrosine kinases (RTKs) such as fibroblast growth
factor receptor (FGFR) or epidermal growth factor receptor (EGFR) (Lemmon and
Schlessinger 2010; Singleton et al. 2013), cytokine receptors lack intrinsic tyrosine
kinase activity and are critically dependent on association with members of the
nonreceptor protein tyrosine kinases (PTKs) family of JAKs and SFKs for their
signal transduction (Waters and Brooks 2015; Watowich et al. 1996). Binding of
the cytokine to its cognate receptor(s) activates the receptor(s) and results in the
activation of the associated specific JAK. There are four different mammalian
JAKs: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2) (Darnell 1997). All
members of the JAK family are ubiquitously expressed in mammals except for
JAK3, which is primarily expressed in hematopoietic cells (Ghoreschi et al. 2009;
Rane and Reddy 1994). A receptor complex may activate a single member of the
JAK family or a combination of different JAK members (Ghoreschi et al. 2009).
The JAKs are large (∽1150 amino acid residues) multi-domain proteins that were
initially classified into seven sequential JAK homology (JH) domains (JH1-7)
(Wilks et al. 1991). Further structural studies suggested that JAKs contain an
N-terminal band 4.1, ezrin, radixin, moesin (FERM) domain and a Src homology
2 (SH2) domain, followed by C-terminal pseudokinase (JH2 domain) and tyrosine
kinase (JH1 domain) domains (Fig. 6) (Girault et al. 1999). The FERM and SH2
domains are critical for binding the receptor where the conserved Box1 motif is an
essential component of this interaction (Ferrao et al. 2016; Haan et al. 2006;
Wallweber et al. 2014). The notion that the pseudokinase inhibits basal activity
of the kinase arose when experiments showed that deletion of the pseudokinase
domain in full-length JAK resulted in constitutive activity of the kinase indepen-
dent of ligand stimulation (Chen et al. 2000; Saharinen and Silvennoinen 2002).
This was supported from studies showing that addition of the pseudokinase
domain in trans suppressed kinase activity (Hammaren et al. 2015; Saharinen
et al. 2003; Sanz Sanz et al. 2014). A recent study demonstrated a weak kinase
activity for the pseudokinase domain which appears to be responsible for auto-
phosphorylation of two inhibitory sites: Ser523 in the SH2-JH2 linker region and
Tyr570 in the pseudokinase N lobe (Ungureanu et al. 2011). However, this feature
was not conserved in other JAK family members (Toms et al. 2013). Following
cytokine stimulation, two key tyrosine residues (Tyr1007 and Tyr1008) in the
activation loop of the JAK2 kinase domain become phosphorylated in trans,
which results in full catalytic activity due to and seemingly enhanced by phos-
phorylation of additional sites in the domain (Silvennoinen and Hubbard 2015).

The activation of the receptor-bound JAKs in return phosphorylates multiple
tyrosine residues in the intracellular region of the receptor which act as docking
sites for SH2 domain-containing proteins such as STATs (Levy and Darnell 2002).
Based on the activated cytokine receptor and its phosphorylated sites in the cyto-
plasmic domain, any one or more of six STAT family members (STAT1–STAT6)
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may be recruited via their SH2 domain (Babon et al. 2014). The STATs are
subsequently phosphorylated by the active JAKs. The phosphorylation of the
STATs is commonly thought to result in dimerization of the STATs; however,
evidence shows that the STATs can exist as dimers in their unphosphorylated form
(Braunstein et al. 2003; Shuai and Liu 2003). Phosphorylation of STATs leads to
their DNA binding, nuclear accumulation, and action as transcription factors thereby
regulating gene expression (Babon et al. 2014; Iyer and Reich 2008).

Our understanding of the activation mechanism of cytokine receptors has
predominantly been due to studies of the simple homodimeric class I receptors
and in particular the GHR which has become an archetype for this receptor class as
it was the first member to be cloned (Leung et al. 1987) and the first to have its
extracellular domain crystal structure solved in complex with its ligand (de Vos
et al. 1992). The original mechanism for cytokine receptor activation was proposed
from studies over 20 years ago (Wells and Kossiakoff 2014). This receptor
activation paradigm proposed that ligand-free receptors existed on cell membranes
as monomers and that cytokine binding induced receptor dimerization by first
binding to the high-affinity site 1 on one receptor and subsequently binding to
the lower-affinity site 2 on the second receptor. It was this ligand-mediated receptor
dimerization that was proposed to be responsible for activation of the associated
kinases by bringing them into close proximity. More recently a new paradigm of
cytokine receptor activation has been proposed by using a range of different
technologies to study the mechanism of GHR activation. Studies supporting the
new paradigm show that the cytokine receptors exist predominantly as ligand-
independent preformed dimers on the cell surface prior to cytokine binding and
that cytokine binding induces a structural reorientation of the receptor dimers
resulting in repositioning of the associated kinases leading to their activation
(Brooks and Waters 2015; Wells and Kossiakoff 2014). The key features of this
model is that upon activation, the extracellular juxtamembrane parts of the recep-
tors move into close proximity, the transmembrane dimer interactions then reorient
from a parallel interaction to a left-handed crossover dimer, and the intracellular
juxtamembrane and Box1 sequences separate (Brooks et al. 2014; Brown et al.
2005). Prior to cytokine binding, the JAKs are proposed to be held in an inactive
state where the kinase domain from one JAK is inhibited by the pseudokinase
domain of a second JAK bound to the other receptor in the receptor dimer (Fig. 7).
The receptor movements upon cytokine binding separate the JAKs and remove the

Fig. 6 JAK2 domain structure. Residue ranges of each domain are shown above, and phosphor-
ylation sites important in activation are depicted below (P)
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trans-inhibition bringing the kinase domains in close proximity resulting in trans-
activation (Brooks et al. 2014; Waters and Brooks 2015). Although well supported
by data for the GHR, further studies are indeed required to confirm if this
mechanism is common to all cytokine receptors or if variations to the mechanism
exist. Indeed structures of the transmembrane domains in dimeric states would be
helpful in this respect.

Activation of SFKs

In addition to the associated JAKs, several cytokine receptors have been shown to
associate with and activate SFKs. For some cytokine receptors, the activation of
SFKs has been further described to be independent of receptor interaction with JAKs
and/or activation of JAKs (Ingley 2012; Kobayashi et al. 1993; Perugini et al. 2010;
Rowlinson et al. 2008). Much less is known about the activation mechanism of SFKs
by cytokine receptors or if all cytokine receptors utilize SFKs; however, their
activation predominantly leads to activation of the ERK1/ERK2 signaling pathway
(Brooks and Waters 2010; Waters and Brooks 2015).

Receptor Cross Talk with the Membrane

For both GHR and PRLR, it has been discovered that their ICD has affinity for
hallmark lipids of the inner leaflet of the plasma membrane, forming one (GHR) or

Fig. 7 Cytokine receptor activation mechanism. Model of receptor activation illustrated for GHR.
Inactive dimeric receptors prior to ligand binding (a) and ligand-bound active receptors with
repositioning of the TMD, ICD, and associated JAK2 resulting in kinase activation (b)
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three (PRLR) separate lipid interaction domains (LIDs). Similar to the T-cell
immunoreceptors, interactions with the lipids in the common membrane-proximal
LID were seen governed by SLiMs, which had resemblance to the so-called
immunoreceptor tyrosine-based activation motifs (ITAMs). Some of these ITAM-
like motifs in GHR and PRLR harbor tyrosines, which are potential targets for
phosphorylation by SFKs, potentially regulating the membrane interaction. How-
ever, phosphorylation of such a tyrosine Tyr283 in PRLR was independent of lipid
interaction and did not abolish the interaction. In addition to the ITAM-like motifs,
positively charged residues played similar roles in lipid interaction, and mutation of
either motif did not abolish membrane interaction (Bugge et al. 2016b; Haxholm
et al. 2015). Thus, this suggests that the positive charges act to attract the LID to the
membrane where the ITAM-like motifs anchor the ICD in the membrane via the
hydrophobic side chains of the motif.

The role played by the lipid/cytokine receptor cross talk is currently incom-
pletely understood. There may be several reasons to why cytokine receptors
arrange part of their ICD along the bilayer normally. First, many kinases that
partake in signaling are either themselves anchored in the bilayer through modifi-
cation by acylation (Patwardhan and Resh 2010; Rawat et al. 2013; Rawat and
Nagaraj 2010) or have a lipid interaction site in a domain, such as a
phosphoinositide-binding site within the FERM domain of several tyrosine kinases
(Bompard et al. 2003; Feng and Mertz 2015; Hamada et al. 2000) or within the
SH2 domain of Src-type kinases (Park et al. 2016; Sheng et al. 2016). Thus,
membrane interactions may aid the co-localization of the signaling proteins and
thereby enhance signaling efficiency. How this is orchestrated mechanistically is
not understood, and further studies are indeed needed to fully deconvolute the
function of the LIDs.

Negative Regulation of Cytokine Receptor Signaling

There are three classes of major negative regulators of cytokine-mediated
JAK-STAT signaling. These are the suppressor of cytokine signaling (SOCS),
protein tyrosine phosphatases (PTPs), and protein inhibitors of activated STATs
(PIAS). The SOCS provides a negative feedback loop as their expression is
directly induced by STATs. SOCS can block signaling by binding to phosphory-
lated tyrosines on the receptor and blocking recruitment of further signaling
molecules, they can directly inhibit JAK signaling by binding directly to the
JAK kinase domain, and they can also induce ubiquitylation-mediated proteasomal
degradation (Alexander and Hilton 2004; Babon et al. 2014; Linossi et al. 2013).
The PIAS act by binding to activated STAT dimers, thereby blocking them from
binding DNA (Rawlings et al. 2004; Shuai and Liu 2003). In addition, the protein
LNK (SH2B3), a member of the SH2B/Lnk/APS family of adapter proteins, binds
to JAK2 and has been shown to be an important inhibitor of JAK2 activation
(Babon et al. 2014; Gery et al. 2009).
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Abstract
Steroid hormones, i.e., androgens, estrogens, glucocorticoids, mineralocorticoids,
and progestins, bind with high affinity to their respective steroid hormone recep-
tors (SR). SRs are members of a family of nuclear receptors (NR). Ligand-
activated SRs dissociate from hsp90 chaperone complexes in the cytoplasm and
enter the nucleus where they bind to specific DNA sequences: hormone response
elements (HREs). SRs interact with coregulator proteins (coactivators and
corepressors) as well as chromatin remodeling complexes to regulate target
gene expression. In addition, some SRs are also associated with the plasma
membrane (PM) and PM proteins. Hormone binding to PM-associated SRs
activates G-protein coupled receptors (GPCR) and intracellular signaling path-
ways ultimately regulating gene transcription and other downstream sequelae.
This chapter will review of SR/NR including protein structure, ligand activation,
gene regulation, examples of rapid “non-genomic” signaling, and the roles of
these receptors in human health and disease.

Keywords
Steroid hormones • Nuclear receptors • Androgen receptor • Estrogen receptor •
Glucocorticoid receptor • Progesterone receptor • Mineralocorticoid receptor

Introduction

Steroid hormones, i.e., androgens, estrogens, glucocorticoids, mineralocorticoids,
and progestins, regulate diverse processes in tissues throughout the body and in the
brain. Steroid hormones bind with high affinity to proteins called steroid hormone
receptors (SRs). These steroid receptors are primarily located intracellularly and act
as ligand-activated transcription factors within the nucleus to regulate target gene
expression. Depending on the tissue, a small proportion of these receptors, perhaps
5–10%, are associated with the plasma membrane (PM) and PM proteins such that
ligand binding activates G protein-coupled receptors (GPCRs) and intracellular
signaling pathways ultimately culminating in activation or repression of gene tran-
scription and physiological effects. Sequence comparison has revealed that steroid
hormone receptors belong to a diverse family of ligand-activated gene regulators
called nuclear receptors (NRs) that share a highly conserved structure and common
mechanisms affecting gene transcription (Laudet 1997). The evolutionary relation-
ship among the SRs/NRs has been deduced by the high conservation in their
DNA-binding domains (DBDs) and in their less-conserved ligand-binding domains
(LBDs) and indicates that this large group of proteins arose from a common ancestral
molecule (Laudet 1997; Thornton 2001; Thornton et al. 2003).

The steroid/nuclear hormone receptor superfamily (Table 1) includes 48 receptors
for the gonadal and adrenal steroids; nonsteroidal ligands, e.g., thyroid hormones
(T3, T4); vitamin D (1,25-dihydroxyvitamin D3 (1,25(OH)2D3)); retinoic acid
(RA); and fatty acids (FA), as well as “orphan” receptors. Some “orphan” receptors
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Table 1 Members of the human steroid hormone and nuclear receptor gene superfamily. This table
lists the receptor, common abbreviation of the receptor, and gene name and provides review articles
for further reading. Additional information is located at the NURSAwebsite: https://www.nursa.org

Ligands for receptors
Abbreviation/
Gene name References

Receptors with known ligand(s)

Estrogen α (ERα, ESR1) Reviewed in Hewitt et al. (2005), Patel and
Skafar 2015, and Wang and Yin (2015)

Estrogen β (ERβ, ESR2) Reviewed in Dey et al. (2013) and Huang
et al. (2015)

Androgen (AR, AR) Reviewed in Mikkonen et al. (2010)

Progesterone (PR, PGR) Reviewed in Jacobsen and Horwitz (2012))

Glucocorticoid (GR,
NR3C1)

Reviewed in Granner et al. (2015) and
Meijsing (2015)

Mineralocorticoid (MR,
NR3C2)

Reviewed in Le Menuet and Lombès
(2014) and Viengchareun et al. (2007)

Nuclear receptors with ligands

Vitamin D (VDR, VDR) Reviewed in Christakos et al. (2016)

Thyroid hormone TRβ (THRB) Reviewed in Cheng et al. (2010) and Zhang
and Lazar (2000)TRα (THRA)

Retinoic acid RARα
(RARA)

Reviewed in Giguere (1994) and
Mangelsdorf and Evans (1995a)

RARα
(RARA)

RARγ
(RARG)

Retinoid X receptor RXRα
(RXRA)

Reviewed in Evans and Mangelsdorf 2014)
and Lefebvre et al. (2010)

RXRβ
(RXRB)

First described Mangelsdorf et al. (1990)

RXRγ
(RXRG)

First described Leid et al. (1992)

Peroxisome proliferator-
activated receptors (PPARs)

PPARα
(PPARA)

Reviewed in Fan and Evans (2015), Lee
and Kim (2015), and Sauer (2015)

PPARβ/
PPARδ
(PPARD)

Reviewed in Pawlak et al. (2015)

PPARγ
(PPARG)

Reviewed in Giordano Attianese and
Desvergne (2015)

Reviewed in Shao et al. (2015)

Farnesoid X receptors FXRα
(NR1H4)

Bile acid receptors reviewed in Chiang
(2002), Jiang et al. (2014), and Parks et al.
(1999)

FXRβ
NR1H5)

First described Otte et al. (2003)

(continued)
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Table 1 (continued)

Ligands for receptors
Abbreviation/
Gene name References

Orphan receptors and their identified ligands

Constitutive androstane receptor
is a xenobiotic receptor

CAR
(NR1I3)

Reviewed in Mullican et al. (2013)

Reviewed in Banerjee et al. (2013, 2015),
Chai et al. (2013), Cherian et al. (2015),
Kobayashi et al. (2015), and Swanson et al.
(2013)

Chicken ovalbumin upstream
promoter transcription factors
(COUP-TFs)

COUP-TFI
(NR2F1)

Reviewed in Cooney et al. (2001) and Lin
et al. (2011)

COUP-TFII
(NR2F2)

Reviewed in Litchfield et al. (2012)

REV-ERBβ
EAR2
(NR2F6)

Reviewed in Riggins et al. (2010), Safe
et al. (2014), and Zhang and Dufau (2001)

Dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome,
gene 1, DAX-1 NR0B1 lacks the zinc finger DBD, reviewed in Jadhav et al. (2011), McCabe
(2007), Muscatelli et al. (1994), and Suntharalingham et al. (2015)

Estrogen receptor-related
receptors (ERRs)

ERRα
(NR3B1)

Reviewed in Audet-Walsh et al. (2015),
Deblois and Giguere (2011), Deblois et al.
2013), Huss et al. (2015)

ERRβ
(NR3B2)

Reviewed in Michalek et al. (2011)

ERRγ
(NR3B3)

REV-ERBα, EAR1 (NR1D1) Binds heme reviewed in Yin et al. (2010)

Germ cell nuclear factor 1 Reviewed in Wang and Cooney (2013)

Hepatocyte nuclear factor GCNF First characterized Greschik et al. (1999)
and Hirose et al. (1995)

HNF1α
(HNF1A)

Reviewed in Yamagata (2014)

HNF4α
(HNF4A)

Reviewed in Drewes et al. (1996) and
Walesky and Apte (2015)

HNF4γ
(HNF4G)

Reviewed in Cattin et al. (2009)

Liver receptor homolog-1
(LRH-1) (NR5A2)

Reviewed in Stein and Schoonjans (2015)

Neuron-derived orphan receptor
1 (NOR1) (NR4A3)

Reviewed in Kurakula et al. (2014)

NUR77, NGFI-B, GFRP1,
NP10, TR3 (NR4A1)

Reviewed in Hawk et al. (2012), Lee et al. (2014), Mathisen
et al. (2011), Mohan et al. (2012), Nakajima et al. (2012),
Safe et al. (2016), Safe et al. (2014), Xue et al. (2012), and
Zhao and Bruemmer (2010b)

Pregnane X receptor (PXR)/
steroid X receptor (SXR)
(NR1I2)

Reviewed in Banerjee et al. (2015) and Ma et al. (2015)

(continued)
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have been “adopted” when their ligands were identified. Other “orphan” receptors
whose endogenous ligands, if necessary, are as yet unknown; perhaps because they
are regulated by other mechanisms, e.g., phosphorylation, expression, and location
(Benoit et al. 2004; Mullican et al. 2013; Willson and Moore 2002). The SRs are
considered class I members of the NR superfamily while the other NRs are class II
receptors (Mangelsdorf et al. 1995b). This chapter will provide a review of these
SRs/NRs including protein structure, ligand activation (as warranted), gene regula-
tion, examples of rapid “nongenomic” signaling, and the roles of these receptors in
human health and disease.

Steroid Hormones in Circulation and Entry into Target Cells

Steroid hormones are small hydrophobic and lipid-soluble cholesterol derivatives. In
blood they circulate either free or bound (95%) to plasma carrier proteins (Thompson
1995). Sex hormone-binding globulin (SHBG), also known as testosterone-
estradiol-binding globulin (TeBG), and androgen-binding protein (ABP) are encoded
by the same gene (Danzo and Joseph 1994), but they differ in tissue expression and
glycosylation (Hammond and Bocchinfuso 1995). SHBG is a glycated homodimeric
plasma transport protein synthesized primarily in the liver and binds testosterone and
dihydrotestosterone (DHT), with higher affinity than estradiol (E2) and regulates free
sex hormone bioavailability (Le et al. 2012). ABP is produced by the Sertoli cells of
the testis (Joseph 1994). Corticosteroid-binding globulin (CBG or transcortin) binds
glucocorticoids and progesterone, with differing affinities. When circulating levels of
steroid hormones exceed the binding capacity of their respective binding proteins,
they bind nonspecifically, and with low affinity, to albumin, from which they can
readily dissociate and enter target cells (Westphal 1986).

Table 1 (continued)

Ligands for receptors
Abbreviation/
Gene name References

Photoreceptor-specific nuclear
receptor (PNR) (NR2E2) retinal
NR

Reviewed in Schorderet and Escher (2009) and Tan et al.
(2013)

RAR-related orphan receptors Reviewed in Cook et al. (2015), Kojetin and Burris (2014),
and Solt and Burris (2012)RORα (RORA)

RORβ (RORB)

RORγ (RORC)

Steroidogenic factor 1 (SF-1,
NR5A1)

Reviewed in Mizutani et al. (2015) and Suntharalingham
et al. (2015)

First described in Wong et al. (1996)

Small heterodimeric partner
(SHP, NR0B2)

Reviewed in Goodwin et al. (2000) and Zhang et al. (2011)

First described in Seol et al. (1996) and (1997)

TLX (NR2E1) Reviewed in Islam and Zhang (2015) and Wang and Xiong
(2016)
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SHBG binds to a specific cell membrane receptor called sex hormone-binding
globulin receptor (SHBG-R) and activates adenylyl cyclase, thus increasing intra-
cellular cAMP (Joseph 1994). Binding of SHBG to SHBG-R results in receptor-
mediated endocytosis (Hammes et al. 2005). The interaction of SHBG with SHBG-
R was shown to be inhibited when steroids are bound to SHBG, suggesting that
SHBG is an allosteric protein (Porto et al. 1995). However, if unliganded SHBG is
allowed to bind to its receptor on intact cells, and an appropriate steroid hormone
then is introduced, adenylate cyclase is activated, and intracellular cAMP increases
(Rosner et al. 1991). Several members of the organic anion-transporting polypeptide
(OATP) family of proteins mediate the sodium and ATP-independent uptake of
dehydroepiandrosterone (3β-hydroxy-5-androsten-17-one, DHEA), pregnenolone,
and estrone into tissues including the breast and prostate and are overexpressed in
tumors in these tissues (Cho et al. 2014). Once the steroid hormone is in the
cytoplasm, it is not yet clear whether a transport protein is required for movement
of the hydrophobic steroid molecule through the aqueous cytoplasm to the receptor,
regardless of whether the receptor is cytoplasmic or nuclear in location. The current
model is that the steroid hormone diffuses freely in the cytoplasm.

Structure/Function of the Domains of Steroid Hormone/Nuclear
Receptors

The androgen, estrogen, glucocorticoid, progesterone, and mineralocorticoid recep-
tors (AR, ER, GR, PR, and MR) share a common protein structure with the other
NR, as shown here the thyroid receptors α and β (TRα and TRβ). As shown in Fig. 1,
SRs/NRs contain several key structural elements which enable the high-affinity
binding of their respective ligands, recognize and bind to discrete DNA response
elements in some proximity to target genes with high affinity and specificity, and
regulate gene transcription (Evans 2005; Evans and Mangelsdorf 2014). The recep-
tor proteins have five or six domains lettered A–F from N- to C-terminus, encoded
by eight to nine exons. The receptors contain three major functional domains:

1. A variable N-terminus (domains A and B) modulates transcription in a gene- and
cell-specific manner through its N-terminal activation function 1 (AF-1) which
acts in a ligand-dependent manner when expressed without the ligand-binding
domain (LBD) (reviewed in Germain et al. 2006). For some receptors, including
estrogen receptor α (ERα), AF-1 is regulated by phosphorylation (reviewed in
Lannigan 2003; Rajbhandari et al. 2012).

2. A central DNA-binding domain (DBD, consisting of the C domain) is composed
of two functionally distinct cys-cys zinc fingers and two α-helices through which
the receptor physically interacts directly with the DNA helix (reviewed in
Germain et al. 2006). The DBD is the most conserved domain.

3. The ligand-binding domain (LBD, domains E and in some receptors F) contains
activation function 2 (AF-2). The F domain of ERα plays a role in distinguishing
estrogen agonists versus antagonists, perhaps through interaction with cell-
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specific factors (Patel and Skafar 2015). Domain-swapping experiments in which
the DBD of ERα was switched with that of the GR produced a chimeric receptor
that bound to specific DNA sequences bound by GR, but stimulated the tran-
scription of glucocorticoid-responsive target genes when cells were treated with
E2 (Green and Chambon 1987), thus demonstrating the specificity of the DBD in
target gene regulation.

The N-terminus is the least conserved part of SR/NR in length and amino acid
composition. Deletion of the C-terminal LBD of the GR yields constitutive
(hormone-independent) transcriptional activation, implying that the N-terminal
regions harbor autonomous transcriptional activation functions that is regulated by
phosphorylation (Carruthers et al. 2015). These and other experiments with other
steroid receptors indicated that AF-1 is involved in activation of gene transcription,
but is independent of ligand binding. GR is unique in that it “transrepresses” gene
transcription by physically interacting with DNA-bound transcriptional activators, e.
g., NF-κB, activator protein 1 (AP-1), and STAT3, to repress their downstream target
genes (Ratman et al. 2013). The anti-inflammatory effects of glucocorticoids are
ascribed to tethered transrepression (Cruz-Topete and Cidlowski 2015; Surjit et al.
2011). Recent studies from Pierre Chambon’s lab show that SUMOylation of the GR
NTD and formation of an NCoR1/SMRT/HDAC3 repressing complex are required
for glucocorticoid-induced negative GRE-mediated direct transrepression, but does
not affect positive GRE-mediated transactivation (Hua et al. 2016).

Some steroid receptors exist as isoforms, encoded by the same gene, but differing
in their N-terminus. PR and AR exist in two distinct forms, A and B, synthesized
from the same mRNA by alternate splicing. In addition PR-C (60 kDa) is

Fig. 1 Protein domain structure of the steroid hormone nuclear receptors and thyroid hormone
receptors. Domains A- FF and function of each domain is shown schematically as linearized
proteins from amino (N)- to carboxy (C)- terminals with common structural and functional
domains. Variability between members of the steroid hormone receptors (NR3C family) is due
primarily to differences in aa sequence of the amino (N)-terminal domain. Abbreviations: AF-1 =
activation function-1; AF-2 = activation function-2; DBD= DNA binding domain contains two
C4zinc fingers; LBD= ligand binding domain
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co-expressed with PR-A and PR-B from the same gene (Lange 2008). The PR-A and
PR-B isoforms differ by 128 amino acids in the N-terminal region, yielding PR-A =
90 kDa and PR-B = 120 kDa, which have differing capacities to regulate tran-
scription (Daniel et al. 2015; De Amicis et al. 2009; Lydon and Edwards 2009). For
example, PR-A expression is a negative prognostic indicator in breast cancer likely
due to its ability to increase the expression of a subset of genes associated with
invasion and breast tumor progression (McFall et al. 2015). In contrast, AR-A and
AR-B isoforms show minimal differences in activation of a reporter gene in response
to androgen agonists or antagonists in transiently transfected cells (Gao and
McPhaul 1998).

The DBD is highly conserved and shows 60–95% homology among steroid recep-
tors (Acconcia et al. 2005). The DBD varies in size from 66 to 70 aa and is hydrophilic
due to its high content of basic aa (Evans 1988). The major function of this region is to
bind to specific hormone response elements (HREs) of the target gene. DNA binding is
achieved through the tetrahedral coordination of zinc (Zn) by four cysteine residues
(C4) in each of two extensions that form two structurally distinct “Zn fingers” (Klug and
Schwabe 1995). Zn fingers are common among gene regulatory proteins, with most
C2H2 zinc finger transcription factors (Tadepally et al. 2008). Specificity of HRE
binding is determined by the more highly conserved hydrophilic first Zn finger
(C1) (Benoit et al. 2004), while the second Zn finger (C2) is involved in dimerization
and stabilizing DNA binding by ionic interactions with the phosphate backbone of the
DNA (O’Malley 1990). The D box is involved in HRE half-site spacing recognition.
The highly conserved DBD shared by AR, GR,MR, and PR enables them to bind to the
same HRE, called the glucocorticoid response element (GRE). The more C-terminal
part of the C2 Zn finger and aa within the hinge region are involved in receptor
dimerization in coordination with aa in the hinge region and the LBD.

The hinge region or D domain is a 40–50-amino acid sequence separating the
DNA-binding and ligand-binding domains that contains sequences for receptor
dimerization and ligand-dependent and ligand-independent nuclear localization
sequences (NLSs) (Picard et al. 1990; Safer et al. 1998). The hinge region interacts
with nuclear corepressor proteins (Safer et al. 1998) and with L7/SPA, a 27 kDa
protein that increases the partial agonist activity of certain antagonist-liganded
steroid hormone receptors, i.e., tamoxifen-liganded ERα, RU486-occupied PR, or
RU486-occupied GR (Jackson et al. 1997). The hinge region of ERα is regulated by
posttranslational modifications including methylation (Zhang et al. 2013), acetyla-
tion (Fu et al. 2004), and SUMOylation (Sentis et al. 2005). Site-directed mutational
analysis of the D region of ERα demonstrated the contribution of the bipartite NLS
to ERα’s activation of AP-1-mediated gene transcription, indicating a role for this
region in transactivation of other transcription factors (Burns et al. 2011).

The carboxy (C)-terminal or LBD is poorly conserved among members of the
SR/NR superfamily, ranging from 218 to 264 aa in length and is hydrophobic, as
would be expected for binding lipophilic metabolites of cholesterol, i.e., steroid
hormones. Greater structural similarity between steroid hormones generally indi-
cates greater aa sequence homology in the LBD. Sequences within the LBD form the
binding site for hsp90 that blocks the DBD in the cytosolic, non-liganded GR (Charn
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et al. 2010). Information from the x-ray crystal structures of the LBDs of the retinoic
acid receptor (RAR), thyroid hormone receptor (TR), and ERα in the presence or
absence of their cognate ligands has shown that the LBD has a compact structure
consisting of 12 α-helices with a “pocket” into which the ligand fits (Bourguet et al.
1995, 2000; Renaud et al. 1995; Wagner et al. 1995). Binding of the ligand within
the pocket alters the conformation of the LBD with helix 12 forming a “lid” over the
pocket, trapping the ligand in a hydrophobic environment, and forming a surface on
the LDB with which coactivator proteins interact. Helix 12 is indispensable for AF-2
function (Danielian et al. 1992; Durand et al. 1994). For ERα, 17β-estradiol (E2) and
the antiestrogen, or select ER modulator (SERM), raloxifene, form different aa
contacts within the pocket (Brzozowski et al. 1997). This results in different
positioning of helix 12 in the LBD that is thought to permit interaction with
coactivators, e.g., SRC-1, in the presence of E2, but not raloxifene, or by inference
antiestrogens, such as tamoxifen (Brzozowski et al. 1997).

The C-terminal AF-2 transactivation domain is highly conserved within the
nuclear receptor superfamily (Danielian et al. 1992) and is recognized by various
transcriptional coregulators, also referred to as coactivators or corepressors (reviewed
in Dasgupta et al. 2014; Klinge et al. 2004; O’Malley et al. 2012). AF-2 is localized to
the most C-terminal end of the E domain. In ERα it constitutes aa # 530–553
(Seielstad et al. 1995). A third transactivation domain called AF-2a or tau2 has
been localized to the N-terminal region of the LBD of ERα (Danielian, et al. 1992)
and GR (Hollenberg and Evans 1988). Deletion experiments revealed a role for AF-2a
and the DBD in targeting rat GR to the nuclear matrix (Tang et al. 1998), an
interconnected ribonuclear-protein network within the nucleus that is thought to
play important roles in transcription of active genes by stabilizing the assembly of
the transcriptional machinery (Coelho et al. 2016). GR tau2 interacted with Hic-5
(hydrogen peroxide-inducible clone-5, TGFβ1I1) and coactivator GRIP1 to target GR
to the nuclear matrix (Yang et al. 2000). Further studies revealed that Hic-5 acted as a
gene-specific coactivator of unliganded GRα and as a corepressor of ligand-occupied
GRα (Chodankar et al. 2014). More recent studies showed that Hic-5 also interacted
with ERα, although more weakly than GRα, and selectively modulated ERα gene
occupancy and expression in U2OS osteosarcoma cells (Chodankar et al. 2015).

While discussing the various domains of the SRs/NRs, it is important to note that
the N- and C- terminals of ERα (Metivier et al. 2001), MR (Rogerson and Fuller
2003), AR (Zboray et al. 2015), PR (Goswami et al. 2014), and GR (Khan et al.
2012) interact in a ligand-dependent manner to modulate interaction with
coregulators and thus either enhance or inhibit target gene transcription. Hormone-
dependent phosphorylation of steroid hormone receptors may play an important role
in binding of the receptor to its specific response element on the gene and subsequent
activation of transcription. PR, GR, ERα, and vitamin D receptor(VDR) are all
phosphorylated after binding to their respective ligands (reviewed in Lannigan
2003). In addition to phosphorylation, ERα and ERβ are acetylated, SUMOylated,
glycosylated, and ubiquitinylated (reviewed in Le Romancer et al. 2011). These
posttranslational modifications of SR/NR affect their interaction with other proteins
including coregulators, thus impacting gene transcription.
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Intracellular Location of Steroid/Nuclear Receptors

The overall distribution of SRs/NRs between plasma membrane, cytoplasm, mito-
chondria, and nucleus remains controversial. This controversy is the result of studies
using different techniques, e.g., immunoprecipitation from different cell fractions
and immunocytochemical staining, to examine receptor localization in different cells
and tissues. Reports published before 1984 suggested that prior to hormone treat-
ment, steroid receptors were located predominantly in the cytosolic fraction of target
tissues in large protein complexes of 300–400 kDa based on sucrose density gradient
and radioisotope steroid hormone labeling, e.g., ER in Gorski et al. (1973). Follow-
ing hormone treatment, receptors were detected primarily in the nuclear fraction
(Jensen and DeSombre 1973). Thus, early models assumed that unoccupied steroid
receptors were in the cytoplasm with the receptor held in an inactive conformation
by chaperone proteins, including hsp90 and hsp70 (Pratt and Toft 1997), until ligand
binding “activated” the receptor, causing conformational changes. The complex of
proteins associated with unliganded SRs is now called the “foldosome” complex
(reviewed in Querol Cano et al. 2013). The general model of activation of a steroid
receptor is shown in Fig. 2a. The conformational changes resulting from ligand
binding result in receptor homodimerization and exposure of the nuclear localization
domain, thus facilitating receptor dimer translocation to the nucleus. More recent
studies demonstrate localization and even movement of ERα and ERβ between
nuclear, mitochondrial, and cytoplasmic compartments (Cammarata et al. 2004;
Simpkins et al. 2008).

Current models suggest that some proportion of unliganded SR and all the class II
NR reside in the nucleus, bound to DNA (Fig. 2b). The exceptions are the GR and MR,
which reside in the cytoplasm in association with hsp90, hsp70, and a variety of
receptor-associated proteins in the absence of ligand (Gehring 1998). The hsp90
complex of proteins has chaperonin activity that facilitates hormone binding and
subsequent proper folding of the GR (Dittmar et al. 1997). Upon activation by
hormone-binding, GR conformational changes release hsp90 and the other proteins,
and the ligand-occupied GR dimer translocates the nucleus (Hutchison et al. 1996). In
contrast to GR, immunohistochemical localization experiments showed that ERα (King
and Greene 1984), ERβ (Kuiper et al. 1996), PR (Perrot-Applanat et al. 1986), and AR
(Husmann et al. 1990) are primarily nuclear in the absence of hormone treatment. All
classes of NR are located in the nucleus, bound to DNA, in the absence of ligand
(Mangelsdorf et al. 1995b). It is important to note that type II NR, e.g., TR, VDR, RAR,
and RXR, do not interact with hsp90. These receptors are bound to DNA in the absence
of ligand and are associated with corepressor proteins, e.g., NCoR and SMRT (Huang
et al. 2000; Rosenfeld and Glass 2001, Rosenfeld et al.2006). Corepressor proteins
NCoR and SMRT are associated with a complex of proteins that have histone
deacetylase (HDAC) activity that repress gene expression by maintaining chromatin
in a more condensed conformation (Rosenfeld and Glass 2001, Rosenfeld et al. 2006).

SR enters the nucleus by two processes: (1) passive diffusion through an “ever
opened” central channel of the nuclear pore or (2) active transport that is mediated by
interaction of the NLSs on the receptor proteins with the NLS receptor-hsp90
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complex (Guiochon-Mantel et al. 1996). The NLS-SR-NLS receptor-hsp90 complex
binds to the nuclear pore complex via nucleoporins in an ATP-dependent process
(DeFranco 1997; Elbi et al. 2004). The receptor is then trapped by binding to
intranuclear components (Guiochon-Mantel et al. 1996). SR complexes associate
with nuclear membranes and with chromatin components including histones, non-
histone basic proteins, DNA and ribonucleoproteins (Ruh et al. 2004), and with
nuclear matrix (Matsuda et al. 2002; Stenoien et al. 2001).

Steroid hormones generally autoregulate their receptor levels (Horwitz and
McGuire 1978). The half-life of steroid hormone receptors ranges from 2 to 4 h
for ERα (Kastner et al. 1990; Valley et al. 2008) and 4 h for AR (Syms et al. 1985),
7–10 h for PR (Nardulli et al. 1988), and 19 h for GR (McIntyre and Samuels 1985).

Fig. 2 General model of steroid hormone receptor (SR) and nuclear receptor (NR) activation of
gene transcription. Target cells express SR and NRs. (a) Asteroid hormone, eg., DHT, E2, or
cortisol, enters the nucleus and binds to the inactivate receptor monomer which is in the cytoplasm
in a hsp90/hsp70 chaperone complex. Activation is described in the text. The ligand- activated SR
homodimer enters the nucleus, binds to its cognate hormone response element, recruits coactivator
proteins, e g., SRC-1 and CBP, which have HAT activity, and exist in complexes, e g.,
ATP-dependent chromatin remodeling complexes. Chromatin modifications lead to enhanced
RNA pol II recruitment and increased gene transcription. (b) For class II NRs, the receptor
heterodimer is held in an inactive conformation by a corepressor complex including NCoR or
SMARTwhich interact with HDAC complexes. Ligand binding causes conformational changes the
release the corepressor and recruit coactivators
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Steroid hormones regulate receptor levels for other hormones, e.g., E2 increases PR
in estrogen-responsive tissues (Clemens et al. 1998). Progesterone, in return, not
only downregulates its own receptors but also ERα (Okulicz et al. 1981) and ERβ
(Okret et al. 1991). Regulation of SR levels will, in turn, regulate cognate target gene
expression.

Steroid Receptors Bind Hormone Response Elements (HREs)

The specific DNA-binding sites to which SR bind, conferring hormone sensitivity to
the gene, are generally called HREs (Stedronsky et al. 2002). Core HREs consist of
13–15 bp of DNA. When first identified HRE consensus sequences were derived
from alignment of genes responsive to a particular steroid hormone. HREs have two
“half-sites” that each binds the C1 zinc finger of one receptor monomer. SR binds
DNA as homodimers (or heterodimers, e.g., ERα/ERβ (Monroe et al. 2005; Powell
and Xu 2008) with each monomer binding to adjacent major grooves on the same
side of the DNA helix (Klug and Schwabe 1995). Class II NRs may interact with a
retinoid X receptor (RXR) forming a heterodimer. RXR binds the 50 half-site with
RXR heterodimers showing higher DNA-binding affinity and stability, resulting in
significantly enhanced transcriptional activity (Mangelsdorf et al. 1995b). On the
basis of sequence homology and functional similarity, there are three classes of
HREs within the steroid hormone receptor superfamily (Table 2). When SRs/NRs
bind DNA, the DNA is deformed, causing a bend that is important for the assembly
of coactivator/chromatin remodeling complex and facilitates interactions between
components of the transcription complex and promotes DNA looping. ERα binding
to an ERE results in a bend of the DNA toward the major groove (Nardulli et al.
1993; Sabbah et al. 1992). GR (Petz et al. 1997) and PR (Prendergast et al. 1996)
also induce DNA bending. Similarly, class II NRs including TR and RXR induce
DNA bending (e.g., Shulemovich et al. 1995).

The response elements for the AR, PR, MR, and GR are closely related and are
collectively referred to as the glucocorticoid response element (GRE) consisting of a
palindromic (symmetrical) sequence 50-GGTACAnnnTGTTCT-30, where n = any
nucleotide (Beato et al. 1989). AR, PR, GR, and MR show subtle differences in
DNA base contact points to GREs (Beato et al. 1989). Examples of genes containing
one or more GREs whose transcription is upregulated by glucocorticoids include the
much studied mouse mammary tumor virus (MMTV) promoter (Archer et al. 1995;
Kinyamu et al. 2000), tyrosine aminotransferase (Jantzen et al. 1987), and enzymes
involved in gluconeogenesis (Cole et al. 1993; De Martino et al. 2004; Feige and
Auwerx 2007; Rodgers et al. 2005). Examples of genes that are specifically inhibited
by glucocorticoids through “negative GREs” include pro-opiomelanocortin (Drouin
et al. 1993), interleukin-1beta (Zhang et al. 1997), gonadotropin-releasing hormone
(GnRH) (Chandran et al. 1996), and prolactin (PRL)(Subramaniam et al. 1997).

The minimal consensus estrogen response element (ERE) sequence is also
palindromic, 50-GGTCAnnnTGACC-30 (Klein-Hitpass et al. 1988), and differs in
only 2 bp from the GRE (Klock et al. 1987). Extension of the length of the ERE
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palindrome, e.g., 50-CAGGTCAnnnTGACCTG-30, and the sequences immediately
flanking the ERE helped determine ERα binding affinity (Anolik et al. 1993, 1995,
1996; Driscoll et al. 1996, 1998; Klinge 2001; Klinge et al. 1992a, b). One of the
major advances in the field of transcriptional regulation by SR/NR has been the use
of chromatin immunoprecipitation (ChIP) and ChIP-seq to identify receptor-binding
sites in different types of cells with various treatments. We now appreciate that while
SRs bind their consensus response elements (Table 2) with high affinity, these sites
are located throughout the genome, not only in 50 enhancer regions. Early experi-
ments used human chromosome tiling arrays to identify ERα-binding sites through-
out the human genome (Carroll and Brown 2006a, Carroll et al. 2006b; Eeckhoute
et al. 2006, 2007; Kwon et al. 2007; Liu et al. 2008; Lupien et al. 2008; Tan-Wong
et al. 2008). These studies were performed in MCF-7 human breast cancer cells with
endogenous ERα and demonstrated that with E2 treatment, ERα was recruited not
only to the anticipated EREs in the 50 promoter of known target genes but to ERES
located in the 30UTR and at great distances from established genes in the human
genome (Carroll and Brown 2006a, Carroll et al. 2006b; Kwon et al. 2007; Lin et al.
2007; Liu et al. 2008; Stender et al. 2010; Welboren et al. 2009a, b). This provided
new support for the idea of chromatin looping between distant sites allowing the
assembly of a dynamic “transcriptional machine” that increases the efficiency of
chromatin remodeling and facilitates gene transcription. Further studies have also
demonstrated chromatin looping between promoter, intron, and 30UTR regions of
genes is regulated positively and negatively by E2 (Eeckhoute et al. 2007; Tan-Wong
et al. 2008). Overall, the interpretation of the vast amounts of data generated by
global nuclear run-on sequencing (GRO-seq) and NGS is that E2 increases

Table 2 Hormone response element (HRE)-binding sites for steroid/nuclear receptors. Response
elements for the class II nuclear receptors are direct repeats (DR), inverted repeats (IR), or everted
repeats (EvR) of the indicated half-site with the letter following the DR or IR indicating the number
of nucleotides separating the half-sites, e.g., DR5 is 50-AGGTCAnnnnnAGGTCA-30

Steroid/nuclear receptor Consensus HRE Reference

AR, GR, MR, and PR ARE, GRE, MRE, PRE: Beato et al. (1989) and
Geserick et al. (2005)50-AGAACAnnnTGTTCT-

30

ERα and ERβ ERE:
50-AGGTCAnnnTGACCT-
30

Klinge (2001)

Class II NRs (PPAR, RAR,
RXR, TR, and VDR)

DR: 50-AGGTCA-30 Stunnenberg (1993)

RAR homodimer IR0 Helsen and Claessens (2014)

RXR/RAR DR5, DR2, DR1 Bastien and Rochette-Egly
(2004)

RXR/TR DR4 Aumais et al. (1996)

TR homodimer DR4, IR6 Helsen and Claessens (2014)

RXR/VDR or VDR homodimer DR3 DeLuca and Zierold (1998)

RXR/PPAR DR1 Willson et al. (2000)
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transcription from both DNA strands and the ~30,000 transcripts regulated in
MCF-7 cells include not only mRNA, rRNA, tRNA, and miRNA but also antisense,
divergent, enhancer, and intergenic RNAs that may play roles in transcriptional
regulation (Hah and Kraus 2014; Lam et al. 2014; Li et al. 2013).

In addition to EREs, ERα also occupies half-site EREs and AP-1 sites (Kininis
et al. 2007) as well as sites for PAX2, FOXA1, AP2, TCF, PAX6, BACH1, MEF3,
and LUN1 (Charn et al. 2010). In silico analysis revealed E2-induced genes are
enriched in binding sites for E2F1, NRF-1, and NF-Y transcription factors in
ZR-75.1 breast cancer cells (Scafoglio et al. 2006). ERα-binding sites are cell
specific: less than 20% of were common between E2-treated ECC-1 endometrial
and T47D breast cancer cells (Gertz et al. 2012). Together, these data and other
studies reveal cell-specific, time-dependent ERα-, ERβ-, and apparent ERα/ERβ
heterodimer DNA interactions throughout the genome resulting in different trans-
criptomes in the presence or absence of E2 and other ligands.

The response elements for the various class II NRs, e.g., TR, RAR, RXR, and
VDR, are composed of direct repeats of the half-site 50-AGGTCA-30 either with no
space in between the half-sites (DR0) or separated by a gap of 1–5 nucleotides
(DR1–DR5) (Umesono et al. 1991). The number of nucleotides separating the half-
sites determines the specificity of class II NR binding (Mangelsdorf et al. 1995b).
Many class II NR require RXR for hormonal activation of transcription
(Mangelsdorf and Evans 1995a). The synergistic interaction between NRs and
other transcription factors bound to regulatory cis-acting elements permits fine-
tuning of the rates of transcription of target genes in response to the local cellular
and hormonal milieu.

Regulation of Gene Transcription by Steroid Hormone Receptors

Initiation of transcription is a complex event occurring through the cooperative
interaction of multiple factors at the target gene promoter. When bound to the specific
HRE on the DNA, the hormone-receptor complex interacts with basal transcription
factors and with other proteins to stabilize basal transcription factor binding and
promote the assembly of the transcription initiation complex. Once the transcription
initiation complex is in place, the enzyme RNA polymerase II is recruited to the
transcription start site where it begins transcribing the DNA sequence into mRNA.

By binding to DNA, steroid hormone receptors regulate the transcription of RNA.
Historically, we have considered the regulation of gene transcription in a positive
manner by the steroid receptors, i.e., an SR binding to its HRE increased the levels of
mRNA of the target gene. Transcriptional regulation was envisioned as involving
SR-HRE interaction as a “cis”-acting element interaction since the HRE was located
on the same DNA as the gene itself, generally located near the 50 end (beginning) of the
gene, upstream to the gene promoter with other transcription factor-binding elements,
forming an upstream enhancer (Greenblatt 1997). The promoter, essential for gene
activation, sets the basal rate of transcription and controls the accuracy of transcription
initiation (Sauer and Tjian 1997). That view of how SRs regulate transcription has
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changed greatly in light of information from ChIP-seq studies described, as an example
for ERα above, and the Encyclopedia of DNA Elements (ENCODE) project.

Data from Encyclopedia of DNA Elements (ENCODE, http://www.nature.com/
encode/) revealed that ~75% of the human genome is transcribed and of that ~1% is
mRNA, suggesting that other RNA transcripts, including long noncoding RNAs
(lncRNAs) and small RNAs, including four major classes, small nuclear (sn)RNAs,
small nucleolar (sno)RNAs, micro- (mi)RNAs, and transfer (t)RNAs, have regula-
tory functions (Djebali et al. 2012). Of the ~25,000 protein-coding genes in the
human genome, only about half are expressed in any cell type due to cell-specific
epigenomic signatures regulating a subset of enhancers controlling gene expression
at a long range (Romanoski et al. 2015). Next-generation sequencing (NGS) by
RNA sequencing (RNA-seq) identifies the cellular transcriptome, i.e., all the RNAs
in that source (mRNA, rRNA, tRNA), the noncoding RNAs (ncRNAs), miRNAs,
enhancer RNAs (eRNAs), endogenous small-interfering RNAs (siRNAs), PIWI-
interacting RNAs (piRNAs), and lncRNAs, ranging from 1,000 to >90,000 bases
(Marrone et al. 2014). The pervasiveness of transcription and the function of these
transcripts are of keen interest (reviewed in Capobianco 2014).

ChIP-chip and ChIP-seq studies examining RNA pol II, coactivator, other tran-
scription factor, and histone marks in E2 treated MCF-7 cells have revealed that
FoxA1 (Carroll et al. 2005), PBX, TLE1 (Holmes et al. 2012), AP2γ, and GATA3
(Theodorou et al. 2013) act as “pioneer factors” that remodel condensed chromatin
to facilitate ERα binding (reviewed in Magnani and Lupien 2014). Pioneer factor
interaction with nucleosomes coordinates the binding of other transcription factors,
coregulators, and chromatin-modifying and remodeling complexes – all leading to
increased transcription (reviewed in Iwafuchi-Doi and Zaret 2014).

Interaction of Steroid/Nuclear Receptors with Coactivators
(Coregulators That Increase Transcriptional Activity)

DNA is complexed with histones, wound around nucleosomes, and condensed into a
higher order helical fiber of 30 nm diameter that is decondensed for transcription
(reviewed in Hübner et al. 2013). Studies have identified cell-specific ordering of
chromatin into chromosome territories with each chromosome occupying a region of
the nucleus with changes in chromatin topology, e.g., looping involved in gene
transcription (Hübner et al. 2013). Epigenetic modifications to the N-terminal tails of
core histones, i.e., lysine acetylation, lysine and arginine methylation, and serine and
threonine phosphorylation, impact dynamics of chromatin structure and accessibility of
transcription factor binding (Wang et al. 2004). Activation of gene transcription
involves a network of interactions among transcription factors, histone-modifying
enzymes, epigenetic readers, and components of RNA polymerase II. The human
genome has >1 million enhancers (Heintzman et al. 2009). Enhancers were first
identified as DNase I hypersensitive sites and are now defined as high H3K4me1 and
H3K27Ac and low H3K4me3 by ChIP assays (reviewed in Palstra and Grosveld 2012).
Acetylation and methylation decrease histone’s affinity for DNA to induce changes in
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nucleosomal structure that allows access to the DNA by nucleosomal sliding, histone
exchange, or histone displacement (reviewed in Galvani and Thiriet 2015).

SRs interact with multiple proteins both when bound to DNA or in solution
in vitro. Early experiments showed that overexpression of one type of steroid
hormone receptor could inhibit or “squelch” the activation of transcription mediated
by a different SR, hinting that steroid receptors compete for limited amounts of a
factor(s) required for transcription (Meyer et al. 1989). Over the past 20 years,
numerous coactivators have been identified (reviewed in Stashi et al. 2014; York
and O’Malley 2010). Initially some of these proteins were called receptor-interacting
proteins (RIPs) and receptor-associated proteins (RAPs); however, not all RIPs are
coactivators. By definition, coactivators are considered to interact directly with the
steroid/nuclear receptor and enhance transcription. Thus, the first coactivators for
steroid receptors to be discovered, the SWI/SNF proteins (Yoshinaga et al. 1992),
while not strictly coactivators, serve as bridging factors that interact between
coactivators and basal transcription factors. Several coactivators have “general”
transcriptional activator function, since they enhance transcription by different
types of transcription factors, including steroid receptors.

Coactivator proteins contain one or more copies of an NR-binding motif, also
called the NR box, consisting of the aa = LXXLL, which physically interacts with
the steroid/nuclear receptors. Steroid receptors show different affinities for the
various coactivators (Ding et al. 1998) and use different amino acids to contact the
coactivators (Eng et al. 1998). Some coactivators, e.g., SRC-1 (NCOA1), SRC-1
(AIB1, NCOA3), and CREB/p300/CBP, have histone acetyltransferase (HAT) activ-
ity (Dallas et al. 1998; Shang et al. 2000; Spencer et al. 1997) providing a mecha-
nism by which “coactivation” occurs. HATs acetylate lysine residues on the
N-terminal tails of histones H3 and H4 in chromatin, resulting in a weaker associ-
ation of histones with DNA, thus altering nucleosomal conformation and stability in
a manner that facilitates transcriptional activation by RNA polymerase II (Sternglanz
1996). SRC-1, CBP/p300, CREB, and other coactivators form a ternary complex
with liganded SR to increase gene transcription (Shibata et al. 1997). Thus, several
HAT activities may be tethered to hormone-activated receptors on the promoter,
yielding synergistic transactivation. Electron cryo-electron microscopy (cryo-EM)
revealed the quaternary structure of an ERα, SRC-3 (AIB1), and p300, bound to the
700 bp plasmid, containing four tandem EREs, at a resolution of �25 Å which
indicated each ERα monomer bound one SRC-3 coactivator (two SRC-3s, two
ERαs, and one p300 were visualized in the complex) with p300 bridging the two
SRC-3 proteins (Yi et al. 2015). SRs/NRs show different affinities of interaction with
coactivators (Zhou et al. 1998). There is a complex “histone code” regulating gene
transcription that includes not only histone acetylation but methylation, ubiquiti-
nylation, and other modifications that lead to a combinatorial epigenomic signature
which enhances transcription (reviewed in Fischle et al. 2015; Gardner et al. 2011).
Target cells express different levels of coactivators and corepressors which, along
with the amount of receptor protein and ligand, allows fine-tuning of target gene
transcription in response to steroid hormones (Smith and O’Malley 2004).
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General Model of SR Nuclear Transcription Factor Activity

Steroid hormones are small hydrophobic and lipid-soluble molecules derived from
cholesterol. They circulate in blood either free or bound (95%) to plasma carrier
proteins (Thompson 1995). Sex hormone-binding globulin (SHBG), also known as
testosterone-estradiol-binding globulin (TeBG), and androgen-binding protein
(ABP) are encoded by the same gene (Danzo and Joseph 1994), but differ in tissue
expression and glycosylation (Hammond and Bocchinfuso 1995). ABP is produced
by the Sertoli cells of the testis, and SHBG is produced by the liver and is present in
the circulatory system (Joseph 1994). SHBG binds most gonadal steroids, and
corticosteroid-binding globulin (CBG or transcortin) binds glucocorticoids and
progesterone, with differing affinities. When circulating levels of steroid hormones
exceed the binding capacity of their respective binding proteins, they bind non-
specifically, and with low affinity, to albumin, from which they can readily dissociate
and enter target cells (Westphal 1986).

SHBG binds to a specific cell membrane receptor called sex hormone-binding
globulin receptor (SHBG-R) and activates adenylyl cyclase, thus increasing intra-
cellular cAMP (Joseph 1994). Binding of SHBG to SHBG-R also transfers SHBG
into the cell as a consequence of receptor-mediated endocytosis (Hammes et al.
2005). The interaction of SHBG with SHBG-R was shown to be inhibited when
steroids are bound to SHBG, suggesting that SHBG is an allosteric protein (Porto
et al. 1995). However, if unliganded SHBG is allowed to bind to its receptor on intact
cells, and an appropriate steroid hormone then is introduced, adenylate cyclase is
activated and intracellular cAMP increases (Rosner et al. 1991). Several members of
the organic anion-transporting polypeptide (OATP) family of proteins mediate the
sodium and ATP-independent uptake of DHEA, pregnenolone, and estrone into
tissues including the breast and prostate and are overexpressed in tumors in these
tissues (Cho et al. 2014). Once the steroid hormone is in the cytoplasm, it is not yet
clear whether a transport protein is required for movement of the hydrophobic
steroid molecule through the aqueous cytoplasm to the receptor, regardless of
whether the receptor is cytoplasmic or nuclear in location. The current model is
that the steroid hormone diffuses freely in the cytoplasm.

Regulation of Gene Transcription by Interaction of Steroid/
Nuclear Receptors with Other Transcription Factors Bound
to DNA (Tethering)

Steroid receptors interact directly with different transcription factors and alter target
gene transcription without the steroid receptor interacting directly with DNA. The
best studied example of this “transcriptional cross talk” is the interaction of the AP-1
transcription factor with GR (reviewed in Gottlicher et al. 1998). Depending on the
cell type (Maroder et al. 1993) and the composition of the AP-1 complex, GR
synergizes with AP-1 (Jun-Jun homodimer) or suppresses the Fos-Jun heterodimer
(Diamond et al. 1990). In vitro assays demonstrated that ERα interacts with the
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Fos-Jun AP-1 heterodimer and that the selective ER modulators (SERMs) raloxifene
and tamoxifen are more potent agonists than E2 at AP-1 sites (Cheung et al. 2005).
For example tamoxifen-activated ERα activated the human collagenase gene
through an AP-1 site (Webb et al. 1995). Tamoxifen agonism at AP-1 sites is cell-
type specific, i.e., occurring in cell lines of the uterine, but not of breast origin. The
DBD of ERα is required for tamoxifen activation at AP-1 sites. Conversely, the AP-1
components cJun and cFos inhibited E2-dependent ERα-stimulated reporter gene
activity in transiently transfected MCF-7 or CV-1 cells transfected with ERα
(Tzukerman et al. 1991). DNA-binding experiments revealed that ERα-ERE binding
was inhibited by the cJun protein and that ERα inhibited cJun-DNA binding
(Tzukerman et al. 1991).

E2 differentially regulates gene transcription through ERα and ERβ from an AP-1
site: with ERα, E2-activated transcription, whereas with ERβ, E2 inhibited transcrip-
tion (Paech et al. 1997). Moreover, in contrast to ERα, the antiestrogens tamoxifen,
raloxifene, and ICI 164,384 were potent transcriptional activators with ERβ at an
AP-1 site. Thus, the two ERs differ in how they respond to ligand and response
element, suggesting that ERα and ERβ may play different roles in gene regulation
(Paech et al. 1997).

Sp1 is another transcription factor with which ERα interacts to activate gene
transcription (reviewed in Safe and Kim 2008). A number of estrogen-responsive
genes are activated by ERα-Sp1 interaction including cathepsin D (Krishnan et al.
1994), RARα (Rishi et al. 1996), VEGF (Stoner et al. 2004), and c-fos (Duan et al.
1998). ERα and Sp1 physically interact in a manner that requires both the N-terminal
and C-terminal regions of ERα (Porter et al. 1997). The interaction of the Sp1 and
ERα and the resulting increase in Sp1-DNA binding are observed in the presence or
absence of E2, whereas transactivation of promoter-reporter constructs is E2 depen-
dent. These results indicate that transcriptional activation requires more than
ERα-Sp1 interaction and increased DNA binding. A likely interpretation is that
coactivators are required.

NF-κB, a transcription factor dimer involved in regulation of inflammatory genes,
also interacts directly with ERα, ERβ, and GR, and inhibition of NF-κB was
demonstrated to stimulate ERβ and GR transcriptional activity in cells (Chu et al.
2004). More recent studies using circular chromosome conformation capture
coupled with next-generation sequencing and high-resolution chromatin interaction
analysis by paired-end tag sequencing have identified long-range chromatin inter-
actions of GR, NF-κB, and p300 in HeLa cells (Kuznetsova et al. 2015).

Actions of SR in the Plasma Membrane

While most of the effects of steroid hormones are mediated through their interaction
with their cognate receptors and subsequent effects on target gene transcription,
certain rapid effects of steroid hormones and nuclear receptor ligands are incompat-
ible with a transcriptional mechanism. A small proportion of classical steroid
receptors, i.e., AR (Migliaccio et al. 2011), ERα (Watson et al. 2002Watson and
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Lange 2005b), PR (Kowalik et al. 2013), GR (Song and Buttgereit 2006), and MR
(Dooley et al. 2012), have been reported in the plasma membrane of various target
cell types. In general, treatment of target cells containing SR in plasma membrane-
associated complexes rapidly, within seconds, activates intracellular signaling path-
ways, e.g., MAPK, PI3K, JNK, that lead ultimately to alterations in gene expression
and cell phenotypes. Computational modeling studies have identified two transmem-
brane helices (TMH) within the LBD of PRB, AR, ERα, and ERβ (Morrill et al.
2015).

Extranuclear Activities of GR and MR

GR can bind to cytoskeletal structures (Scherrer and Pratt 1992), and glucocorticoids
stimulate the rapid onset of polymerization of actin in a nongenomic manner that
involves decreased intracellular cAMP (Koukouritaki et al. 1997). GR has also been
found in mitochondria in hepatic cells where it may activate mitochondrial gene
expression (Demonacos et al. 1996), and in leukemic cells sensitivity to
glucocorticoids-induced apoptosis appears to be regulated by translocation of GR
into mitochondria (Sionov et al. 2006). Aldosterone rapidly actives protein kinase C
(PKC), protein kinase D (PKD), and mitogen-activated protein kinase (MAPK)
signaling cascades through transactivation of epidermal growth factor receptor
(EGFR) and the tyrosine kinase c-Src (reviewed in Dooley et al. 2012).

Membrane-Initiated Progestin Signaling

Membrane progesterone receptors were initially characterized in amphibian oocytes,
in fish, and in spermatids, reviewed in Baulieu and Robel (1995)Baulieu and
Schumacher 1997), Braun and Thomas (2004), Hawkins and Thomas (2004), Maller
(2003), Thomas et al. (2004), and Zhu et al. (2003a, b). There are three subtypes of
membrane PR: α, β, and γ, with each a GPCR that is linked to inhibition of adenylate
cyclase (Josefsberg Ben-Yehoshua et al. 2007; Thomas 2008; Zhu et al. 2003a; b). A
novel PR that mediates rapid changes in Ca+2 conductance was reported in human
sperm plasma membrane, reviewed in Revelli et al. (1998). A single transmembrane
protein progesterone receptor membrane component 1 (PGMRC1) that has a MW
26–28 kDa was first purified from pig livers and has subsequently been identified in
a variety of other tissues, including granulosa and luteal cells (Thomas 2008).
PGMRC1 can bind to other molecules including heme, cholesterol metabolites,
and proteins (Thomas 2008). In granulosa cells, progesterone activation of
PGMRC1 results in antimitotic and anti-apoptotic action, and altered PGRMC1
expression correlates with premature ovarian failure, polycystic ovarian syndrome,
and infertility (reviewed in Peluso and Pru 2014). Progesterone activation of
PM-associated PGMRC1 activates ERK5 and increases BDNF release providing
neuroprotection in the brain (reviewed in Singh et al. 2013). Higher MWoligomeric
forms of PGMRC1 locate in the nucleus where PGMRC1 generally functions as a
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repressor of transcription in a human granulosa/luteal cell line (hGL5 cells) (Peluso
et al. 2012). In addition, metabolites of progesterone and deoxycorticosterone act as
positive allosteric modulators of the gamma-aminobutyric acid (GABA)A receptor
complex in the cortex of rat brain, increasing the affinity of GABA binding to the
GABAA receptor (Hawkinson et al. 1994). The neuroprotective effects of proges-
terone and its actions through GABAA receptor and PGRMC1 were recently
reviewed (Guennoun et al. 2015). There is clearly a need for further research to
elucidate the roles of membrane PRs in mediating progestin activity in various
tissues

Membrane-Associated ER Signaling

E2 has “nongenomic, extranuclear, or membrane-initiated” effects, i.e., independent
of ER-mediated transcription, that occur within minutes after E2 administration
(reviewed in Levin 2015; Pietras and Marquez-Garban 2007; Watson et al. 2010).
Tissues in which rapid effects of E2 have been reported include the brain (reviewed
in Toran-Allerand 2004), cardiovascular tissues (reviewed in Kim et al. 2014), and
oocytes (Tesarik and Mendoza 1997). A generalized model for the activities of
PM-associated ERs, which include dimeric full-length ERα, palmitoylated ERα46,
N-terminal-truncated ERα36, and GPER, is shown in Fig. 3. ERα interacts with
cavelolin-1 which functions as a scaffold for a number of signaling proteins,
including Src kinase, Gα, EGFR, PKC, PELP1, and other signaling molecules
(reviewed in Boonyaratanakornkit 2011; Girard et al. 2014).

One well-characterized system for the study of endogenous membrane ERα is the
rat GH3/B6 pituitary tumor cell line in which ~10% of ERα localizes in the plasma
membrane (Bulayeva et al. 2004a, b, c; Pappas et al. 1995; Watson et al. 1995, 2002,
2005a). Treatment of GH3/B6 pituitary cells to E2 elicited a rapid (within 5 min)
release of prolactin (PRL). GH3/B6 pituitary cells also show small amounts of
membrane-associated ERβ and GPER (Watson et al. 2012). This model system has
been used to characterize the rapid effects of environmentally relevant concentra-
tions of endocrine-disrupting chemicals (EDCs) including bisphenol A and
bisphenol S which include activation of JNK and MAPK and inhibition of
E2-induced PRL release (Vinas and Watson 2013).

A comparison of nuclear and membrane localization of recombinant ERα and
ERβ in transfected CHO cells (considered to be ER null) showed that both ERα and
ERβ were expressed predominantly in the nucleus with ~5% of each ER subtype
located in the cell membrane (Razandi et al. 1999). E2 treatment of these transfected
CHO cells activated Gαq and Gαs proteins in the membrane and rapidly stimulated
corresponding inositol phosphate production and adenylate cyclase activity
(Razandi et al. 1999). Interestingly, membrane ERα and ERβ showed a distinct
difference in their activities: cJun N-terminal kinase (JNK) activity was stimulated
by E2 in ERβ-expressing CHO, but was inhibited in CHO-ERα cells (Razandi et al.
1999). Plasma membrane ERα is a dimer that interacts with caveolin-1 (Cav-1)
which interacts with G proteins, Src, Grb7, Raf, Ras, MEK, and the EGFR in MCF-7
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cells and triggers the release of HB-EGF into the culture medium that, in turn,
activates the EGFR and downstream signaling leading to activation of ERK1/2
(MAPK) and PI3K/AKT signaling cascades (Pedram et al. 2006; Razandi et al.
2003). Palmitoylation of ERα is important for its membrane localization (Acconcia
et al. 2005; Pedram et al. 2007).

In MCF-7 cells, E2 rapidly increased PIP2-phospholipase C activity (Graber et al.
1993), mobilized intracellular Ca2+, and activated the MAPK (Improta-Brears et al.
1999) and PI3K/AKT pathways (Stoica et al. 2003). Since ERα lacks a transmem-
brane domain, how it gets to the plasma membrane (PM) has been controversial, but
it appears to involve palmitoylation (Moriarty et al. 2006). In MCF-7 cells, the
adaptor protein Shc shuttles ERα from the nucleus to the PM where ERα interacts
with the IGF-1 receptor (IGF-1R) (Song et al. 2004). Similarly, another scaffold
protein, called modulator of nongenomic activity of ER (MNAR), was reported to
mediate ERα-cSrc interaction and MAPK signaling (Barletta et al. 2004; Cheskis
2004; Greger et al. 2006). A role for a membrane caveola-localized ERα variant
(ERα46) in rapid NO release via PI3K/Akt-activated endothelial nitric oxide syn-
thase (eNOS) in EC has been reported (Flototto et al. 2004; Hisamoto and Bender
2005; Kim and Bender 2005; Li et al. 2003).

Direct interactions between plasma membrane-associated ERα and Gαi have
been implicated in eNOS activation and NO production in COS-7 cells transfected
with ERα and specific Gαi proteins (Chambliss et al. 2010). E2 stimulated the direct
interaction of ERα with Gαi via ERα-striatin interaction in MCF-7 and other cells
(Wu et al. 2013). Likewise, E2 rapidly activates the G protein-coupled signal
cascades in MCF-7 and other breast cancer cell lines.

GPER/GPR30

GPER (originally called GPR30) is an integral plasma membrane coupled to Gαs in
its inactive state and, when activated, causes heterotrimeric G proteins that stimulate
adenylate cyclase, Src, and EGFR signaling (Gaudet et al. 2015; Prossnitz and

Fig. 3 Rapid activation of membrane-associated ERa, ERa46, ERa36, and GPER activates
intracellular signaling pathways
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Barton 2014). GPER is also associated with endoplasmic reticulum, likely from
endocytic recycling. GPER is activated not only by E2 but also by tamoxifen,
raloxifene, fulvestrant, xenoestrogens, endocrine disruptors, synthetic, specific
ligand G-1 (Gaudet et al. 2015), and DHEA (Teng et al. 2015). E2 binds GPER
with high affinity (Kd = 2.7 nM) and activates adenylate cyclase, AKT, and MAPK
signaling (Filardo and Thomas 2012). Overexpression of FLAG-GPER in HeLa
cells revealed that physiological concentrations (10 nM–1 μM) of E2 stimulated
FLAG-GPER translocation from the plasma membrane to the cytoplasm and that
intracellular Ca++ was elevated within several seconds after the addition of E2 in
these cells (Funakoshi et al. 2006). Two synthetic GPER antagonists G-15 and G-36
are used in experiments to examine downstream signaling (Gaudet et al. 2015).
GPER is thought to be the membrane receptor for aldosterone (Feldman 2014;
Feldman and Gros 2013). GPER has been implicated in a variety of physiological
processes in tissues including the brain, vascular endothelium, cardiovascular, lung,
skeletal muscle, and bone and in processes including metabolism, immune regula-
tion, neurotransmission, water reabsorption, and cancer progression in many tumor
types (reviewed in Barton and Prossnitz 2015; Gaudet et al. 2015; Prossnitz and
Barton 2014).

Summary Comments on the Functional Roles of Steroid Receptors

Androgen Receptor

AR is expressed in the male reproductive tract and in the female reproductive tract as
well as many other tissues (reviewed in Chang et al. 2013). A number of AR
knockout (ARKO) mice have been created for system or cell-specific knockout
(reviewed in Chang et al. 2013). These studies revealed critical roles for AR not
only for male reproductive tract function but also for folliculogenesis, fertility, and
mammary gland development. AR and its regulation of gene transcription and rapid
effects on cell signaling are best characterized in prostate cancer (reviewed in Green
et al. 2012). The NTD of AR has polyglutamine (Poly-Q), polyproline (Poly-P), and
polyglycine (Poly-G) repeats. The Poly-Q displays high variability, ranging in length
from 18 to 22 repeats (normal) to over 40 repeats. There are a number of alternatively
spliced AR variants, i.e., AR-V3, AR-V4, AR-V7, and AR-V12 that are constitu-
tively active and thought to play a role in castration-resistant prostate cancer (CRPC)
(Schweizer and Yu 2015). Overexpression and AR gene amplification as well as
nucleotide mutations are found in AR in CRPC (reviewed in Waltering et al. 2012).
Rapid signaling by androgens involves AR-Src interaction which may play a role in
CRPC (Zarif et al. 2015). AR also contributes to breast cancer with current studies
examining its contribution to triple-negative (Zhang et al. 2015) and endocrine-
resistant breast cancer (Rechoum et al. 2014). Early clinical trials indicate a benefit
for antiandrogen (enzalutamide) in breast cancer patients (Traina 2015), but further
studies are needed.
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There are five different AR knockout mouse lines with different exon deletions,
and differences in these models and as a result of mouse strain background have been
observed (reviewed in Rana et al. 2014). Early studies reported that male AR
knockout (ARKO) mice are phenotypically female with an 80% reduction in testes
size, and serum testosterone concentrations are lower than in wild-type (wt) mice
(Yeh et al. 2002). ARKO mice displayed small hearts in relation to body weight with
impaired contraction (reviewed in Rana et al. 2014). The male ARKO mice have
reduced spermatogenesis and cancellous bone volumes. Female ARKO mice have
reduced fertility (Yeh et al. 2002). The mice also have specific skeletal muscle
defects (Altuwaijri et al. 2004). Creation of transgenic mice with conditional knock-
out of AR only in prostate epithelia (pes-ARKO) revealed that these mice lacked
external phenotypic differences seen in the ARKO mice, but that they showed
increased prostate epithelial cell proliferation (Wu et al. 2007). Other insights from
the pes-ARKO mice have been reviewed (Rana et al. 2014).

Estrogen Receptors (ERs)

Until late 1996, only one ER was thought to mediate the physiological effects of
estrogens. However, a second gene encoding a closely related, but distinct, ER,
called ERβ, was first identified in rat prostate (Kuiper et al. 1996) and later in humans
(Mosselman et al. 1996). The original ER was renamed ERα. ERα (ESR1, NR3A1)
and ERβ (ESR2, NR3A2) can form heterodimers as well as homodimers in vitro and
in vivo (Ogawa et al. 1998). Both ERs bind estrogens, estradiol (E2), estrone (E1),
and estriol with high affinity in the nM range (Kuiper et al. 1997). In addition to full-
length, wild-type ERα, a 66 kDa protein, a number of splice variants of ERα have
been identified (reviewed in Herynk and Fuqua 2004). Among them, ERα46
(reviewed in Pietras and Marquez-Garban 2007; Toran-Allerand 2004) and ERα36
(reviewed in Wang and Yin 2015) are associated with membrane-initiated estrogen
signaling. Likewise, ERβ splice variants have genomic and “nongenomic” activities
and subcellular distribution (Davies et al. 2004; Thomas and Gustafsson 2011;
Weiser et al. 2008). These splice variants can dimerize with wt ERα and ERβ, but
the functional significance of such heterodimerization is not yet known.

The tissue distribution of ERα and ERβ overlaps, but often one subtype is
dominant in a particular tissue. ERα is more highly expressed in the liver, mammary
gland, pituitary, hypothalamus, uterus, and vagina than ERβ; ERβ is dominant in the
colonic epithelium, prostate, ovary, and lung (reviewed in Hamilton et al. 2014;
Zhao et al. 2010a). Studies in knockout mouse models provide evidence that ERα
and ERβ play unique physiological roles (reviewed in Couse et al. 2000; Couse and
Korach 1998, 1999; Hewitt et al. 2005). To the surprise of the investigators and
others, global knockout of ERα expression was not lethal and had no effects on the
ratio of male/female mice born (Couse et al. 1995). ERαKO mice survived to
adulthood and developed grossly normal external genitalia, but both sexes were
infertile (Lubahn et al. 1993). Reproductive findings in both ERαKO and ERαKO
mice have been reviewed (Hamilton et al. 2014). Mammary glands of adult ERαKO
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female mice lack branching and terminal end bud formation (Korach et al. 2003).
Disruption of ERα signaling in ERKO mice leads to an obese phenotype (Musatov
et al. 2007; Ohlsson et al. 2000).

Because ERα is the best prognostic indicator for breast cancer patients and is the
most successful molecular target in the history of cancer drug discovery (Zhou and
Slingerland 2014), much is known about the molecular mechanisms of ERα in breast
cancer. ERα is expressed at elevated levels in ~75% of clinical breast cancer samples
(McGuire et al. 1986). In cell-based studies, ERβ is a dominant negative inhibitor of
ERα-mediated transcriptional activity (reviewed in Böttner et al. 2014). Antiestro-
gens, e.g., tamoxifen, and aromatase inhibitors (AIs), e.g., letrozole, are used as
adjuvant therapy to prevent disease recurrence in breast cancer patients whose
tumors are ERα/PR+ (Freedman et al. 2015). Indeed, because of its disease rele-
vance, more papers have been published on ERα than any other NR or transcription
factor (Vaquerizas et al. 2009).

Glucocorticoid Receptors

GR is activated by cortisol from the adrenal in response to activation of the
hypothalamic-pituitary-adrenal (HPA) axis and release of ACTH to stimulate the
adrenal. The systemic effects of glucocorticoids are vast (reviewed in Talabér et al.
2013). GR exists in two isoforms GRα and GRβ, identical from the N-terminus to aa
727, with splice variants of each (reviewed in Lu and Cidlowski 2004). GR knockout
or GR loss-of-function transgenic mice show that GR signaling controls glucose
metabolism in the liver, skeletal muscle, and pancreas and regulates it (reviewed in
Rose and Herzig 2013). GR regulates the transcription of circadian clock genes that
are important for glucose and lipid homeostasis (reviewed in Dickmeis et al. 2013).
Total GR knockout in mice causes postnatal death due to respiratory failure, whereas
mice lacking GR in hepatocytes show profound hypoglycemia after prolonged
fasting due to their lack of GR stimulation of genes involved in gluconeogenesis,
i.e., phosphoenolpyruvate carboxykinase (PEPCK), pyruvate carboxylase, and glu-
cose-6-phosphatase (reviewed in Rose and Herzig 2013). Glucocorticoids are clin-
ically used to inhibit inflammation. GR represses the transcription of inflammatory
genes by tethering to NFκB, AP-1, and STAT3 and inhibiting transcription by
unknown mechanisms involving competition for coactivators and recruitment of
HDACs (reviewed in Chinenov et al. 2013). To my knowledge, only four papers
address the GR cistrome (Kadiyala et al. 2016a, b; Okun et al. 2015; Paakinaho et al.
2014). These studies indicate that GR actions depend on cellular and chromatin
context. Future RNA-seq and cistrome studies are necessary to elucidate the mech-
anisms of the cell-specific functions.
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Mineralocorticoid Receptors

Aldosterone activation of MR regulates renal sodium reabsorption and potassium
excretion, thus playing a major role in blood pressure regulation and extracellular
volume regulation. MR also binds cortisol, but the conformation of MR elicited
upon cortisol binding is different from that when aldosterone binds, and this results
in differences in intramolecular and coregulator interactions (reviewed in Fuller
2015). In addition to its expression in aldosterone-sensitive distal nephrons of the
kidney, MR is expressed in vascular smooth muscle cells, venous endothelial cells,
atrial cardiomyocytes, and subcutaneous adipocytes and in epidermis and hair
follicle from the skin (reviewed in Jaisser and Farman 2016). MR is also expressed
in specific areas of the brain at higher levels than GR, e.g., hippocampus (reviewed
in Talabér et al. 2013). MR is expressed in a range of inflammatory cells, particularly
the monocyte-macrophage lineage (reviewed in Fuller 2015). There has been an
exponential increase in reports implicating MR in a variety of diseases and beneficial
effects of MR agonists in a variety of tissues including eye and immune system
(reviewed in Jaisser and Farman 2016).

Targeted disruption of MR resulted in neonatal death in homozygous MR knock-
out mice with death 8–13 days after birth due to dehydration by renal sodium and
water loss (Berger et al. 1998). The MR-/- mice showed severe dehydration,
hyperkalemia, hyponatremia, and high plasma levels of renin, angiotensin II, and
aldosterone (Hubert et al. 1999). Cardiomyocyte-selective MR knockout or over-
expression studies in mice showed that cardiomyocyte MR-null mice were protected
from cardiac dilatation and failure in an infarct model (reviewed in Young and
Rickard 2015). Whether inhibition of MR by therapeutic intervention will benefit
patients with cardiovascular disease is of keen interest.

Only one paper has examined the cistromes of MR in aldosterone-treated human
renal cells (Le Billan et al. 2015). ChIP for AR identified the consensus MRE
(50-AGxACAnnnTGTxCT-30) and binding sites for early growth response protein
1 (EGR1), forkhead box (FOX), paired box protein 5 (PAX5), and activated protein
1 (AP-1), suggesting cooperation of MR with these transcription factors. Additional
studies are needed to understand MR regulation of gene transcription.

Progesterone Receptors

Studies have shown that PR-A is required for reproductive function and uterine
development while PR-B is required for normal mammary gland development
(Lange 2008). Most PR-positive cells in humans express PR-A and PR-B, including
the uterus, mammary gland, brain, bone, ovary, testes, pancreas, and tissues of the
lower urinary tract (reviewed in Scarpin et al. 2009). Nongenomic/extranuclear
effects of progesterone in human tissues/cells include acrosome reaction/capacita-
tion, immunoregulatory function in T lymphocytes, platelet aggregation, and intes-
tinal smooth muscle contraction (reviewed in Taraborrelli 2015). Clinical data from
the Women’s Health Initiative (WHI) trial indicated that medroxyprogesterone
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acetate (MPA) increased breast cancer risk, and a variety of in vitro studies support a
stimulatory role of progestins in breast cancer (reviewed in Lange 2008). Anti-
progestins are of clinical interest in breast cancer treatment (reviewed in Knutson
and Lange 2014).

There were no effects on the viability or sexual differentiation of homozygous PR
gene-disrupted mice (Lydon et al. 1995). The female homozygous for PR disruption
are completely infertile while males exhibit no apparent effects on fertility. Serum
LH levels in PRKO mice ~twofold higher (metestrus) than in wild-type mice
(Chappell et al. 1997). However, basal FSH and LHRH levels were unaffected.
Basal levels of E2 and progesterone in serum were likewise similar in the two groups.
Basal PRL levels were slightly higher in PRKO versus wild-type mice. These results
confirm the essential role of PR in regulating the hypothalamic and/or pituitary axis
that governs gonadotropin secretion (Chappell et al. 1997).

The transcriptome and cistromes of PR which have been examined in human
endometrial stromal cells showed that FOSL2 is an important coregulator of
PR-mediated stromal cell decidualization, which is required to establish and main-
tain pregnancy (Mazur et al. 2015). Much less is known about the PR cistromes than
ERα cistrome.

Summary

Over the past 30 years, we have gained insight into the molecular mechanisms of the
action of steroid hormones and their receptors. Yet, what we have learned from a
wide range of techniques from targeted disruption in animal models, molecular
cloning and overexpression studies in cells and animals, ChIP, ChIP-seq, NGS,
GRO-seq, and chromatin capture experiments is that we still do not fully understand
how this complex system works in vivo to maintain homeostasis and the precise
mechanisms of endocrine disease. We know that steroid hormones and other ligands
mediate their biological activities by binding to a superfamily of related receptors
that share a common modular structure. Studies have revealed that unliganded and
hormone-occupied SRs interact with specific binding sites throughout the genome
and regulate transcription bidirectionally. We know that SRs interact with numerous
coregulatory proteins that assist in chromatin remodeling and other epigenomic
alterations that alter transcription initiation and elongation. We know that SRs also
interact with other nuclear transcription factors bound to their response element to
regulate gene transcription. We know that SRs exist in complexes of proteins with
chromatin remodeling activity that bring distant regions together in a “chromatin
kissing” model to regulate gene transcription. The nucleosome remodeling activity
of SR coactivators and corepressors and their associated proteins has revealed the
importance of the dynamic nature of chromatin structure in hormone-induced gene
transcription. The importance of multiple levels of “cross talk” between cell
membrane-bound SRs and other PM receptors, e.g., EGFR, acting via second
messenger phosphorylation cascades, and nuclear SRs and between different classes
of transcriptional enhancer proteins indicates the overall complexity involved in
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specific gene regulation. Finally, recent developments in the analysis of SR mutants
and their function have enhanced our potential for clinical diagnosis and treatment of
endocrine disorders.
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Thyroid Hormone Nuclear Receptors
and Molecular Actions

Molecular Actions of TRs

Xuguang Zhu and Sheue-yann Cheng

Abstract
The thyroid hormone 3,30,5-triiodo-L-thyronine (T3) is essential for normal
growth, differentiation, and development and maintains metabolic homeostasis.
The genomic actions of T3 are mediated by thyroid hormone nuclear receptors
(TRs). Two TR genes, located on two different chromosomes, encode three major
T3-binding TR isoforms: α1, β1, and β2. TR isoforms are differentially expressed
in different target tissues and are developmentally regulated. The transcriptional
activity of TR is dictated by types of thyroid hormone response elements on T3
target genes, and is modulated by T3-dependent interaction with nuclear
coregulatory proteins, e.g., nuclear corepressors and coactivators. Recent
genome-wide analysis shows that T3-induced TR recruitment to chromatin is
associated with chromatin remodeling and activated gene transcription. Further,
unliganded TR engagement with repressive complexes on chromatin is, similar to
activating receptor complexes, a highly dynamic process. Our understanding of
the biology and molecular actions of TR was further enhanced by studying human
diseases due to mutations of TR isoforms. Lessons learned from mouse models of
such human diseases have further advanced our understanding of the diverse and
complex genomic actions of TRs.
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Introduction

The cloning of cDNAs encoding thyroid hormone nuclear receptors (TRs) in the late
1980s has made it possible to characterize their molecular properties and to study
directly how TRs regulate the transcriptional activities of T3 target genes (Sap et al.
1986; Weinberger et al. 1986). Two genes, THRA and THRB, located on chromo-
somes 17 and 3, respectively, encode three thyroid hormone (T3)-binding TR
isoforms. Similar to other members of the nuclear receptor family, TRs consist of
domain structures with the highly homologous DNA-binding domain C and
T3-binding domain D/E, but with distinct amino A/B domains (Fig. 1a). Early
studies on the regulation of the transcription activity of TR concentrated on the
identification of thyroid hormone response elements and heterodimeric partners
(e.g., such as the retinoid X receptor, RXR) on a gene-by-gene basis. The discoveries
of corepressors (e.g., NCOR1, NCOR2) (Chen and Evans 1995; Horlein et al. 1995)
and coactivators (e.g., SRC1) (Onate et al. 1995) led to the bimodal switch model to
account for the transcription activation of TRs. In the absence of T3, TR complexed
with RXR recruits corepressors such as NCOR1 to repress gene transcription.
Binding of T3 releases corepressors to allow the liganded TR-RXR to recruit
coactivators such as SRC1 to activate gene transcription (Fig. 1b; Xu et al. 1999).
Indeed, the ligand binding domain (LBD) of TR assumes a different conformation
from that of the unliganded LBD (Apriletti et al. 1998). A hydrophobic cleft on the
LBD that binds to nuclear coactivators for ligand-dependent transcription was
mapped (Feng et al. 1998).

Recent studies on the transcription regulation of TR have moved beyond the
gene-by-gene approach. Technological advances resulted in the modification and
expansion of the classical canonical TR signaling pathway. Chromatin immunopre-
cipitation sequencing (ChIP-seq) allows identification of TR binding sites genome-
wide. Digital genome footprinting from DNase-seq genome-wide uncovered new
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details about the landscape in the interaction of TR with chromatin. The use of
mouse models to study human diseases caused by mutations of TRs revealed
previously unattainable molecular insights into the pathogenesis of human diseases.
This chapter will first briefly review the classical views of TR actions, but with more
focus on highlighting recent advances in the understanding of the genomic actions of
thyroid hormone and its receptors.

Multilevel Transcription Regulation in TR Signaling

Thyroid Hormone Response Elements

Following the cloning of cDNA of TR isoforms, a flurry of activity ensued to
identify the specific cis-elements on the promoters of T3 target genes. Shortly
thereafter, the consensus sequence of the six nucleotides (A/G)GGT(C/A/G)A
emerged as the thyroid hormone elements (TREs). TREs are composed of two
half-site binding motifs with different orientations that can be arranged as an everted
repeat with six nucleotides in between the two half-sites, a direct repeat with four
nucleotide spacing (DR4), or an inverted repeat as palindromic TRE (Pal) with no
spacing between two half binding sites.

Fig. 1 (a) Schematic representation of TR isoforms. (b) A simplified model of gene regulation
by thyroid hormone T3. In the absence of T3, a corepressor is bound to the RXR-TR heterodimer
at the positive TRE, thereby actively repressing target gene expression. When T3 binds to the TR
dimer, the corepressor is released and coactivators are recruited, resulting in activation of gene
transcription
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Different types of TREs mediate the TR transcription of T3 target genes. For
example, the rat growth hormone gene has Pal TRE in its promoter, whereas DR4
motif mediates the TR transcription response on the promoter of the malic enzyme
gene. However, it is known that the binding of TR with TREs is TR subtype-, TRE-,
and T3-dependent. The strength in the binding of TR to TREs could also be
influenced by the neighboring sequences near the TREs. Moreover, it was also
found that through DNA looping, two half-sites may not need to be immediately
in the near vicinity. As will be discussed below, the interaction of TRE with TR is
modulated by an array of nuclear receptor coregulators. Thus, while identification of
binding motifs of TR in the promoter of an unknown gene is an indication, functional
characterization would be needed for the validation of the binding motifs in the
mediation of TR transcription.

Tissue-Dependent Distribution and Isoform-Selective Functions
of TR

TR isoforms express at different levels in target tissues during development and in
adults. Analysis of mRNA expression in mice showed that Thra1 mRNA is pre-
dominantly expressed in the heart, brain, and bone, whereas the Thrb1 mRNA is
predominantly expressed in the skeletal muscle, kidney, liver, and thyroid. The
expression of Thrb2 mRNA was detected in the hypothalamus, pituitary, retina,
and cochlea. Less is known about the expression patterns of THRA1, THRB1, and
THRB2 mRNA in human target tissues. However, in view of the functional conser-
vation of TRs between the mouse and the human, it is reasonable to expect that the
distribution patterns of TR isoform in human tissues could be similar to mice.

The tissue-dependent distribution of TR isoforms raises several important ques-
tions in the understanding of transcription activity of TR. What are the biological
cues to dictate the TR isoform expression during different stages of development?
Do TR isoforms have isoform-specific functions such that the genes needed at
certain stages of development will turn on the expression of one TR isoform to
activate or suppress? Alternatively, do TR isoforms serve a redundant role to ensure
T3 actions are achieved to maintain the genomic integrity? The question of whether
TR has isoform-selective or redundant functions has been assessed using TR isoform
knockout mice. Analysis of the phenotypes of mice with deletion of the Thra gene,
the Thrb gene, or both the Thra and Thrb genes indicated that TR isoforms have
selective and also overlapping functions to mediate the genomic actions of T3
(Forrest and Vennstrom 2000). Whether TR isoforms exhibit isoform-specific func-
tions was further addressed by using genome-wide analysis (Chatonnet et al. 2013).
Analysis of gene expression patterns in neural cells stably expressing TRα1 or TRβ1
showed that a substantial fraction of the T3 target genes preferentially interact with
one or the other TR isoform. Genome-wide chromatin occupancy studies demon-
strated that the cistromes for TRα1 or TRβ1 are distinct when they function in the
identical cellular context (Chatonnet et al. 2013). However, it is intriguing that the
receptor-selective regulation of T3 target genes did not result from receptor-selective
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chromatin occupancy of their promoter regions. Nonetheless, overall, these studies
suggested that in addition to the tissue-dependent expression of TR isoforms, TR
isoform-selective actions could contribute to the diverse functions of TR.

Modulation of TR Transcription by Nuclear Coregulatory Proteins
and Chromatin Remodeling

The groundbreaking discovery of nuclear receptor corepressors (Chen and Evans
1995; Horlein et al. 1995) and the first nuclear receptor coactivator, SRC1 (Onate
et al. 1995), opened an exciting new area of studies in the transcription regulation of
TR. Shortly after these reports, many additional corepressors (e.g., histone
deacetylase family) and coactivators (e.g., SRC family members) and their associ-
ated proteins in large complexes were identified (e.g., NCOR/SMRT complex, Sin
3 complex) (Li et al. 2000; Perissi et al. 2010). The identification of corepressors and
coactivators led to a simple two-step model as shown in Fig. 1b. The TRE-bound
unliganded TR/RXR heterodimer recruits NCOR1 and associated nuclear proteins in
a complex, resulting in transcription repression. Binding of T3 leads to conformation
change in TR that releases NCOR1 to allow recruitment of coactivators (e.g., SRC1)
and associated proteins in the coactivator complex, leading to transcription activa-
tion. The corepressor complex and the coactivator complex, each containing series
of different enzymatic activities, affect chromatin remodeling and modifications of
the histone tails, thereby mediating transcription repression or activation. Thus, the
ligand binding is the key event that leads to a switch between two transcription
states.

However, this bimodal switch model has been revised by recent genome
ChIP-seq studies (Grontved et al. 2015). Analysis of TR binding sites in the
mouse liver shows considerable T3- dependent TR recruitment to the genome and
de novo remodeling of chromatin. Moreover, in contrast to the classical bimodal
switch model in which TR was viewed as a repressor constitutively bound to
chromatin in the absence of T3, little evidence of TR footprints from genome-wide
DNase-seq hypersensitivity (DHS) analysis was found. Genome-wide DHS analysis
also failed to detect footprints of T3-bound TR. These findings suggested that the
interaction of TR with chromatin is not static as previously thought, but rather highly
dynamic, and, further, that TR can increase accessibility of chromatin in a ligand-
dependent manner (Grontved et al. 2015).

TR binding sites genome-wide have also been analyzed in neural cells stably
expressing TRα1 or TRβ1 (Chatonnet et al. 2013), in HepG2 cells stably expressing
TRβ1 (Ayers et al. 2014), and in the mouse liver expressing biotinylated TRβ1
(Ramadoss et al. 2014). Together with the cistrome identified for the endogenous
TRβ1 in the mouse liver (Grontved et al. 2015), these genome-wide analyses showed
that the number of T3 binding sites, avidity of TR binding to the sites, and selectivity
in target gene binding varied depending on the cellular context. However, two
common themes emerged from these studies. One is that DR4 TRE is the preferred
TR binding element over other types of TREs. The other is that TR binding sites are
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not limited to proximal promoter regions but are distributed in the exons, the introns,
and the intergenic regions. While genome-wide studies have uncovered a wealth of
information previously unattainable to advance our understanding of TR actions
in vivo, the findings from these studies also raised additional questions. The genome-
wide DHS supported the dynamic interaction of TR with the chromatin; however,
the driving force in the dynamic exchange between the repressive and activated
states of TR would need to be understood. The molecular nature of enhancers on the
chromatin and how they undergo changes from TR-mediated repression to activation
would need to be elucidated. Moreover, the key issue of chromatin accessibility
would need to be better defined. These exemplary questions and others need to be
clarified in future studies.

TR Mutations and Human Diseases

Our understanding of the biology and genomic actions of TR is advanced by
understanding the molecular basis of diseases due to mutations of THR genes.
Mutations of the THRB gene or THRA genes reduce sensitivity to T3 in target
tissues; thus, the disease is known as resistance to thyroid hormone (RTH). However,
the resistance phenotypic manifestations in patients caused by TRβ1 mutants or
TRα1 mutants are different. To make the distinction, RTH caused by TRβ1 muta-
tions or TRα1 mutations is now referred to as RTHβ or RTHα, respectively.

Resistance to Thyroid Hormone Caused by Mutations of the THRB
Gene (RTHb)

RTHβ was first reported by Refetoff in 1967; however, only after the cloning of
TRβ1 cDNAwas it possible to establish unequivocally that mutations of the THRB
gene cause RTHβ. At present, more than 1000 families with 3000 individuals have
been reported (Dumitrescu and Refetoff 2013). Except for four patients with two
mutated THRB alleles, most RTHβ patients are heterozygous mutations exhibiting
the characteristic hallmark of elevated serum thyroid hormone accompanied by
nonsuppressible TSH. Other common clinical features are goiter, hyperactive behav-
ior, learning disabilities, developmental delay, and sinus tachycardia (Dumitrescu
and Refetoff 2013). While clinical manifestations vary from one patient to another,
the symptoms are mediated by the dominant negative actions of TRβ mutants.

Understanding the molecular mechanisms by which TRβ mutants act in vivo was
facilitated by the genetically engineered mouse models. Two mutant mice with
targeted mutations in the Thrb gene have been generated, one with a frameshift
mutation TRβPV (ThrbPV mouse, Fig. 2a) (Kaneshige et al. 2000) and the other a
Δ337T mutation (ThrbΔ337T mouse) (Hashimoto et al. 2001). Both TRβPV and
TRβΔ337T have lost T3 binding and transcription activity. Both mice display the
hallmark of dysregulation of the pituitary-thyroid axis; however, TRβPV exerted a
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stronger effect on the pituitary-thyroid axis so that the ThrbPV mouse had higher
thyroid hormone and TSH levels than did the ThrbΔ337Tmouse.

The availability of the ThrbPV mouse allowed the elucidation of the molecular
basis underlying variable manifestations of patients with RTHβ. It was puzzling that
the clinical manifestations varied between families with different mutations, between
families with the same mutation, and also between members of the same family with
identical mutations. The role of SRC1 in the variable phenotypic expression of
RTHβ was examined by crossing ThrbPV mice with SRC1-deficient mice. Lack of
SRC1 in ThrbPV mice attenuates the extent of RTHβ in a target tissue-dependent
manner and alters abnormal expression patterns of known T3 target genes in tissues
(Kamiya et al. 2003), indicating the modulating role of SRC1 in RTHβ. The tissue
dependency of SRC1 could therefore contribute to the variable manifestations of
patients with RTHβ. In addition, characterization of the RTHβ phenotypes of the
progeny from the cross of ThrbPV mice with mice deficient in TRα1 showed that the
lack of TRα1 intensifies the manifestations of RTHβ in ThrbPV mice. The tissue-
dependent expression of TRα1 can therefore lead to variable manifestations of RTHβ
symptoms in different tissues (Suzuki and Cheng 2003). While the studies so far
have identified only two modulators that can account for the variable clinical
manifestations of RTHβ in patients, the ThrbPV mouse can be used for identification
of other modulators mediating variable clinical phenotypes.

Genetic analyses indicate that almost all RTHβ patients are heterozygous for the
mutant THRB allele, a finding consistent with the autosomal dominant pattern of
inheritance. Biochemical and genetic analyses show that TRβ1 mutants mediate the
pathogenesis of RTHβ via dominant negative actions. The ThrbPV mouse facilitated
the elucidation of the molecular mechanisms by which TRβ1 mutants act to cause
RTHβ phenotypes. Early studies demonstrated that in the target tissue, the liver,
TRβ1PV competes with TRβ1 or TRα1 for binding to TRE and for

Fig. 2 Schematic comparison of TRβ1, TRβ1PV (a), TRα1, and TRα1PV (b). The TRβ1PV
and TRα1PV mutants have frameshift mutations in the carboxyl-terminal amino acid sequences of
TRβ1 and TRα1. TRβ1PVand TRα1PV have completely lost T3 binding activity and transcription
capacity. The carboxyl-terminal amino acid sequences of the TRβ1, TRβ1PV, TRα1, and TRα1PV
mutants are shown
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heterodimerization with RXRs (Zhang et al. 2002). Such competition leads to
repression of the positively T3-regulated target genes – S14, malic enzyme, and
deiodinase – in the liver of ThrbPV mice. These studies demonstrated that one of the
molecular mechanisms by which TRβ1 mutants exert their dominant negative
activity in vivo is through competition with wild-type TRs for binding to TRE and
for heterodimerization with RXRs (Zhang et al. 2002). Recently, the regulatory role
of NCOR1 in the dominant negative action of TRβPV was examined in progeny
from the cross of ThrbPV mice with mutant mice expressing a mutated NCOR1
(NCOR1ΔID, ThrbPV/Ncor1ΔID mice) that cannot interact with TR or TRβPV
(Fozzatti et al. 2011). Remarkably, the expression of NCOR1DID in ThrbPV mice
significantly corrected the abnormally elevated TSH and thyroid hormone levels.
Furthermore, thyroid hyperplasia, weight loss, and other hallmarks of RTH were also
partially reverted in mice expressing NCOR1ΔID. This study provided the in vivo
evidence to show that the aberrant recruitment of NCOR1 by TRβ mutants leads to
clinical RTHβ in humans (Fozzatti et al. 2011). Importantly, these findings raised the
possibility that therapies aimed at the TR-NCOR1 interaction or its downstream
actions could be tested as potential targets in treating RTHβ.

The effects of TRβ mutants on neurological development have been evaluated in
the ThrbΔ337T mouse (Hashimoto et al. 2001). While the major TR isoform is TRα1
in the brain, ThrbΔ337T mice exhibit severe abnormalities in cerebellar development
and function, along with learning defects, suggesting that TRβΔ337T could interfere
with the transcription activity of TRα1 via dominant negative action. Moreover,
biochemical data also showed that T3 failed to induce dissociation of NCOR1 and
SMRT from TRβΔ337T, suggesting that NCOR1 bound to TRβ mutants could also
mediate the pathogenesis of neuro-abnormalities. Thus it is possible that strategies to
block the interaction of NCOR1 with TRβ mutants could lead to improvement in
neuronal dysfunction mediated by TRβ mutants.

Resistance to Thyroid Hormone Caused by Mutations of the THRA
Gene (RTHa)

In view of the fact that mutations of the THRB gene were shown to cause RTHβ, and
given the extensive sequence homology in the functional domains of TRα1 and
TRβ1 and their similar in vitro functional characteristics, it was intriguing that no
mutation of THRA gene had ever been found in RTHβ patients. To sort out whether
mutations of the THRA gene could be embryonic lethal, inconsequential, or not
associated with abnormalities of RTHβ, a mutant mouse targeting the same PV
mutated sequence at the C-terminus of the Thra gene at the corresponding position
as in TRβ1PV was created by homologous recombination (Thra1PV mice, Fig. 2b)
(Kaneshige et al. 2001). In contrast to ThrbPV/+ mice, Thra1PV/+ mice did not exhibit
the characteristic hallmark of RTHβ of the pituitary-thyroid axis dysregulation, i.e.,
elevated thyroid hormone accompanied by nonsuppressible TSH. Thra1PV mice are
not embryonic lethal but do have decreased fertility and reduced survival. Thra1PV/
PV neonates die shortly after birth. Thra1PV/+ mice exhibit severe growth retardation
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and delayed bone development. The abnormal gene expression patterns in the liver
and the pituitary are distinct between Thra1PV/+ mice (Kaneshige et al. 2001) and
ThrbPV/+ mice (Kaneshige et al. 2000). These distinct phenotypes exhibited by
Thra1PV/+ and ThrbPV+ mice indicated for the first time that the in vivo functions
of TR mutants are clearly isoform-dependent and explained why mutations of the
THRA gene had never been found in RTHβ patients. However, whether the distinct
phenotypes mediated by TR isoform mutants held true in human disease was not
known until the patients with mutations of the THRA gene were discovered 12 years
later after the making of the Thra1PV mouse.

Through the use of whole-exome capture and high-throughput sequencing of a
DNA sample from a 6-year-old girl exhibiting growth retardation and delayed bone
maturation, a mutated TRα1 (E403X) was identified (Bochukova et al. 2012). In the
same year, two other patients with another C-terminal truncation mutation were
identified in the THRA gene (TRα1F397fs406X) (van Mullem et al. 2012). Since
then, at least 24 patients with mutations in the THRA gene have been reported (Demir
et al. 2016). These patients are heterozygous in the mutations of one allele of the
THRA gene. These patients exhibit classical features of hypothyroidism with growth
retardation, delayed mental and bone development, and constipation but with ele-
vated serum T3 and normal TSH (van Mullem et al. 2013). Thus the clinical
presentations clearly are not a result of low thyroid hormone but reflect the resistance
of target tissues due to the dominant negative actions of TRα1 (RTHα). Moreover,
phenotypic expression of patients with TRα1 mutations differ from those observed
in patients with TRβ1 mutations, thereby validating the observations in Thra1PV/+

mice and ThrbPV/+ mice in that the molecular actions of mutant TR isoforms are
distinct to mediate different diseases.

TRα1PVexpressed in Thra1PV/+ mice has a truncated mutated sequence similar to
that in two patients reported by van Mullem et al. (2012). Thra1PV/+ mice faithfully
reproduce the hypothyroid phenotypes of patients. The molecular mechanisms by
which TRα1PV acts to mediate the dominant negative actions were assessed in the
progeny from the cross of Thra1PV/+ mice with mutant mice expressing NCOR1ΔID
(Thra1PV/+Ncor1ΔID mice) (Fozzatti et al. 2013a). The severe retarded growth,
infertility, and delayed bone development are partially reverted in Thra1PV/+ mice
expressing NCOR1ΔID. The impaired adipogenesis is partially corrected by dere-
pression of peroxisome proliferator-activated receptor γ (Pparγ) and CCAAT/
enhancer-binding protein α gene (C/ebpα) because of the inability of TRαlPV to
recruit NCOR1ΔID to form a repressor complex. These studies showed that NCOR1
is a critical regulator of the dominant negative activity of TRα1 mutants in the
pathogenesis of hypothyroidism caused by mutations of the THRA gene (Fozzatti
et al. 2013a).

TRα1PV-NCOR1 complex also recruits histone deacetylase to form a large
corepressor complex. The findings that NCOR1 regulates the in vivo dominant
negative action of TRα1 mutants suggested that inhibition of deacetylation could
improve the hypothyroidism in Thra1PV/+ mice (Kim et al. 2014a). Indeed, treatment
of Thra1PV/+ mice with a histone deacetylase (HDAC) inhibitor, suberoylanilide
hydroxamic acid (SAHA, vorinostat), significantly ameliorates the impaired growth
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and bone development and the adipogenesis of Thra1PV/+ mice. In addition, SAHA
reverts the impaired adipogenesis by derepressing the expression of the two master
regulators of adipogenesis, C/Ebpα and Pparγ, as well as other adipogenic genes at
both the mRNA and protein levels (Kim et al. 2014a). Thus, chromatin histone
deacetylation confers in vivo aberrant actions of TRα1 mutants, and HDAC inhib-
itors are clearly beneficial for hypothyroidism and could be therapeutics for treat-
ment of hypothyroidism caused by TRα1 mutants.

That Thra1PV/+ mice also could be used as a preclinical mouse model is further
demonstrated by the study reported by Bassett et al (Bassett et al. 2014). Affected
children with mutations of the THRA gene exhibit a consistently severe skeletal
dysplasia. It was not clear whether long-term T4 treatment would be beneficial or
detrimental. To clarify this issue, Thra1PV/+ mice were treated with T4 and the adult
skeleton was characterized. Although T4 treatment suppresses TSH secretion, it has
no effect on skeletal maturation, linear growth, or bone mineralization, thus demon-
strating profound tissue resistance to T4. Despite this resistance to T4 effects,
prolonged T4 treatment abnormally increases bone stiffness and strength, suggesting
the potential for detrimental consequences in the long term. These findings further
support the idea that TRα1 has an essential role in the developing and adult skeleton
(Bassett et al. 2014). The findings from studying of Thra1PV/+ mice are valuable in
the consideration of using long-term T4 treatment for patients with mutations of the
THRA gene.

Before the discovery of patients with mutations of the THRA gene, in addition to
the Thra1PV mouse, two other mutant mice with targeted mutations in the Thra gene
were also created to understand the functions of TRα1 mutants in vivo. The
Thra1P398H/+ mouse exhibited slightly different thyroid function tests than
Thra1PV/+ mice in that TSH, T3, and T4 are all slightly elevated. However, in
contrast to Thra1PV/+ mice which are lean with impaired adipogenesis,
Thra1P398H/+ mice display increased body fat, elevated serum leptin levels, and
impairment in catecholamine-stimulated lipolysis (Liu et al. 2003). Another mutant
mouse, expressing TRα1R383C (Thra1R384C/+ mice), similar to Thra1PV/+ mice,
displays severe developmental and growth retardation with only slightly reduced
serum thyroxine levels. Similar to Thra1PV/PV mice, homozygous Thra1R384C/R384C

mice survived embryonic development, but neonatal mice cannot survive to adult-
hood. The Thra1R384C mice exhibit several distinct neurological abnormalities with
extreme anxiety, reduced recognition memory, and locomotor dysfunction. Interest-
ingly, elevated T4 levels in heterozygotes overcome some defects (Liu et al. 2003;
Venero et al. 2005). The reversal of some abnormalities by T4 in Thra1R384C/+ mice
could result from the loss of 90 % the ligand binding affinity for TRα1R383C. This
is in contrast to TRα1PV for which the ligand binding activity is totally lost. In cell-
based studies, high levels of thyroid hormone cannot reverse the loss of transcrip-
tional activity of TRα1PV. In vivo, prolonged T4 treatment of adult Thra1PV/+ mice
failed to correct the bone abnormalities (Bassett et al. 2014).

Clearly, there are some common, but also distinct phenotypic manifestations
among Thra1PV/+, Thra1P398H/+, and Thra1R384C/+ mice. The molecular basis of
the phenotypic differences has yet to be fully elucidated. The phenotypic differences
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could reflect the type of mutations, location of the mutation sites, the extent of the
loss of ligand binding activity caused by mutations, and how the TRα1 mutants
differentially interact with the corepressor complexes. Certainly there are other
possibilities that have yet to be explored. However, it would be important to
elucidate how these different mutations impact the different phenotypic expression.
Currently, only 24 patients with TRα1 mutations have been reported. However, more
additional patients could be discovered with distinct clinical presentations as vari-
able as those seen for the three mouse models. Thus, what will be learned from these
three mouse models could help in understanding the diversity in the clinical mani-
festations in patients.

Thyroid Hormone Nuclear Receptors and Cancer

In the past decades, a significant advance has been made in the understanding of TR
actions in maintaining normal cellular homeostasis and functions. However, the
roles of TR in human cancers are less understood. That TR is critical in regulating
cell proliferation and differentiation would predict that aberrant actions of TR could
lead to abnormality in cellular functions. Indeed, V-ERBA is a mutated TRα1, which
acts in neoplasia by blocking erythroid differentiation and by altering the growth
properties of fibroblasts. V-erbA is one of the two oncogenes of the avian erythro-
blastosis virus (AEV), an acute chicken retrovirus that induces lethal
erythroleukemia and sarcoma in vivo. While the v-erbB locus alone is sufficient to
induce erythroleukemia and sarcoma independent of the v-erbA gene, the v-erbA by
itself is not capable of independently causing transformation in either erythroid cells
or fibroblasts. V-ERBA functions as a transcription repressor by dominant negative
interference with the transcription activity of its normal cellular homologue,
c-ERBA (TRα1). That v-ERBA oncoprotein can promote neoplasia in mammals
through its dominant negative activity was demonstrated by the development of
hepatocellular carcinoma in mice expressing v-ERBA (Barlow et al. 1994). These
observations support the idea that TR could play a role in cancer. However, how
mutated TRα1 could be directly involved in other human cancers has not been well
studied, and so the following section will focus on the role of TRβ1 in human
cancers.

The Tumor Suppressor Role of Thyroid Hormone Receptor-b

Association studies indicating the loss of the THRB gene by deletion of chromosome
3p were reported in several malignancies including head and neck, renal cell, uterine
cervical, lung, melanoma, breast, ovarian, and testicular tumors (Kim and Cheng
2013). Silencing in the expression of the THRB gene by promoter hypermethylation
and decreased expression of the THRB gene has been reported in human cancers
including lung, breast, and thyroid carcinoma (Joseph et al. 2007; Ling et al. 2010;
Iwasaki et al. 2010). A recent study demonstrated that abnormally expressed
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microRNAs could directly target THRB to repress its expression in papillary thyroid
cancer (Jazdzewski et al. 2011). These findings suggested that TRβmight function as
a tumor suppressor in human cancers.

Recent studies have provided direct evidence to demonstrate that TRβt could
function as a tumor suppressor in human cancers. Examination of promoter meth-
ylation and the expression of the THRB gene in tissue specimens from patients with
differentiated thyroid carcinoma (DTC) showed a positive correlation between the
extent of promoter hypermethylation of the THRB gene and the progression of DTC.
When human thyroid cancer cell lines in which the THRB gene was silenced by
hypermethylation were treated with demethylation agents such as 50aza-CdR and
zebularine, the expression of the THRB gene was reactivated concurrently with
inhibition of cancer cell proliferation, migration, and tumor growth in a xenograft
model. Re-expression of the THRB gene in thyroid cancer cell lines inhibited cell
proliferation and migration through suppressing the activation of the β-catenin
signaling pathway. These results unequivocally demonstrated that TRβt can function
as a tumor suppressor in human thyroid cancer (Kim et al. 2013). Another study
elucidated the mechanisms by which that TRβt could act as a tumor suppressor (Kim
et al. 2014b). The THRB gene was stably expressed in human follicular thyroid
cancer cell lines (FTC-133 and FTC-236 cells). How the expressed TRβt affected
cancer cell proliferation, migration, and tumor growth was evaluated in cell-based
studies and xenograft models. Expression of TRβt reduced cancer cell proliferation
and impeded the migration of tumor cells through inhibition of the AKT-mTOR-p70
S6K pathway. Importantly, new vessel formation was significantly suppressed in
tumors via downregulation of vascular endothelial growth factor in FTC cells
expressing TRβt (Kim et al. 2014b). These studies not only identified the signaling
pathways suppressed by the expressed TRβt in human thyroid cancer cells but also
raised the possibility that TRβt could be considered as a potential therapeutic target
for thyroid cancer.

That TRβt could function as a tumor suppressor in breast cancer was evaluated in
human MCF-7 cells stably expressing the THRB gene (Park et al. 2013). Cell-based
studies indicate that the estrogen (E2)-dependent growth of MCF-7 cells was
inhibited by the expression of TRβt in the presence of the thyroid hormone. In a
xenograft mouse model, TRβt suppressed E2-dependent tumor growth of MCF-7
cells. Molecular analysis showed that TRβ1 acted to activate apoptosis and decrease
proliferation of tumor cells via downregulation of the JAK-STAT-cyclin D pathways
(Park et al. 2013). This in vivo evidence shows that TRβ1 could act as a tumor
suppressor in breast tumorigenesis. However, it is notable that TRβ1 functions as a
tumor suppressor via different signaling pathways in breast and thyroid cancers
(Kim et al. 2014b; Park et al. 2013).

Besides human thyroid cancer cells and breast MCF-7 cancer cells, TRβ1 was
also shown to be a tumor suppressor in hepatocarcinoma SK-hep1 cells and breast
cancer MDA-MB-468 cells (Martinez-Iglesias et al. 2009). Expression of TRβ1
induces partial mesenchymal-to-epithelial cell transition and inhibits invasiveness,
extravasation, and metastasis formation in mice. Cell-based studies demonstrated
that TRβ1 abolishes anchorage-independent growth and migration, and it blocks
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responses to epidermal growth factor, insulin-like growth factor 1, and transforming
growth factor β. In addition, TRβ1 suppresses the activated extracellular signal-
regulated kinase and phosphatidylinositol 3-kinase signaling pathways to decrease
cell proliferation and invasiveness (Martinez-Iglesias et al. 2009). The tumor sup-
pressor role of TRβ1 was demonstrated in neuroblastoma cells. Treatment of cells
with T3 inhibits ras-induced cell proliferation, blocks induction of cyclin D1 expres-
sion, and suppresses tumor development in nude mice (Garcia-Silva and Aranda
2004). These studies clearly show that TRβ1 can act as a tumor suppressor in many
types of cancer cells, and its mechanisms of action depend on cellular context.

Some compelling evidence to support the tumor suppressor role of TRs came
from in vivo studies using genetically engineered mice in which both the Thrb and
Thra genes were deleted (Thral�/�/Thrb�/� mice) (Zhu et al. 2010). Remarkably, as
Thral�/�/Thrb�/� mice age, they spontaneously develop follicular thyroid cancer
with the pathological progression of hyperplasia, capsular invasion, vascular inva-
sion, anaplasia, and metastasis, similar to human thyroid cancer (Zhu et al. 2010).
Detailed molecular analysis revealed that known tumor promoters such as the
pituitary tumor-transforming gene (Pttg) were activated and tumor suppressors
such as Pparγ and TP-53 were suppressed during carcinogenesis. In addition,
consistent with the human cancer, AKT-mTOR-p70 signaling and vascular growth
factor and its receptor were activated to facilitate tumor progression. Thus, loss of
normal tumor suppressor functions in both TRβ1 and TRαl promotes tumor devel-
opment and metastasis. However, the impact of such loss of tumor suppressor
functions in other cancers has not been evaluated.

The Oncogenic Actions of TRb Mutants

That TRb1 could act as a tumor suppressor and its reduced or silenced expression
promotes cancer progression predicted that mutated TRβ1 could act as an oncogene.
This prediction was borne out by the discovery that the ThrbPV/PV mouse spontane-
ously develops follicular thyroid cancer (Suzuki et al. 2002). Subsequently, other
mouse models of thyroid cancer were also developed to understand the oncogenic
actions of TRβ1 mutants in vivo.

Mouse Models of Thyroid Cancer
(a) The ThrbPV/PV mouse: The pathological progression and frequency of capsular

invasion (Fig. 3a), vascular invasion (Fig. 3b), anaplasia (Fig. 3c), and metastasis
(Fig. 3d) of thyroid cancer of ThrbPV/PV mice are similar to human follicular
thyroid cancer. Extensive characterization of the altered signaling pathways
during thyroid carcinogenesis of the ThrbPV/PV mouse identified the activation
of tumor promoters such as cyclin D1, β-catenin, phosphatidylinositol 3-kinase
(PI3K), protein kinase B (AKT), the steroid receptor coactivator-3, and PTTG
and the repression of tumor suppressors such as PPARγ. These altered signaling
pathways during thyroid carcinogenesis of ThrbPV/PV mice are consistent with
the changes reported for the carcinogenesis in the human thyroid. When
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ThrbPV/PV mice were treated with inhibitors of PI3K or an agonist to activate the
tumor-suppressing activity of PPARγ, the tumor progression was delayed and
metastasis was blocked (Kato et al. 2006; Furuya et al. 2007), further validating
the contributions of these two altered signaling pathways in thyroid
carcinogenesis.
Subsequently, several mouse models were developed by additional genetic
modification of ThrbPV/PV mice to gain further insights in the oncogenic actions
of TRβ1PV in thyroid carcinogenesis. These mouse models are briefly described
below.

(b) The ThrbPV/�mouse: The finding that mutation of one allele of the Thrb gene is
not sufficient to induce thyroid cancer prompted studies of addressing the
question whether the presence of one allele of TR mutation in the absence of
the other allele is sufficient to induce thyroid cancer. A ThrbPV/�mouse was
created by crossing heterozygous ThrbPV/+ mice with Thrb+/�mice (Kato et al.
2004). Remarkably, mice with one mutated Thrb allele together with deletion of
the other allele developed thyroid carcinoma with a pathological progression that
is similar to that found in ThrbPV/PV mice (Kato et al. 2004). These results

Fig. 3 ThrbPV/PV mice spontaneously develop metastatic follicular thyroid carcinoma with path-
ological progression similar to what is observed in human cancer. Representative features of thyroid
carcinogenesis in ThrbPV/PV mice: (a) capsular invasion in the thyroid; (b) vascular invasion in the
thyroid; (c) anaplasia; and (d) metastatic thyroid carcinoma lesions in the lung
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support the notion that the remaining wild-type Thrb allele in heterozygous
ThrbPV/+ mice could act as tumor suppressor to ameliorate the oncogenic activity
of TRβ1PV. In ThrbPV/�mice, the loss of the wild-type Thrb allele allows the full
expression of oncogenic actions of TRβ1PV to mediate thyroid carcinogenesis.

(c) The ThrbPV/PV/Pten�/~ mouse: Inactivation and silencing of phosphatase and
tensin homologue deleted from the chromosome 10 (PTEN) gene have been
observed in follicular thyroid carcinoma. During carcinogenesis, PTEN func-
tions as a tumor suppressor by attenuating the PI3K-AKT signaling pathway
critical for cancer development and growth. ThrbPV/PV/Pten+/~ mice with
haploinsufficiency of the Pten gene were generated to assess the impact of the
PTEN loss in thyroid carcinogenesis (Guigon et al. 2009). PTEN deficiency
promoted the progression of thyroid tumor with increased metastatic spread to
the lung and resulted in significantly reduced survival. AKT signaling was
further aberrantly activated in thyroid tumors in ThrbPV/PV/Pten+/� mice as
evidenced by increased activity of the downstream mammalian target of
rapamycin (mTOR)-p70S6K signaling and decreased activity of the forkhead
family member FOXO3a. Increased cyclin D1 was accompanied by decreased
apoptosis as shown by increased nuclear factor-kappaB (NF-kappaB) and
decreased caspase-3 activity in thyroid tumors. These results clearly indicated
the PI3K-AKT signaling is a driver in thyroid carcinogenesis, and the loss of the
Pten gene is a critical regulator in thyroid carcinogenesis.

(d) The ThrbPV/PV/Pttg�/� mouse: The pituitary tumor-transforming gene (PTTG)
is a human securin protein and has a central role in maintaining sister chromatid
cohesiveness during mitosis. The roles of PTTG as a transcription factor and in
DNA repair suggest that it could also contribute to tumorigenesis. Elucidation of
PTTG’s role in tumorigenesis has been advanced through study of PTTG
knockout mice. While under- and overexpression of PTTG may adversely affect
chromosomal stability, PTTG1 knockout mice (Pttg/� mice) are viable and
fertile. However, when Pttg�/� mice were crossed with the Rb+/� mouse that
develops pituitary tumors, the Rb+/�/Pttg�/� mice had decreased incidence of
pituitary tumor development compared to Rb+/� mice (Chesnokova et al. 2005).
These studies suggest that PTTG1 is a proto-oncogene in the pituitary and
deletion of PTTG1 may delay or prevent tumor development. PTTG has also
been associated with thyroid cancer through promotion of genetic instability. To
define the role of PTTG1 in follicular thyroid cancer, the Pttg gene was deleted
in ThrbPV/PV mice (Kim et al. 2007). Histological examination documented no
difference in follicular thyroid cancer occurrence between ThrbPV/PV mice and
ThrbPV/PV/Pttg�/�mice which indicates that PTTG removal does not prevent the
initiation of follicular thyroid cancer. However, ThrbPV/PV Pttg�/� mice had a
significant decrease in vascular invasion and less development of lung metasta-
sis as they progressively aged. Tumor cell proliferation was decreased via
decreased protein levels of phosphorylated Rb and an elevation of the CDK
inhibitor p21 in ThrbPV/PV Pttg�/� mice (Kim et al. 2007). These findings
indicate that PTTG1 could affect thyroid carcinogenesis. How PTTG1 could
impact thyroid carcinogenesis was elucidated by Ying et al (Ying et al. 2006)
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which showed that the stability of PTTG1 was increased by physical association
with TRβ1PV. The accumulated PTTG1 impeded mitotic progression in cells
expressing TRβ1PV, thus contributing to thyroid carcinogenesis (Ying et al.
2006).

(e) The ThrbPV/PVNcor1ΔID/ΔID mouse: Studies have indicated that the dominant
negative activity of TRβ1PV in mediating RTHβ is regulated by NCOR1
(Fozzatti et al. 2011).
ThrbPV/PV/Ncor1ΔID/ΔID mice were generated to examine the oncogenic actions
of TRβ1PV in thyroid carcinogenesis of the corepressor complex (Fozzatti et al.
2013b). The lack of association of TRβ1PV with NCOR1ΔID in ThrbPV/PV/
Ncor1ΔID/ΔID mice led to suppression of thyroid tumor growth, delayed tumor
progression, and prolonged survival. Molecular analysis demonstrated that
increased expression of CDK inhibitor 1 (p21waf1/cip1, Cdkn1A) inhibited
tumor cell proliferation and the elevated expression of proapoptotic
BCL-associated X (Bax) promoted apoptosis. The expression of Cdkn1A and
Bax genes is directly regulated by p53. In the thyroid tumor of ThrbPV/PV mice,
p53 was recruited to the p53-binding site on the proximal promoter of the
Cdkn1A and the Bax genes to associate with TRb1PV-NCOR1-histone
deacetylase-3 (HDAC-3) complexes, leading to repression of the Cdkn1A gene
as well as the Bax gene. In the thyroid tumor of ThrbPV/PV/Ncor1ΔID/ΔID mice,
p53 associated with TRβ1PV cannot be recruited to the corepressor complex,
resulting in the derepression of these two genes to suppress cancer progression.
Thus, NCOR1 can not only modulate RTHβ but also regulate the carcinogenesis
of the thyroid.

(f) The ThrbPV/PVKrasG12D mouse: To understand how a RAS mutated gene can
impact thyroid carcinogenesis, a mouse model was created targeting the
KrasG12D mutation to thyroid epithelial cells of ThrbPV/PV mice (Zhu et al.
2014a). The expression of the KrasG12D mutated gene in the thyroid dramatically
changed the tumor phenotype of ThrbPV/PV mice. In addition to more extensive
hyperplasia (Fig. 4a) and development of capsular and vascular invasion at an
earlier age (Fig. 4b), a higher frequency of occurrence and an earlier appearance
of anaplastic foci (Fig. 4c, d) were detected in ThrbPV/PV/KrasG12D mice than
ThrbPV/PV mice. Moreover, an increased frequency of occurrence of lung
(Fig. 4e) and heart metastasis (Fig. 4f) was also found in ThrbPV/PV/KrasG12D

mice. These double mutant mice display markedly reduced survival. Further
analysis of the anaplastic foci indicated the complete loss of differentiation with
loss of normal thyroid follicular morphology and with reduced expression of the
differentiation marker, the transcription factor paired box gene 8 (PAX8). These
aggressive phenotypic cancer characteristics mimic those of anaplastic thyroid
cancer. Within the anaplastic foci, the loss of PAX8 expression was accompanied
by concomitant upregulation of c-MYC (hereafter referred to as MYC).
Upregulated MYC contributes to the initiation of undifferentiated thyroid cancer,
in part, via enhancing TRβ1PV-mediated repression of the Pax8 expression.
cDNA microarray analyses comparing global gene expression profiles of thyroid
tumor lesions of ThrbPV/PV and ThrbPV/PVKrasG12D mice identified 14 upstream
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regulators that functioned as key effectors in growth factor-induced signaling to
promote thyroid tumor growth of ThrbPV/PV/KrasG12D mice. Further analysis
identified integrins as key upstream regulators to stimulate ERBB2-mediated
downstream signaling in thyroid tumors of ThrbPV/PVKrasG12D mice.

Additional studies uncovered integrin-activated ERBB2 signaling as one of the
mechanisms in synergy between TRβPV and KRASG12D signaling to promote
aggressive tumor growth in undifferentiated thyroid cancer (Zhu et al. 2014a, b).

Fig. 4 Histopathologic features of anaplastic thyroid carcinoma in ThrbPV/PVKrasG12D mice.
Panels show (a) hyperplasia, (b) capsular invasion and vascular invasion, (c) anaplastic foci at
low magnification and (d) anaplastic foci at high magnification, (e) microscopic lung metastases,
and (f) heart metastases in ThrbPV/PV/KrasG12D mice at 2–5 months of age
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Molecular Mechanisms of Oncogenic Actions of TRb Mutants
Studies in the mouse models of thyroid cancer (see section “Mouse Models of
Thyroid Cancer”) have provided insights of molecular mechanisms of oncogenic
actions of TRβ mutants and uncovered complex signaling pathways critical in
thyroid carcinogenesis. Lessons learned from the mouse models of thyroid cancer
are summarized below.

(a) Oncogenic actions of TRβ mutants via direct protein-protein interaction with key
cellular regulators. Aberrant activation of PI3K-AKT signaling is a major driver
in the carcinogenesis of human thyroid (Xing 2010). This abnormal activation of
PI3K-AKT signaling is reproduced in the ThrbPV/PV mouse, the ThrbPV/�mouse,
and the ThrbPV/PV/Pten+/�mouse. These observations indicate a common molec-
ular mechanism by which TRβ1PVactivates PI3K-AKT signaling. Accordingly,
the mechanisms by which TRβ1PV acted to increase PI3K activity were
ascertained (Furuya et al. 2006). Co-immunoprecipitation assays and confocal
microscopy showed that TRβ1PV complexed with the p85α subunit of PI3K to
activate the enzymatic activity of PI3K. The sequestering of TRβ1PV by p85α in
both the nuclear and extranuclear compartments allowed TRβ1PV to activate
various PI3K downstream signaling cascades. Studies also showed that TRβ1PV
competes with NCOR1 to interact with p85 (Furuya et al. 2007). The NCOR1
protein level is lower in the thyroid of ThrbPV/PV mice, thereby favoring the
physical interaction of TRβ1PV with p85 to overactivate PI3K activity, leading
to increased cell proliferation, motility, and migration, and to inhibit apoptosis in
thyroid tumor cells (Furuya et al. 2007).
Via direct protein-protein interaction, TRβ1PV also acted to alter the stability of
the pituitary tumor-transforming gene (PTTG). PTTG is a mammalian securin
that is a critical mitotic checkpoint protein involved in maintaining sister chro-
matid cohesiveness before entering anaphase. The search for genes underlying
the chromosomal aberrations in ThrbPV/PV mice by cDNA microarray led to the
discovery that Pttg mRNA levels were significantly increased in thyroid cancer
(Ying et al. 2003a). In addition, cellular PTTG protein levels were markedly
increased in the primary lesions of thyroid as well as lung metastasis of
ThrbPV/PV mice (Ying et al. 2006). Subsequently, studies elucidated that
TRβ1PV physically interacts with PTTG, but because it does not bind T3, it
does not interact with SRC-3/PA28 to activate PTTG degradation. The absence
of degradation leads to PTTG accumulation and inhibition of mitotic progression
(Ying et al. 2006). In ThrbPV/PV/Pttg�/� mice as compared with ThrbPV/PV mice,
there was a consistent decrease in thyroid cell proliferation. The thyroids of
ThrbPV/PV/Pttg�/�mice were significantly smaller, and the occurrence of metas-
tasis spread to the lung was less frequent (Kim et al. 2007). Altogether, these data
indicate that abnormal accumulation of PTTG via direct interaction with
TRβ1PV in the thyroids of ThrbPV/PV mice contributes to thyroid carcinogenesis
by affecting cell cycle progression and inducing genetic instability.

TRβ1PValso found to physically interact with β-catenin, a central mediator of
the Wnt signaling pathway, that is critical for a variety of cellular processes
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including cell proliferation, cell apoptosis, and cell migration. In thyroid tumors
of ThrbPV/PV mice, the cellular abundance of β-catenin was aberrantly highly
elevated. Elucidation of the underlying mechanism of the elevated β -catenin
showed that TRβ1PV strongly interacts with β-catenin. The loss of T3-binding
activity in TRβ1PV inhibits the release of β-catenin from TRβ1PV-β-catenin
complexes in the presence of T3, thereby preventing β-catenin degradation via
proteasome pathways. The absence of β-catenin degradation leads to β-catenin
accumulation, resulting in constitutive activation of its oncogenic signaling to
promote thyroid carcinogenesis (Guigon et al. 2008).

The discovery that TRβ1PV physically interacts with integrins α5 and β1,
c-Src (hereafter referred to as Src), and focal adhesion kinase (FAK) in the
integrin-regulated FAK-Src signaling pathway greatly increased our understand-
ing of how TRβ1PV drives invasion and metastasis in ThrbPV/PV mice, the
ThrbPV/� mouse, and the ThrbPV/PV/Pten+/� mouse. Interactions of integrin
receptors and basement membrane/extracellular membrane components with
subsequent degradation of extracellular membrane by matrix metalloproteinases
(MMPs) promote cancer cell invasion through the membrane barriers. Activated
by their ligands, integrin receptors undergo conformational changes to activate
intracellular signaling molecules such as Src and FAK. Overactivation of Src and
its downstream effector, FAK, is associated with invasive potential in thyroid
cancer. In thyroid tumors of ThrbPV/PV mice, increased protein abundance of
integrins α5, αV, β1, and β3 and their ligand fibronectin were detected (Lu et al.
2010). TRβtPV was found to directly interact with integrins α5 and β1 to activate
the Src kinase pathway by increasing phosphorylation, resulting in activation of
FAK by increasing phosphorylation on several tyrosine sites (Lu et al. 2010). In
addition, TRβtPV also physically interacts with FAK to form large PV-integrin-
FAK-PI3K complexes. Subsequent activation of downstream signaling of p38
mitogen-activated protein kinase (MAPK) via increased phosphorylation cas-
cades stimulates the expression of MMP-9 at the mRNA and protein levels. The
activation of Src-FAK signaling is known to remodel the actin cytoskeleton in
cancer cells critical for aberrant cell migration and invasion. It is known that
β-actin in association with erzin links the cytoskeletal structure and the plasma
membrane. The protein abundance of both β-actin and erzin was increased to
affect cell cytoskeletal structure in thyroid tumors. Thus, formation of TRβtPV
complexes with proteins such as integrins, β-actin, as well as erzin is a novel
mechanism by which TRβtPV could change cytoskeletal organization to pro-
mote cell migration and invasion.

The activation of integrin-Src-FAK signaling by complexing with TRβtPV led
to the hypothesis that inhibition of Src activity in the ThrbPV/PV/Pten+/�mouse
would block cell invasion and metastasis. This hypothesis was tested by treating
ThrbPV/PV/Pten+/�mice with a Src-specific inhibitor, SKI-606. Remarkably, inhibi-
tion of Src activity ameliorated the aberrant activation of Src and its downstream
targets and markedly inhibited the growth of thyroid tumor, thereby prolonging the
survival of treated mice. Importantly, SKI-606 dramatically prevented dedifferen-
tiation, vascular invasion, and lung metastasis of thyroid cancer cells. These
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responses were meditated by downregulation of mitogen-activated protein kinase
pathways and inhibition of the epithelial-mesenchymal transition. Thus the aberrant
activation of Src via physical interaction with TRβtPV could be blocked by specific
inhibitors (Kim et al. 2012).

(b) Oncogenic actions of TRB mutants via transcription regulation. PPARγ is a
member of the nuclear receptor superfamily, acting as a ligand-dependent
transcription factor. It was proposed to be a tumor suppressor in human thyroid
follicular cancer (Kroll et al. 2000). In ThrbPV/PV mice, the Pparγ mRNA, as
well as the PPARγ protein level, is markedly decreased. In lung metastases, the
PPARγ protein level was not detectable (Ying et al. 2003b). Elucidation of the
underlying molecular mechanism regarding how TRβ1PV suppresses the
expression of the Pparγ gene showed that TRβ1PV cross talks with PPARγ
signaling and represses the ligand-dependent transcription activity of PPARγ
(Kato et al. 2006). TRβ1PV either competes with PPARγ for binding to the
peroxisome proliferator-responsive element (PPRE) as homodimers or forms
heterodimers with PPARγ, thereby repressing the transcription activity of
PPARγ. The PPRE-bound TRβ1PV recruits NCOR1 to the promoters of
PPARγ target genes to block the recruitment of the coactivators to the PPRE-
bound PV-PPARγ complexes. In the thyroid tumors of ThrbPV/PVmice, signaling
of PPARγ downstream tumor suppressor target genes was reduced as a result of
the repression of transcriptional activity of PPARγ as well as reduced PPARγ
expression, to promote thyroid cancer progression (Ying et al. 2003b). In other
studies, the role of PPARγ as a tumor suppressor was examined in a mouse
model in which the oncogenic Pax8-Pparγ (PPFP) gene was targeted to the
thyroid with deficiency of the Pten gene (Dobson et al. 2011). The mice with
both the expression of PPFP and deficiency of the Pten gene developed meta-
static thyroid cancer. Furthermore, treatment of the mice with the PPARγ agonist
pioglitazone decreased thyroid growth and prevented metastatic disease, thus
supporting the critical role of PPARγ in thyroid carcinogenesis (Dobson et al.
2011) and further highlighting the important mode of TRbPVoncogenic action
in transcription regulation via cross talking with PPARγ.
In addition to cross talk with other transcription factors, TRβ1PV can also exert
its oncogenic actions via transcription regulation. The genomic expression pro-
files of laser capture microdissected thyroid tumor lesions of ThrbPV/PV mice,
and hyperplastic thyroid cells of PTU-treated wild-type mice were compared
(Lu et al. 2011). Analyses of the gene expression data indicated that the
expression of 150 genes were significantly altered between ThrbPV/PV and
PTU-treated wild-type mice (87 genes had higher expression and 63 genes had
lower expression in ThrbPV/PVmice than in PTU-treated wild-type mice). Thirty-
six percent of genes with altered expression function as key regulators in
metastasis. The remaining genes were involved in various cellular processes
including metabolism, intracellular trafficking, transcriptional regulation, post-
transcriptional modification, and cell-cell/extracellular matrix signaling. While
these altered profiles in the primary lesions of ThrbPV/PV mice could be caused
by both primary and secondary effects, it is reasonable to assume that TRβ1PV
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might exert its oncogenic effects via transcription regulation. In addition, the
global gene expression studies have uncovered novel genes responsible for the
metastatic spread of follicular thyroid cancer. The gene expression profile also
indicated that the metastatic process of thyroid cancer requires effective collab-
oration among genes with diverse cellular functions (Lu et al. 2011).

How TRβ1PV collaborates with KRASG12D in the thyroid of ThrbPV/PV/
KrasG12D mice to induce aggressive dedifferentiated thyroid cancer was also
examined at the transcription level by global gene expression profiling (Zhu
et al. 2014b). Comparison analysis of the array data between ThrbPV/PV/
KrasG12D mice and ThrbPV/PV mice showed that 311 genes were differentially
expressed. Of those 311 genes, 150 were upregulated and 161 were down-
regulated. Comparison between ThrbPV/PV/KrasG12D mice and KrasG12D mice
displayed 2,492 genes; among them 1436 genes were upregulated and 1056
were downregulated. Comparison between ThrbPV/PV mice and KrasG12D mice
identified 1952 differentially expressed genes of which 1143 were upregulated
and 809 were downregulated. No thyroid cancer was detected in KrasG12D mice
(Zhu et al. 2014a) and only differentiated follicular thyroid cancer was observed
in ThrbPV/PV mice. Further analyses of microarray data identified 14 upstream
regulators that were significantly altered in thyroid tumors of ThrbPV/PVmice and
ThrbPV/PV/KrasG12D mice. Most of these genes with altered expression function
as key regulators in growth factor-induced signaling. Q/PCR analysis validated
the array data by showing that integrins were elevated to act as upstream
activators to stimulate ERBB2-mediated downstream signaling in thyroid
tumors of ThrbPV/PV/KrasG12D mice. Thus, the integrin-activated ERBB2 sig-
naling is one of the mechanisms in synergy between TRβPV and KRASG12D
signaling via transcription regulation that promotes aggressive tumor growth in
undifferentiated thyroid cancer (Zhu et al. 2014a, b).

Summary and Conclusions

The bimodal switch model (Fig. 1b) has been used to understand the functions of
thyroid hormone in gene transcription via study gene-by-gene. Recent technological
advances make it possible to concurrently examine the details of gene regulation for
each individual gene in different cell types. Genome-wide studies have provided
important new insights into how TR interacts with thyroid hormone response
elements, transcription enhancers, and other regulatory proteins in the genome.
Such studies have significantly advanced our understanding of TR actions in that
the interaction of TR with chromatin is not static but is a dynamic process. As
genome-wide studies have continued to expand to include more target tissues and
with different hormonal conditions, more valuable insights into the genomic actions
of thyroid hormone, having broader scope and greater depth, are foreseeable in the
near future.

Studies in mouse models further advance our understanding of thyroid hormone
receptors in human diseases. Mutations of the THRB gene were first identified in
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RTHβ, and since then significant progress has been made in the understanding of the
molecular actions of TRβ mutants in RTHβ. Discovery of patients with mutations of
the THRA gene has clearly demonstrated that the actions of TR mutants are TR
isoform-dependent because the pathological manifestations of RTHα and RTHβ
patients are distinct. Additional mutations of the THRA gene will certainly continue
to be discovered to understand RTHα. Beyond RTH, mutated TRs have been shown
to play critical roles in the development and progression of cancer via direct protein-
protein interaction as well as transcription regulation. Although most studies have
focused on thyroid cancer, the link of TR mutations to other cancers such as breast
cancer and renal cancer has also been established (Martinez-Iglesias et al. 2009;
Szymanski et al. 2016). The studies on the roles of TRs in diseases may provide new
insights into how to better treat the patients with mutations of THR genes. Under-
standing of the functions and biology of mutant TRs will facilitate the study of
functions and mechanisms of action of other mutated receptors in the nuclear
receptor family.
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The Hypothalamus–Pituitary Axis

Linda Johnston Rohrbasser, Hussain Alsaffar, and Joanne Blair

Abstract
The hypothalamic pituitary axis is an intricate pathway with a central role in
maintaining homeostasis by integrating complex physiological and endocrine
inputs, and neuronal and hormonal output. Disorders of the pathway result in
profound disturbance in blood pressure, thirst and electrolyte balance, body
temperature, appetite and energy metabolism, reproduction, circadian rhythms
and sleep, and the emergency response to stress. Untreated, abnormalities of the
axis are incompatible with life.

In this chapter we discuss the embryology, anatomy and physiology of the
axis. The function of the hypothalamus as the primary regulator of neuroendo-
crine system is described, examining the neurological and endocrine responses
that maintain physiological set points in response to neurological, chemical, and
hormonal inputs. The physiology of the endocrine function of the pituitary is
discussed, drawing on examples of developmental abnormalities in man to
illustrate the clinical consequences of deficiencies in this pathway.
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The neuroendocrine system plays a critical role in homeostatic regulation, which
is essential for survival and reproduction. Homeostasis is the process by which a
steady state is achieved in physiological functions, primarily, heart rate and blood
pressure, thirst and electrolyte balance, body temperature, appetite and energy
metabolism, reproduction, circadian rhythms and sleep, and the emergency
response to stress.

Hypothalamus

The hypothalamus is the integrator of the neuroendocrine system monitoring neu-
rological, chemical, and hormonal inputs, comparing these to physiological set
points (electrolyte and fluid balance, body temperature, blood pressure, and body
weight) and responding both neurologically and through hormone secretion to
restore homeostasis (Fig. 1). This involves the complex integration of positive and
negative feedback loops and synaptic inputs from other brain areas and from the
autonomic nervous system. Hypothalamic neuropeptides are also secreted in regions
of the brain out with the hypothalamus where they modulate and coordinate behavior
to complement their hormonal actions. The hypothalamic hormones include
thyrotropin-releasing hormone, gonadotropin-releasing hormone, growth hormone-
releasing hormone, somatostatin, corticotrophin-releasing hormone, dopamine, oxy-
tocin, and AVP. The set points remain stable from day to day through homeostasis,
the coordinated integration of the classic neuroendocrine pathways with the auto-
nomic and central nervous systems.
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Embryology

Three weeks following conception, the cells of the developing embryo have orga-
nized in to three sheets: ectoderm, mesoderm, and endoderm. The ectoderm, the
most exterior or distal layer, gives rise to epidermal skin cells and neuroectoderm,
which in turn produces the neural tube and neural crest. Vesicles develop at the
cranial end of the neural tube. At the end of fourth week, as the vesicles grow, the
neural tube undergoes flexion to form three vesicles: the prosencephalon (future
forebrain), mesencephalon (future midbrain), and rhombencephalon (future
hindbrain).

In the fifth week, the three vesicles become five, with the forebrain and hindbrain
both splitting into two, forming the telencephalon and diencephalon from the
forebrain and the metencephalon and the myelencephalon from the hindbrain.
Historically, the optic cup and stalk, pituitary gland, thalamus, hypothalamus, and
pineal body were thought to arise from the diencephalon. The more recently
proposed “prosomere model” (Puelles 2009), the segmental structural model
based on gene expression in the mouse, suggests that the hypothalamus is derived
from the secondary prosencephalon; ventral aspects of the two or three rostral
(anterior) segments of the neural tube and the dorsal derivatives of which form
the telencephalon (Freeman 2003; Puelles 2001; Alvarez-Bolado 2015) (Fig. 2).

Fig. 1 Simplified overview of hypothalamic integration and coordination
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Anatomy

The hypothalamus constitutes less than 1 % of brain volume and weighs approxi-
mately 5 g. It is a highly conserved region of the brain whose destruction is not
compatible with life. The hypothalamus is a bilateral structure like the cerebral
hemispheres, unlike the pituitary. It extends from the optic chiasm and anterior
commissure to the posterior margins of the mammillary bodies and from the
thalamus laterally to form the floor and part of the lateral wall of the third ventricle.
The regional structures of the hypothalamus are defined by nuclei with distinct
functions (Figs. 3, and 4 and Table 1).

The hypothalamic floor projects down to continue as the median eminence, then
the infundibulum, and ultimately the posterior pituitary (neurohypophysis). Hor-
mones released from the median eminence reach the anterior pituitary via the
hypophysial portal system.

The floor of hypothalamus between the infundibulum and mammillary bodies is
known as the tuberal area and contains most of the cell bodies of the small neurons
containing hypothalamic-releasing hormones.

Functional Aspects of Hypothalamic Function

Neurosecretory cells are neurons that do not terminate in classical synapses but
secrete their neurotransmitters/hormones direct into the bloodstream. In the
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Fig. 3 Schematic coronal view of hypothalamic nuclei location around the third ventricle (III-V).
III-V third ventricle, ME median eminence, AN arcuate nucleus, VMN ventromedial nucleus, DMN
dorsomedial nucleus, PVN periventricular nucleus,DHA dorsal hypothalamic area, PFA perifornical
area, LHA lateral hypothalamic area, SCN suprachiasmatic nucleus, SON supraoptic nucleus, POA
preoptic area, MB mammillary bodies, AHN anterior hypothalamic nuclei, PHN posterior hypotha-
lamic nuclei

Fig. 4 Schematic sagittal
view of the hypothalamic
nuclei. III-V third ventricle,
ME median eminence, AN
arcuate nucleus, VMN
ventromedial nucleus, DMN
dorsomedial nucleus, PVN
periventricular nucleus, DHA
dorsal hypothalamic area, PFA
perifornical area, LHA lateral
hypothalamic area, SCN
suprachiasmatic nucleus, SON
supraoptic nucleus, POA
preoptic area,MBmammillary
bodies, AHN anterior
hypothalamic nuclei, PHN
posterior hypothalamic nuclei
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hypothalamic region, these have been classified as “magnocellular,” large cells with
high synthetic activity located in the supraoptic and paraventricular regions, and
“parvocellular,” small neurons in the paraventricular nucleus and rostrally in adja-
cent parts of the septal region. Magnocellular neurosecretory cells synthesize and
secrete oxytocin and AVP. Parvocellular neurosecretory cells release factors at the

Table 1 A summary of the hypothalamic nuclei and their functions

Nucleus Output Functions

Paraventricular Autonomic system Fluid balance

TRH Milk letdown

CRH Parturition

Oxytocin, vasopressin Autonomic

Somatostatin Ant pit control

Preoptic LHRH Lateral anterior
thermoregulation

Sexual behavior

Anterior Thermoregulation, panting, sweating Lateral anterior
thermoregulation

Thyrotropin inhibition Sexual behavior

Suprachiasmatic
(SCN)

Projections to hypothalamic nuclei Major pacemaker

Supraoptic Vasopressin Fluid balance

Oxytocin Milk letdown

Parturition

Dorsomedial Emotion (rage)

BP, heart rate

GI stimulation

Ventromedial Satiety Appetite

Neuroendo control Body weight

Insulin regulation

Arcuate ANS, caudal brainstem, parts of cortex, and
limbic system

Control of anterior
pituitary

GHRH (neuroendocrine neurons) Energy balance

Dopamine Prolactin inhibition

Posterior Increase BP Thermoregulation

Pupillary dilation

Shivering

Vasopressin release

Mammillary Memory Emotion, short-term
memory

Tuberomammillary Arousal, feeding, and
energy balance

Learning, memory, sleep

Lateral complex Orexin Arousal, appetite

Melanin-concentrating hormone Feeding, mood, sleep/wake
cycle
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median eminence into the hypophysial portal blood system to regulate pituitary
function. Their hormones in turn control the secretion, and often synthesis, of
hormones from five classic cell types in the anterior pituitary. These cells receive
multiple neuronal inputs and integrate these in their subsequent neurosecretory
response. While the anterior pituitary releases hormones in response to the stimula-
tory or inhibitory hypothalamic hormones, these are in turn influenced by neurolog-
ical input from several regions of the brain.

The hypophysial portal system is a rich complex of blood vessels from the base of
the hypothalamus, draining into a mesh of capillaries and ultimately the pituitary
sinusoids. They create a great increase in vascular surface area and are also fenes-
trated, further facilitating the diffusion of hypothalamic factors to the anterior
pituitary.

Another major input to neuroendocrine homeostatic regulation through the
hypothalamus is the autonomic nervous system. Additionally direct innervation
of glands, including the adrenals, pancreas, and pineal and salivary glands,
influences the regulation of their exocrine and endocrine functions. The pan-
creas receives both sympathetic and parasympathetic inputs whose interplay
exquisitely influences glucose homeostasis through insulin and glucagon
secretion.

The hypothalamus, as part of the brain, is protected from peripheral humoral and
chemical signals through the blood–brain barrier. However for homeostatic control,
key regions of the brain must receive sensory information from the bloodstream
including hormone levels, electrolytes, and glucose as well as potential toxins. The
circumventricular organs (CVOs) are regions that allow the passage of peripheral
cues into key neuronal cell groups, facilitating homeostasis. The CVOs lie along the
third and fourth ventricles in the midline and include the subfornical organ (SFO),
the organum vasculosum of the lamina terminalis (OVLT), the median eminence,
and the neurohypophysis. In these CVO regions, there is a rich blood supply with
fenestrated capillaries that allow relatively free diffusion of proteins and peptide
hormones. Several of the CVOs have major projections to hypothalamic nuclei that
play a role in homeostasis.

Circadian Rhythms

Circadian rhythms refer to the daily fluctuations that occur in hormone secretion,
body temperature, and sleep/wake cycle. The main hypothalamic nucleus involved is
the suprachiasmatic nucleus (SCN), the body’s master clock. SCN neurons have
intrinsic rhythmical discharge activity with a 25 h cycle in the absence of light input.
Light-stimulated input from the retinohypothalamic tract entrains the SCN neuronal
rhythm to a 24 h cycle. The SCN has output projections into multiple hypothalamic
nuclei controlling the circadian rhythm of several specific functions including
thermoregulation, glucocorticoid secretion, sleep, arousal, and feeding.

Light-stimulated activation of the SCN results in increased input to the para-
ventricular nucleus which stimulates sympathetic pathways which inhibit the
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secretion of melatonin from the pineal gland. Thus darkness and the subsequent loss
of sympathetic inhibitory signals allow increased melatonin secretion.

Disorders of circadian rhythm can manifest themselves as sleep disorders, for
example, phase shifting or jet lag, delayed sleep phase syndrome often seen in
teenagers, or advanced sleep phase syndrome seen in the elderly. Disorders of
circadian rhythm often, but not always, affect the blind. The retinohypothalamic
tract is not a visual tract and can thus be normal in the blind or defective in those with
normal vision.

Sleep allows energy conservation through reduced organic and physical activities
and thus influences energy homeostasis. During wakefulness activities lead to
hunger which promotes feeding. Chronic circadian rhythm disruption influences
sleep, the immune system, appetite, and energy balance (Markwald 2013).

The SCN functionally connects hypothalamic sleeping to feeding centers. The
SCN efferent projections target the subparaventricular zone (SPZ) with axons also
extending to the dorsomedial nuclei (DMN). Lesions in the ventral SPZ have
demonstrated its key regulation of rhythmicity in sleep, feeding, and activity. The
DMN sends efferents to the sleep regulation center in the ventrolateral preoptic area,
the PVN (corticotrophin-releasing hormone, CRH) neurons and signals to auto-
nomic nervous system, and the lateral hypothalamus (orexin- and melanin-
concentrating hormone). The DMN also receive inputs from the arcuate nucleus
(appetite and energy expenditure regulation). The ventromedial hypothalamus
expresses brain-derived neurotrophic factor (BDNF) under regulation of the
melanocortin 4 receptor (MC4R). BDNF regulates sleep onset and hedonic food
intake (Faraguna et al. 2008).

In humans a diurnal variation in temperature has been observed depending on the
periods of rest and activity, with core temperature lowest between 23 and 3 h during
sleep and peaking during the day between 10 and 18 h.

Energy Homeostasis

The obesity epidemic has been the stimulus to much research in energy homeostasis.
Imbalance between food intake and energy expenditure causes weight gain and
metabolic dysfunction with significant morbidity and mortality in energy excess,
whereas in starvation, energy must be conserved for essential organs, e.g., the brain,
and diverted from nonessential functions, e.g., reproduction.

The central melanocortin system in the hypothalamus integrates peripheral
signals and regulates peripheral organ functions. Arcuate nucleus pro-opiomela-
nocortin (POMC)-expressing neurons and neuropeptide Y (NPY) and agouti-
related peptide (AgRP) co-expressing neurons interact with melanocortin 4 recep-
tor (MC4R)-expressing neurons in the paraventricular nucleus. POMC neurons
stimulate MC4R and induce reduced food intake and increased energy expendi-
ture (anorexigenic effect), while NPY–AgRP neurons are orexigenic, antagoniz-
ing POMC action and inducing increased food intake and reduced energy
expenditure.
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In POMC knockout mice and patients with POMC gene mutations, early-onset
obesity is observed (Krude 1998; Yaswen et al. 1999). In contrast NPY and AgRP
mutations have no significant effect on food intake or body weight (Qian et al. 2002).

The POMC gene protein precursor generates a number of bioactive peptides
(ACTH, α-, β-, and γ-melanocyte-stimulating hormone (MSH), β-endorphin)
through posttranslational modifications. Alpha MSH mediates its anorexigenic and
AgRP its orexigenic effects through binding and activation of MCRs. The MC3R is
expressed in the POMC neurons of the arcuate nucleus, and MC4R are expressed in
several regions of the central nervous system (CNS) including the hypothalamic
paraventricular nucleus. MC3R and MC4R mice mutations are associated with
reduced energy expenditure and MC4R mutations also with hyperphagia. Human
MC4R mutations have been reported in nonsyndromic obesity (Vaisse et al. 1998).

The melanocortin system is in turn influenced by many peripheral signals includ-
ing leptin, ghrelin, insulin, glucocorticoids, and thyroid hormones. These hormones
feed information into the melanocortin system regarding the metabolic status of the
organism (Fig. 5).

Leptin is anorexigenic and produced by white adipose tissue in amounts propor-
tional to the body fat mass. While leptin has several receptors, only the long form
with extracellular and cytoplasmic domains mediates the effect of leptin. Leptin or
leptin receptor deficiency is associated with a morbid obese phenotype with hyper-
phagia, hyperglycemia, hyperlipidemia, and reduced energy expenditure (Montague
et al. 1997; Clément et al. 1998). In mice neuron-specific Ob-R deficiency was
associated with obesity, while hepatocyte-specific deficiency was not, showing that
the direct effect of leptin on the CNS is key to exerting its metabolic effects. Leptin
has been shown to activate POMC neurons and suppress activation of NPY–AgRP
neurons.

Insulin, secreted from pancreatic β islet cells, stimulates glucose uptake in
peripheral organs promoting weight gain. However, in the CNS, insulin receptors

Fig. 5 Schematic overview of hormonal regulation of energy homeostasis
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are widely expressed, and insulin’s actions are anorexigenic. Brain-specific insulin
receptor-deficient mice have a phenotype of obesity with hyperphagia (Brüning et al.
2000). Studies in L1 mice (reduced insulin receptor in the arcuate nucleus) suggest
that insulin receptor activation in POMC neurons positively regulates hepatic glu-
cose production and energy expenditure, while insulin signaling in AgRP neurons
has the opposite effect. Insulin and leptin appear to have similar effects on glucose
homeostasis but opposing effects on body weight (Williams et al. 2010).

Ghrelin is secreted from endocrine stomach cells when the stomach is empty. It
exerts its orexigenic effects through activation of the growth hormone secreta-
gogue receptor (GHSR). GHSR is strongly expressed in the hypothalamus,
predominantly in the NPY–AgRP neurons of the arcuate nucleus, ghrelin’s main
site of action in the CNS. Ghrelin’s inhibition of POMC action is probably
mediated through the activation of NPY–AgRp neurons. Indeed its effect is
abolished in NPY–AgRP double knockout mice (Chen et al.). Ghrelin also
increases enzymatic degradation of α-MSH to further enhance its orexigenic
effects (Kwon Jeong et al. 2013). Ghrelin resistance develops in obese overfed
mice but not in ob/ob mice suggesting leptin plays a role in this resistance. CNS
administration of leptin to ob/ob mice induced ghrelin resistance confirming this
hypothesis (Wang et al. 2013).

Thyroid hormones affect both food intake and energy expenditure. Hyperthy-
roidism induces hyperphagia by T3 stimulation of NPY and inhibition of POMC
neurons in the arcuate nucleus (Ishii et al. 2003). Starvation leads to increased T4 to
T3 conversion in the hypothalamus. T3 regulates uncoupling protein 2 activity which
mediates ghrelin action on the NPY–AgRp neurons to increase feeding behavior
(Vella et al. 2011).

Glucocorticoid excess in Cushing’s syndrome is associated with rapid weight
gain, hypertension, hyperglycemia, and insulin resistance, whereas hypo-
cortisolism in Addison’s disease or after adrenalectomy is associated with weight
loss, reduced appetite, and hypoglycemia. ACTH produced by POMC cells
stimulates adrenal glucocorticoid production. However POMC also has direct
central effects (Smart et al. 2006). In adrenalectomized mice, there are changes
in the synaptic organization of arcuate POMC neurons and enhanced central
effects of leptin.

There are many additional influences on appetite – glucose, fatty acid, and amino
acids also function as signal molecules of peripheral energy homeostasis. These
components have differential effects by altering the activity levels of different
components of the system.

Glucose is the primary energy source of the brain, and hypothalamic glucose-
sensing neurons are present in several hypothalamic nuclei, suggesting that nutrient
status can influence many other systems (Routh et al. 2012). Brain glucose levels are
lower than blood glucose levels, and there are distinct diffusion barriers (e.g.,
circumventricular organs) allowing movement of glucose from the periphery to the
CNS and also between brain regions. Controlled by glial cells capable of glucose
sensing, this diffusion is regionally differentially regulated and influenced by nutri-
tional status.
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Glucose-excited neurons have been found among GnRH neurons of the anterior
hypothalamus, the preautonomic neurons in the paraventricular hypothalamus, and
the melanin-concentrating hormone neurons in the lateral hypothalamus. Glucose
sensing through activation of the KATP channel as in the beta pancreatic cell has
been described but not for all regions.

Glucose-inhibited neurons are also found in many hypothalamic regions, e.g.,
ventromedial nucleus, arcuate nucleus, paraventricular nucleus, dorsolateral nucleus,
and the lateral hypothalamus. While nitric oxide signaling is responsible for glucose
sensing in some glucose-inhibited neurons, the exact mechanism is not understood
in many regions, including the arcuate NPY–AgRP neurons.

There is a sensitive mechanism for providing the brain with a constant supply of
glucose, and glucose-sensing neurons detect hypoglycemia and play a role in the
initiation of the counter-regulatory response to hypoglycemia. During fasting,
reduced leptin and ghrelin levels lead directly and indirectly to activation of
NPY–AgRP and orexigenic glucose inhibitory neurons. This is associated with
increased food intake, gluconeogenesis, and ketogenesis in order to maintain a
supply of energy to the brain. Additionally, glucose-sensing neurons may divert
energy away from competing systems or allow such functions, e.g., reproduction,
only when glucose levels are adequate.

The hypothalamus is the main integrator of inputs and responses in the control of
appetite and energy expenditure. It is a complex process involving the input of
several endocrine, chemical, and neurological signals, coordinated predominantly by
the melanocortin system into an endocrine and neurological response to maintain
body weight. However there is much research still needed to understand the exact
details of the control of energy homeostasis.

The homeostatic control of energy intake and expenditure is tightly controlled by
the hypothalamus. Signals from the “hedonic” corticolimbic pathways are also
integrated but can override the homeostatic system increasing desire to consume
palatable foods despite satiety. Environmental changes with increased availability of
energy-rich foods, increased portion size, and reduced physical activity due to more
sedentary jobs further facilitate the development of obesity through “hedonic”
overriding the homeostatic controls (Lenard and Berthoud 2008).

Water and Electrolyte Balance

The balance of water and electrolyte intake must be carefully balanced with water
and electrolyte loss in order to maintain a stable total body fluid volume and
osmolality. Osmoreceptors in the anterior hypothalamus and circumventricular
organs detect changes in plasma osmolality. Projections from these regions then
activate both stimulatory and inhibitory neurons connecting with the supraoptic and
paraventricular nuclei. So, if osmolality increases, then AVP, which is produced in
the supraoptic nucleus and magnocellular neurons in the paraventricular nucleus, is
released from the posterior pituitary gland into the circulation. In the nephron, AVP
promotes water reabsorption to correct the increased osmolality.
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Non-osmotic stimuli from baroreceptors influence the same hypothalamic nuclei
via the medulla and nucleus tractus solitarius. In addition to AVP released from the
posterior pituitary, there are AVP-secreting neurons stretching from the PVN and
SCN to the brainstem and spinal cord where they influence the sympathetic nervous
system.

Thirst regulates water intake and involves neural and hormonal input. Activation
of the hypothalamic thirst center occurs when the mouth is dry and when osmolality
increases. Decreased blood volume results in release of renin from the kidney and
subsequent activation of the angiotensin II which directly stimulates the hypotha-
lamic thirst center too.

Renin-stimulated aldosterone production results in increased nephron
reabsorption of sodium with secretion of potassium. In addition to AVP action,
this makes sure that the volume and osmolality are restored. Activation of the
sympathetic nervous system also causes vasoconstriction of the afferent arteriole
and reduced nephron perfusion resulting in a fall in urine output.

Blood Pressure and Heart Rate

Blood pressure homeostasis primarily involves the interplay between sympathetic
and parasympathetic autonomic nervous systems but is also influenced by the
neuroendocrine factors (e.g., CRF, GH, angiotensin II, AVP). Changes in hypotha-
lamic nuclei output can result in a rise or reduction of blood pressure by altering
sympathetic nervous activity. These nuclei are closely interconnected and receive
afferent input from the midbrain, medulla, and chemo- and baroreceptors in the
heart, aorta, carotids, and kidneys with efferent outputs to spinal sympathetic
preganglionic neurons which control the sympathetic ganglia and adrenal medulla.

The hypothalamic regions particularly involved in blood pressure homeostasis lie
along the third ventricle and also include the circumventricular organs (SFO and
OVLT) which allow the input of peripheral chemical signals, including sodium ion
concentration. The paraventricular, arcuate, medial preoptic, and supraoptic are
primarily involved, but there are many projections to, and input from, other hypo-
thalamic nuclei including the SCN which influences the circadian rhythm of heart
rate and blood pressure related to sleep. The dorsomedial nucleus has direct and
indirect connections to the autonomic nervous system.

The arterial baroreceptors autonomic reflexes respond rapidly to changes in
blood pressure and alter heart rate through changed sympathetic tone.
Low-pressure baroreceptors in the large veins and right atrium influence blood
volume through autonomic stimulation of the neuroendocrine system. A drop in
blood pressure will also stimulate retention of salt and water and increase thirst. A
wide range of neurotransmitters and hormones play a role in this process including
GABA, natriuretic peptides, angiotensin II, AVP, nitric oxide, serotonin, NPY,
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opioids, bradykinins, thyrotropin-releasing hormone (TRH), and corticotropin-
releasing hormone (CRH). Their individual roles and complex peripheral and
central interactions are out with the scope of the chapter. A few examples are
discussed below.

The angiotensin pathways from the lamina terminalis to the PVN, supraoptic
nucleus, and rostral ventrolateral medulla are activated by circulating angiotensin II,
CSF sodium ion concentration, and possibly aldosterone. Activation leads to
increased sympathetic output largely by reducing GABA and raising glutamate
release in fast synaptic transmission pathways.

High dietary salt is detected in the circumventricular organs of the brain when
CSF sodium ion concentration rises. This in turn promotes endogenous ouabain
release from the adrenal gland which leads to a sustained increase in angiotensin
II. The latter is a much slower pathway, but these two neuromodulatory paths allow
the CNS to shift gears rapidly and cause sustained sympathetic hyperactivity in an
efficient manner (Blaustein et al. 2012; Hamlyn et al. 2014).

Temperature

Body temperature is tightly regulated as excursions from this range result in detri-
mental changes to cellular function, e.g., reduced enzyme efficiency and altered
membrane diffusion, which in turn have significant impact on energy availability.
While recovery from low temperatures in hibernating mammals is usual, smaller
increases in brain temperature are incompatible with life. Small increases in temper-
ature can occur in the febrile response to endogenous pyrogens released during
infections. This is supposed to improve host defense and reduce pathogen viability.
Thus temperature homeostasis is essential for survival and plays a role in defense
against pathogens.

Information on temperature is provided by cutaneous thermal receptors through
sensory nerves to the spinal dorsal horn neurons and to the lateral parabrachial
nucleus in the pons. Body core structures including the brain, spinal cord, and
abdomen transmit temperature information through the splanchnic and vagal nerve
afferents. At the level of the hypothalamus, this information is integrated in the
preoptic and anterior areas. The preoptic area has been shown to respond to both
increases and decreases in temperature and integrates these sensory inputs to gener-
ate signals aimed at restoring normal body temperature. Signals from the
dorsomedial hypothalamus to the rostral ventromedial medulla complete the path-
way to the sympathetic nervous system. The effectors in thermoregulation under
sympathetic nerve control include cutaneous circulation (vasoconstriction or vaso-
dilation); thermogenesis from brown adipose tissue, skeletal muscle (shivering), or
the heart (increased heart rate); and evaporative loss (e.g., sweating, panting)
(Morrison and Nakamura 2011).
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Pituitary

The anterior pituitary gland plays a critical role in homeostasis by integrating
complex peripheral signals from the hypothalamus and other peripheral organs,
intrapituitary signals, and external stimuli to regulate release of anterior pituitary
hormones into the peripheral circulation.

The classical feedback mechanisms of the hypothalamic pituitary axis and its
target organs were described many years ago. In more recent years, our understand-
ing of the role of intrapituitary regulators of pituitary cell growth, apoptosis, hor-
mone secretion, and hormone release has expanded rapidly, to give finer detail of the
complex mechanisms underlying the release of anterior pituitary hormones.

Embryology

The pituitary gland is similar in all vertebrates and has been studied extensively in
the mouse (Fig. 2) (Kelberman and Dattani 2007; Alatzoglou et al. 2009). The
anterior and intermediate lobes arise from oral ectoderm, while the posterior pituitary
is derived from neural ectoderm.

During the third week of gestation, an outpocketing of oral ectoderm, the
hypophysial diverticulum, appears in front of the buccopharyngeal membrane,
preceded by localized thickening of the ectoderm (pituitary placode). This placode
is located ventrally in the midline of the anterior neural ridge and in the continuity
with the future hypothalamo–infundibular region, which is located posteriorly in the
rostral part of the neural plate (Alatzoglou et al. 2009). The hypophysial diverticu-
lum forms Rathke’s pouch which, in time, will become the anterior lobe of the
pituitary. During week 5 of gestation, the neuroectoderm from the diencephalon
extends to form the infundibulum (neurohypophysial diverticulum) which grows
downward developing into the posterior lobe. The hypophysial diverticulum and the
infundibulum grow toward one another, and by the second month, the hypophysial
diverticulum is isolated from its ectodermal origin in the oral cavity and lies close to
the infundibulum.

Hesx1 is the first transcription factor to be expressed in the developing pituitary,
and normal function is required for the development of Rathke’s pouch and other
midline structures. Abnormalities in this gene are reported in children with pituitary
hypoplasia, ectopic posterior pituitaries, optic nerve hypoplasia, and loss of pituitary
function (Kelberman et al. 2009). These features may present together as septo-optic
dysplasia, in which the corpus callosum is also affected.

The expression of Pitx1 and Pitx2 is evident in the early stages of pituitary
embryogenesis and persists during pituitary cell differentiation. Mutations of the
Pitx2 gene are associated with Axenfeld–Rieger syndrome. Affected patients have
abnormalities of the anterior segment of the eye, dental hypoplasia, a protuberant
umbilicus, and abnormalities of the brain. Pituitary involvement is suggested by the
presence of a small sella turcica in some patients.
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The SOXB1 group of transcription factors, Sox2 and Sox3, are expressed
throughout the developing brain and in high levels in the infundibulum and devel-
oping hypothalamus. Mutations of the SOX2 gene are associated with anophthalmia,
optic nerve hypoplasia, and pituitary hypoplasia and with gonadotropin deficiency
and genital abnormalities in boys and growth hormone deficiency. Abnormalities of
forebrain structures, including hypoplasia of the corpus callosum, hypothalamic
hamartoma, and hippocampal malformations, are also reported.

The SOX3 gene is located on the X chromosome, and the phenotype of SOX3
mutations is inherited in an X-linked manner. Affected boys have learning difficul-
ties and variable pituitary failure, in which GH deficiency is constant and other
pituitary hormones may be involved. Imaging studies demonstrate pituitary and
infundibular hypoplasia, ectopic posterior pituitary, and hypoplasia of the corpus
callosum.

Lhx3 and Lhx4 are essential for normal pituitary development, the role of Lhx3
being primarily in the regulation of cell differentiation and maturation and Lhx4, cell
proliferation. Abnormalities of the LHX3 and LHX4 genes have been associated
with hypopituitarism, pituitary hypoplasia, and abnormalities of the spine
(Kelberman et al. 2009).

The differentiation and proliferation of pituitary stem cells into five distinct
hormone-producing cell types are regulated by a spatial and temporal distribution
of key transcription factors and signaling pathways. The wingless (WNT) and the
sonic hedgehog pathways are important for the regulation of cell proliferation, while
bone morphogenetic protein (BMP) and fibroblast growth factor (Fgf) are important
in regulating cell proliferation and migration.

Within the ventral ectoderm of Rathke’s pouch, a ventral-to-dorsal gradient of
BMP 2 and, in the opposite direction, a gradient of Fgf 8 are established. In this way,
overlapping sets of transcription factors are synthesized in different populations of
cells, dependent upon their location along the dorsal–ventral axis. A simplified
cartoon illustrating key transcription factors in the regulation of pituitary cell
differentiation is given in Fig. 6.

Mutations in pituitary transcription factors have been identified in patients with
multiple pituitary hormone deficiencies (MPHD), less commonly, an isolated pitu-
itary hormone deficiency which may be associated with anatomical changes. Pitu-
itary stalk interruption (Fig. 7) has been described in patients with mutations of the
HESX1, LHX4, and SOX3 genes (Yang et al. 2013), while the more severe
phenotype of septo-optic dysplasia (Fig. 8) has been described in patients with
mutations of HESX1.

The clinical phenotype of patients with mutations of pituitary transcription factors
is summarized in Table 2.

Anatomy

The pituitary gland, a small pea-sized organ weighing approximately 0.5 g, rests in
the sella turcica, a saddle-shaped depression in the body of sphenoid bone. The
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pituitary lies between optic chiasm, separated by the diaphragma sellae from above
and the sphenoid air cells which located below it. The cavernous sinus and its
contents are to be found on each side of the pituitary. The pituitary stalk, which
connects the median eminence of the hypothalamus to the pituitary gland, passes
through an opening in the dura surrounding the brain.

The pituitary comprises of anterior (adenohypophysis) and posterior (neurohy-
pophysis) lobes. The anterior lobe is subdivided into the pars anterior (pars
distalis) and the pars intermedia, which may be separated by a cleft that is a
remnant of an embryonic pouch. The pars tuberalis is a projection from the pars
anterior that extends upward and forward along the anterior and lateral surfaces of
the pituitary.

Fig. 6 Activation of pituitary transcription factors. In response to the BMP2–FGF8 ventral–dorsal
gradient. Solid arrows indicate the activation of expression, dotted arrows indicate an unknown role
in the activation of expression, dashed arrows indicate an undefined role, and dash–dot arrows
indicate an action of an important factor in the maintenance of long-term cell function. BMP2 bone
morphogenetic protein 2, EGR1 early growth response 1, ER estrogen receptor, FGF8 fibroblast
growth factor 8, GATA2 GATA-binding protein 2, HESX1 HESX homeobox 1, ISL1 ISL LIM
homeobox 1, LHX3 LIM homeobox 3, LHX4 LIM homeobox 4, LIF leukemia inhibitory factor,
MSX1 MSH homeobox 1, NeuroD1 neurogenic differentiation 1, PIT1 POU class 1 homeobox
1, PITX1 paired-like homeodomain 1, PITX2 paired-like homeodomain 2, POMC
pro-opiomelanocortin, PROP1 prophet of Pit-1, RAR retinoic acid receptor, SF1 steroidogenic
factor 10, T3r thyroid hormone nuclear receptor, TEF thyrotroph embryonic factor, TPIT
T-box19, Zn15 zinc finger protein Zn15 (Adapted from de Moraes et al (2012)
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Fig. 7 Pituitary stalk interruption syndrome (PSIS). (a) Sagittal and (b) coronal T1-weighted MR
images show that the posterior lobe of the pituitary is in an ectopic location, the pituitary stalk is
absent, and the anterior lobe of the pituitary is hypoplastic (Images courtesy of Dr Laurence
Abernethy, Alder Hey Children’s NHS Foundation Trust, Liverpool)

Fig. 8 Septo-optic dysplasia. (a) Axial T2-weighted MRI shows the absence of the interventricular
septum and an abnormal configuration of the frontal horns of the lateral ventricles. (b) Coronal
T1-weighted MRI shows absence of the interventricular septum and hypoplasia of the optic chiasm
and anterior pituitary (Images courtesy of Dr Laurence Abernethy, Alder Hey Children’s NHS
Foundation Trust, Liverpool)
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During childhood the upper border of the anterior pituitary is flat on magnetic
resonance imaging, and the height of the pituitary is<6 mm. During normal puberty,
physiological pituitary hypertrophy is observed, and the upper border may appear
convex. These changes are more evident in girls than in boys, with pituitary height
reaching 10 mm in girls (Elster et al. 1990) (Figs. 8 and 9).

Blood Supply of the Pituitary
The principal arterial supply of the pituitary gland is from the superior and inferior
hypophysial arteries. The superior hypophysial arteries originate from the internal
carotid artery shortly after it enters the cranial cavity and then promptly divide into
posterior and anterior branches, each of which anastomoses with the corresponding
branch from the opposite side to form an arterial ring around the upper pituitary
stalk. Trabecular or loral arteries, from the anterior branches, descend along the
upper surface of the anterior lobe toward the pituitary stalk and terminate in long
stalk arteries. Short stalk arteries, from both the posterior and anterior branches of the

Table 2 Mutations in pituitary transcription factors and associated phenotypes

Gene Key clinical features Endocrine phenotype

HESX1 Variable, no obvious
phenotype–genotype correlation

IGHD or combined with ACTH, TSH,
LH, and FSH deficiency

OTX2 Anophthalmia or microphthalmia CPHD

SOX2 Esophageal atresia, genital
abnormalities in males, bilateral
anophthalmia, or severe
microphthalmia, sensorineural hearing
loss, hypothalamic hamartoma

Hypogonadotropic hypogonadism

SOX3 Short male with varying degree of
mental retardation, facial anomalies in
some patients

IGHD or combined with ACTH, TSH,
LH, and FSH deficiency

GLI2 Single nares, single central incisor,
postaxial polydactyly, and partial
agenesis of the corpus callosum

GH, TSH, PRL, LH, and FSH

LHX3 Short, rigid cervical spine with or
without sensorineural deafness

Sparing ACTH in majority, however it
has been reported in c.80–32_775 _
454 del3,088 and p.K50X mutations.
Mainly GH, TSH, and gonadotropin
deficiency

LHX4 Variable, persistent craniopharyngeal
canal and abnormal cerebellar tonsils

IGHD or combined with TSH, ACTH

PROP1 Enlarged pituitary with later involution GH, TSH, PRL, and gonadotropin
deficiency. Evolving ACTH deficiency

POU1F1
(PIT1)

Clinical features of central
hypothyroidism at early age

GH, PRL, TSH deficiency

PITX2 Malformation of the anterior segment of
the eye, dental hypoplasia, and a
protuberant umbilicus

GH deficiency
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Fig. 9 MRI of pituitary. Sagittal T1-weighted images. (a) Normal prepubertal girl. The upper
surface of the anterior lobe of the pituitary is flat. (b) Normal pubertal girl. The upper surface of the
anterior lobe of the pituitary is convex and almost reaches the optic chiasm (Images courtesy of Dr
Laurence Abernethy, Alder Hey Children’s NHS Foundation Trust, Liverpool)
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Fig. 10 Blood supply of the pituitary gland
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superior hypophysial arteries, penetrate the superior aspect of the pituitary stalk to
run superiorly or inferiorly.

The inferior hypophysial arteries originate from the meningohypophysial trunks
within the cavernous sinuses. They pass along the inferolateral portions of the gland
and bifurcate into medial and lateral branches that anastomose with their opposite
counterparts to form an arterial circle about the posterior lobe. Branches of the
inferior hypophysial arteries supply the posterior lobe and lower portion of the
stalk, with only a minor contribution to the periphery of the anterior lobe (Fig. 10).

Gomitoli, “balls of thread,” are unique vascular complexes formed from arterial
branches of the pituitary stalk and infundibulum. Blood flow through these vessels is
regulated by thick smooth muscle sphincters located in short specialized arterioles at
the transition from central arteries to capillaries. The periarteriolar capillaries drain
into an extensive pampiniform network, the portal system, which envelopes the
stalk. The anterior pituitary receives the majority of its blood supply not from arteries
but from the portal system which forms a vital link between the hypothalamus and
the pituitary gland.

Venous outflow of the pituitary is via collecting vessels that drain into the
subhypophysial sinus, cavernous sinus, and superior circular sinus.

Folliculostellate Cells

Folliculostellate (FS) cells are star-shaped, non-endocrine cells that comprise
approximately 5 % of the total pituitary cell mass. They form follicles within the
pituitary that increase in number and size during aging. FS cells have phagocytic
properties, removing cell debris from pituitary cell apoptosis, and a supportive role
for other pituitary cells, surrounding them with long cytoplasmic processes.

FS cells have an additional, critical role in coordinating pituitary hormone release,
communicating directly with each other through desmosomes and gap junctions and
with endocrine cells by gap junctions. They function within a complex network that
coordinates FS cell and endocrine cell function and activity over long distances. The
rapid communication of secondary messengers through this network is dependent on
the density and size of intercellular gap junctions, which may be influenced by
hormones, such as glucocorticoids (GC) and sex hormones, and other factors such as
leptin, tumor necrosis factor (TNF)-α, and transforming growth factor (TGF)-β3.

Anterior pituitary cells also communicate in a paracrine manner through soluble
factors, including growth factors, cytokines, hormones, and peptides, some of which
may be produced primarily or exclusively by FS cells. One important example is
vascular endothelial growth factor (VEGF-A), which was first identified in the
pituitary FS cells in 1989 and has since been recognized as a key regulator of
blood vessel and lymph angiogenesis (Ferrara 1989; Gospodarowicz et al. 1989).
Two VEGF receptors (VEGFR-1 and VEGFR-2) are expressed in the pituitary,
VEGFR-1 located in endocrine cells and VEGFR-2 primarily in endothelial cells
(Onofri et al. 2006). VEGF-A may play an important role in the development of the
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intrapituitary vascular network during embryogenesis, maintenance in postnatal life,
and in enabling pituitary plasticity during adult life, for example, by promoting
angiogenesis to support the increased lactotroph cell mass during pregnancy and
lactation (Turner et al. 2000). VEGF also increases vascular permeability by altering
fenestration of endothelial cells. In this way, FS cells may regulate the activity of
pituitary gland messengers, by increasing the exchange of soluble factors between
the bloodstream and endocrine cells.

Anterior Pituitary Hormones

There are six principle hormones synthesized and secreted by specialized cells of the
anterior pituitary: prolactin, thyrotrophin (thyroid-stimulating hormone, TSH), adre-
nocorticotropin (ACTH), growth hormone (GH), luteinizing hormone (LH), and
follicle-stimulating hormone (FSH). Each hormone is regulated by multiple sources
of input acting at the level of the pituitary and hypothalamus.

The pituitary hormones regulate their own synthesis and secretion, acting at the
level of the pituitary and through log loop feedback, at the level of the pituitary.
Within the pituitary, there are multiple ultrashort loop feedback pathways that are
thought to be important in fine-tuning pituitary hormone release. The activity of the
pituitary is also subject to multiple peripheral influences, including nutritional status,

Fig. 11 Principle regulators of anterior pituitary hormone synthesis and release. Green lines
indicate factors that stimulate hormone secretion, red lines factors that inhibit hormone secretion,
and black lines factors that may either stimulate of inhibit secretion (From Perez-Castro et al. 2012)
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temperature, illness, mood, sleep, etc. The general principles of anterior pituitary
hormone regulation are illustrated in Fig. 11.

Lactotrophs and Prolactin

Prolactin is secreted from lactotrophs, cells derived from the Pit-1-dependent lineage
of pituitary cells, of which there are two types: large polyhedral cells, containing
large secretory granules that are found throughout the pituitary, and smaller elon-
gated cells, containing smaller secretory granules that are located in the lateral
wings. Together they comprise approximately 15–20 % of pituitary functional cell
mass. Both cell types hypertrophy during pregnancy and lactation when the pituitary
may more than double in size.

Animal studies suggest that lactotrophs are derived from postmitotic
somatotrophs (Burrows et al. 1996), and occasional cells (mammosomatotrophs)
secrete both prolactin and growth hormone. Lactotrophs have the highest mitotic and
apoptotic rate of all pituitary cells.

Prolactin
The prolactin gene is 10 kb in size, comprising five exons and four introns encoding
a 199 amino acid polypeptide hormone with three intramolecular disulfide bonds.
There are a number of prolactin variants which are the product of alternative splicing
of the primary transcript, proteolytic cleavage, and other posttranslational modifica-
tions of the amino acid chain (Sinha 1995). The most abundant form of prolactin,
monomeric (23 kDa), is also the most potent variant. Other variants include dimeric
(48–56 KDa) and polymeric (>100 KDa) prolactin. An abundance of polymeric
prolactin (“macroprolactinemia”) is rarely associated with the clinical manifestations
of prolactin excess.

Prolactin is secreted in a pulsatile manner, with 4–14 pulses in 24 h, each lasts
approximately an hour. There is a diurnal pattern of hormone release: Peaks of
greatest amplitude are secreted overnight, with a temporal relationship with REM
sleep, and those of lowest amplitude are secreted during the morning (Sassin et al.
1972). Prolactin pulses are more frequent and of higher amplitude in females than in
males and decline with age in both genders.

Regulation of Prolactin Secretion
Prolactin secretion is stimulated by thyroid hormone-releasing hormone, which
preferentially increases the secretion of monomeric prolactin. Other factors that
stimulate prolactin secretion include fibroblast and epidermal growth factors, vaso-
active intestinal polypeptide (VIP), and hypothalamic prolactin-releasing hormone,
which binds to a specific receptor.

The dominant action of estrogen on lactotrophs is to increase prolactin gene
transcription and secretion; however it is also recognized that estrogen also pro-
motes both lactotroph proliferation and apoptosis. There is some evidence that
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these contrary actions of estrogen are mediated through different receptors, apo-
ptosis being medicated by membrane bound receptors and cell proliferation by
intracellular estrogen receptors (Zárate et al. 2009). Estrogen-induced changes in
lactotroph cell growth are mediated through growth factors including TGF-α,
TGF-β, epidermal growth factor (EGF), basic fibroblast growth factor (bFGF),
IGF-I, IGF-II, interleukin-6, and others. Prolactin levels also increase in response
to opiates.

Prolactin secretion is inhibited, primarily, by dopamine synthesized and secreted
from the tuberoinfundibular cells and the hypothalamic tuberohypophysial dopami-
nergic system. It reaches the lactotrophs of the pituitary via the hypothalamic
pituitary portal circulation, to bind on specific type 2 dopamine receptors on
lactotroph cell membranes. Disruption of the hypothalamic pituitary portal circula-
tion is often associated with an increase in peripheral prolactin concentrations.

Prolactin increases dopamine synthesis by promoting tyrosine hydroxylase activ-
ity, thus regulating its own secretion through a classical negative feedback loop.
Other inhibitors of prolactin release include endothelin 1 and TGT-β1, which act in a
paracrine manner, and calcitonin which maybe of hypothalamic origin.

Prolactin Actions
The prolactin receptor, a member of the cytokine receptor superfamily, is expressed
in a wide range of tissues, including the breast, pituitary, liver, adrenal cortex,
kidney, prostate, ovary, testes, intestine, epidermis, pancreatic islet cells, myocar-
dium, lung, brain, and lymphocytes. Collectively, human and animal studies have
identified more than 300 prolactin actions (Freeman et al. 2000), leading some
authors to speculate that prolactin is a prohormone that exerts these diverse actions
through a number of prolactin derivatives.

The most important role of prolactin in humans is lactation (milk production), and
women with mutations of the prolactin gene do not lactate (Falk 1992). Prolactin is
not essential for human breast development, which requires growth hormone,
epidermal growth factor, estrogen, parathyroid hormone-related protein, and
progesterone.

During the third trimester of pregnancy, prolactin acts in a synergistic manner
with estrogen, progesterone, and other breast-derived growth factors, to stimulate the
production of colostrum. Following birth, suckling stimulates prolactin release
which is essential for the maintenance of lactation, and in the absence of suckling,
prolactin levels return to nonpregnant levels approximately 7 days. During lactation,
prolactin inhibits GnRH and gonadotropin secretion and therefore acts as a natural
contraceptive.

Thyrotrophs and Thyrotrophin

Thyrotrophin, or thyroid-stimulating hormone (TSH), is synthesized and secreted by
thyrotrophs, irregularly shaped cells with flattened nuclei that are located in the
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anterior medial aspects of the pituitary. Thyrotrophs are smaller than the other
pituitary cells and comprise approximately 5 % of pituitary cell mass.

TSH Structure
TSH, one of four glycoprotein hormones which comprise an α-subunit, covalently
bound to a unique β-subunit which confers biological specificity. Other glycoprotein
hormones include TSH, LH, FSH, and placental chorionic gonadotropin. The gene
encoding the common α-subunit is located on 6p14.3. The gene encoding the TSH
β-subunit is located on 1p13.2 and comprises three exons, of which the first is
noncoding. The TSH β-subunit is 112 amino acid long.

Thyrostimulin, a heterodimer of two more recently identified glycoprotein sub-
units, also stimulates the TSH receptor (Nakabayashi et al. 2002). The role of
thyrostimulin is a subject of ongoing research, but it appears to have a number of
important peripheral actions (Sun et al. 2010; Bassett et al. 2015).

Regulation of TSH Secretion
Like other pituitary hormones, secretion of TSH is pulsatile and shows a diurnal
pattern of secretion, with concentrations of TSH being highest in the late evening.

TSH secretion is stimulated by hypothalamic TRH, secreted from the para-
ventricular nuclei as pro-TRH which contains five copies of the TRH molecule.
Peptidase action, followed by cyclization of the glutamine residue to form a
pyroglutamyl residue, results in the release of individual TRH molecules which act
on G protein-coupled type 1 TRH receptors and induce the inositol phosphate/
calcium/protein kinase C signaling pathway to stimulate TSH release.

The TRH neuron has an important role in setting TSH levels in response to
external stimuli. In response to cold, adrenergic input increases the set point for TRH
inhibition by T3, allowing thyroid hormone levels to rise, increasing thermogenesis.
In response to fasting, stimulation of the pro-opiomelanocortin (POMC) system,
which promotes weight loss, and inhibition of the neuropeptide Y/agouti-related
peptide system, which promotes weight gain, result in a reduction of TRH
expression.

The major inhibitors of TRH and TSH synthesis and secretion are thyroxine (T4),
synthesized in the thyroid gland, and 3,30,50-triiodothyronine (T3), the product of T4

deiodination. The effects of T3 are mediated through thyroid hormone receptors
(TR), part of the superfamily of nuclear hormone receptors, of which α and β are the
major isoforms. TR-α is the principal mediator of T3 suppression of hypothalamic
TRH synthesis and TRH receptor expression. Levels of T3 are determined by type
2 and type 3 deiodinase, which increase and inactivate T3, respectively. Type
2 deiodinase is found in the glial cells of the hypothalamus and tanycytes, which
line the third ventricle, while type 3 deiodinase is found in the TRH neuron,
indicating complex mechanisms of local regulation of TRH secretion.

TSH secretion is regulated within the pituitary by FS cells which express TSH
receptors, type 2 deiodinase, and the specific T3 transporter, monocarboxylate
transporter 8. It is proposed that FS cells act in an ultrashort feedback, releasing an
inhibitor of TSH secretion, possibly TGF-β2, upon stimulation of FS cell TSH
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receptors (Pazos-Mour et al. 2003). Type 3 deiodinase and TR are found in
thyrotrophs, again indicating a complex local interplay between promoters and
inhibitors of hormones regulating thyroid hormone release.

Transporter proteins play an important role in mediating the actions of T3 in the
brain, of which two, organic anion-transporting polypeptide and MOAT8, are the
two most important.

Somatostatin inhibits the nocturnal release of TSH acting at the level of the
pituitary and possibly through inhibition of TRH secretion and TRH receptor
expression. Dopamine also has the effect of inhibiting the nocturnal rise in TSH
secretion. TRH and TSH secretion is also inhibited by glucocorticoids and inflam-
matory cytokines.

Corticotrophs and Adrenocorticotropic Hormone (ACTH)

Corticotrophs are large, irregular cells with prominent neurosecretory granules
located around the median pituitary wedge and posteriorly adjacent to the pars
nervosa. They are the first endocrine cells of the pituitary to produce hormones,
being active from the eighth week of gestation. They comprise approximately 20 %
of functional pituitary cell mass and produce the products of the POMC gene,
including adrenocorticotropic hormone (ACTH) and opioid and melanotropic

Fig. 12 Processing and cleavage of pro-opiomelanocortin. ACTH adrenocorticotropic hormone,
CLIP corticotropin-like intermediate lobe protein, EP endorphin, JP joining peptide, LPH lipopro-
tein, MSH melanocyte-stimulating hormone, N-POC N-terminal POMC fragment (From Clark and
Swords 2001)
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peptides. These POMC gene products have a high glycoprotein content, making the
corticotroph stain strongly positive for periodic acid–Schiff.

The POMC gene is located on the short arm of chromosome2, 2p23, and consists
of three exons: The first encodes a leader sequence and the second the signal
initiation sequence and N-terminal portion of the POMC peptide, and the third
contains most of the sequence for corticotropic, melanotropic, and opioid peptides.
Translation of the gene results in a 266 amino acid preprohormone which undergoes
extensive modification and processing including removal of the N-terminal
sequence, glycosylation of Thr45, N-linkage of Asn65, and serine phosphorylation
(Fig. 12). Cleavage of POMC at pairs of basic residues (lys–lys or lys–arg) by
prohormone convertase 1 (PC1) releases N-terminal POMC fragment (N-POC) and
β-LPH. Further cleavage of N-POC by PC1 releases pro-ɣ-MSH, joining peptide and
ACTH, and further cleavage of β-LPH by PC2 results in ɣ-LPH and β-endorphin.
ACTH may be further cleaved by PC2 to α-melanocyte-stimulating hormone
(α-MSH) and corticotrophin-like intermediate lobe peptide (CLIP).

Products of POMC have a wide range of actions. ACTH binds to the
melanocortin receptor type 2 receptor to induce synthesis of adrenal glucocorticoids,
androgens, and, to a lesser degree, mineralocorticoids. Stimulation of the
melanocortin receptor type 1 on melanocytes by ACTH, β-lipotropin (β-LPH), and
ɣ-LPH induces skin pigmentation. The effects of leptin on appetite suppression are
mediated by the melanocortin system via α-MSH, acting at the level of the hypo-
thalamus. Deficiency of POMC results in hyperphagia and weight gain in both mice
(Yaswen et al. 1999) and humans (Krude et al. 1998), which can be reversed by
infusing α-MSH into the ventricles.

α-MSH also has an important role in the inflammatory response, regulating the
activity of antigen-presenting cells and T cells and inhibiting macrophage activity
and leukocyte migration.

The hypothalamic pituitary adrenal axis plays a central role in the stress response
to pain, hemorrhage, hypovolemia, trauma, psychological stress, infection, inflam-
mation, and hypoglycemia. Upregulation of the axis in response to peripheral and
central signals of stress, including vasovagal, catecholamine, and cytokine messen-
gers, results in an increase in glucocorticoid synthesis and release, affecting energy
supply, metabolism, cardiovascular function, and immunity.

ACTH Secretion
ACTH is secreted in a pulsatile manner, with pulses of ACTH being followed,
approximately 15 min later, by pulses of cortisol. A circadian pattern of ACTH
secretion is evident, with maximum levels of ACTH being observed between 06.00
and 09.00, falling to a nadir between 23.00 and 02.00 The circadian rhythm is set by
the suprachiasmatic nucleus of the hypothalamus.

Regulation of ACTH
Levels of ACTH are regulated by factors from the hypothalamic, including CRH,
dopamine and arginine vasopressin (AVP), within the pituitary by cytokines and
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growth factors and by glucocorticoids through a negative feedback loop at the level
of the hypothalamus and pituitary.

CRH is a 41-amino acid peptide derived from a 196-amino acid prohormone
synthesized by neurons in the parvocellular division of the hypothalamic para-
ventricular nuclei. These neurons also secrete other ACTH secretagogues including
AVP, cholecystokinin, and opioid peptides. Hypothalamic CRH secretion is
increased by a number of cytokines and neurotransmitters, including acetylcholine,
norepinephrine, histamine, serotonin, tumor necrosis factor, oxytocin, vasoactive
peptide (VIP), catecholamines, angiotensin II, and interleukins (IL), with the excep-
tion of IL2, which appears to act at the level of the pituitary. Secretion is inhibited by
gamma-aminobutyric acid.

AVP is synthesized in the supraoptic and periventricular nuclei of the hypothal-
amus and corticotrophs, where it acts in a paracrine manner. AVP stimulates ACTH
release via the V1b receptor. It is a relatively weak stimulant of ACTH but acts
synergistically with CRH by increasing the number of corticotrophs responsive
to CRH.

In response to CRH binding with the CRH type 1 receptor (CRH-R1),
corticotrophs release ACTH stored in secretory vesicles. CRH also activates
POMC gene expression, resulting in a second, slower wave of ACTH release.
Subpopulations of corticotroph cells may differ in their CRH-R1 expression, with
some subpopulations responding quickly with immediate release of stored ACTH,
while others respond more slowly, thus ensuring a sustained ACTH rise during
periods of prolonged stress (Mason et al. 2002).

CRH and AVP are thought to be the major mediators of stress-related
ACTH release, and physical and psychological stress increases transcription of
both secretagogues. Cytokines released from immune cells (TNF-α, IL-1, IL-6),
FS cells, and corticotrophs of the pituitary (leukemia inhibitory factor (LIF), IL-6)
are also potent stimulators of ACTH secretion during periods of stress (Arzt et al.
1999).

Glucocorticoids inhibit ACTH release at three levels: at the level of the hypo-
thalamus by inhibiting CRH and AVP synthesis, at the level of the pituitary by
inhibiting POMC transcription, and by modifying corticotroph response to CRH-R1
and V1b receptor stimulation.

Growth Hormone and Somatotrophs

Somatotrophs
Growth hormone (GH) is synthesized in somatotrophs, cells that comprise approx-
imately 50 % of pituitary cell mass and are located in the lateral wings of the
pituitary. They are polyhedral in appearance and a small subpopulation
(mammosomatotrophs) stain for both GH and prolactin.

The human growth hormone gene is located on the long arm of chromosome
17q22-24. GH is a 191 amino acid single-chain polypeptide hormone consisting of
four α-helixes with two disulfide bonds. There are two major isoforms, full length
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(22 kDa) which accounts for approximately 70 % of circulating GH. An alterna-
tively spliced GH (20 kDa), which lacks residues 32–46 and has a slower clearance
rate than 22 kDa GH, accounts for a further 15 % of pituitary-derived GH. An
acetylated 22KDA GH isoform can also be detected, and other isoforms are present
in low concentrations (Bauman 2009).

Patterns of Growth Hormone Secretion
From early infancy, growth hormone is secreted in pulses of the greatest frequency
and amplitude during sleep with the onset of slow-wave sleep being the trigger for
the peaks of the greatest amplitude and frequency (Van Cauter et al. 1998). Between
pulses, growth hormone concentrations return to levels below the limits of detection
of most laboratory assays.

Growth hormone levels are higher during the neonatal period than in later
childhood, and over the first 4 days of life, the magnitude and frequency of growth
hormone pulses fall by 50 % (Vigneri and Agata 1971). In the first few months of
life, there is no relationship between sleep and growth hormone secretion.

Production of GH during childhood ranges from 200 to 600 μg/L per day. During
adolescence GH production rises sharply in concert with the increase in sex hor-
mones, to 1,000–1,800 μg/L per day, falling to 200–600 μg/L once again during
young adult life and falling progressively during middle and old age (Giustina and
Veldhuis 1998).

Regulators of Growth Hormone Secretion
Growth hormone peaks are regulated primarily, by the balance between growth
hormone-releasing hormone (GHRH), the principle GH secretagogue which stimu-
lates GH gene transcription and GH release, and somatostatin which is the primary
inhibitor of GH secretion. The secretion of these two hormones is under complex and
multilayered control by neurotransmitters, neuropeptides, and opiates.

GHRH, of which there are two principal forms, GHRH (1–40) and GHRH
(1–44), is derived from a 108 amino acid preprohormone. The C-terminal residues
30–44 may be redundant as full biological activity is retained in their absence.
GHRH acts through a seven-transmembrane domain G protein-coupled receptor to
stimulate GH synthesis and release and somatotroph proliferation.

Ghrelin, a peptide released primarily from the gastric mucosal cells, is a potent
GH secretagogue, acting directly at the level of the pituitary and via hypothalamic
GHRH where it binds with the GH secretagogue receptor (Kojima et al. 1999). Other
sources of ghrelin include the hypothalamus, and somatotrophs, thyrotrophs, and
lactotrophs, where it acts in a paracrine manner. The actions of ghrelin are mediated,
at least in part, by GHRH, as transection of the pituitary stalk results in loss of
ghrelin-mediated GH suppression.

Clonidine, arginine, exercise, and L-dopa all augment GH secretion via
α-adrenergic pathways. In contrast, β-adrenergic pathways inhibit GH secretion.
Enkephalins and endorphins increase GH release, as do galanin, neurotensin, VIP,
motilin, cholecystokinin, and glucagon.
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Sex steroids promote GH secretion, increasing the amplitude of GH pulses.
Estrogen promotes GH secretion through the estrogen receptor α, expressed on
both GHRH neurons and somatotrophs, but also reduces GH sensitivity, resulting
in a fall in IGF-I levels. Testosterone promotes GH secretion, with no loss of GH
sensitivity, increasing levels of both GH and IGF-I.

The primary action of leptin, a hormone released from white adipose tissue, is the
maintenance of a healthy body fat mass by inhibiting the appetite centers of the
brain. Short-term exposure to leptin increases GH release, probably by enhancing
GHRH release and inhibiting somatostatin, but prolonged exposure results in a
reduction in GHRH sensitivity and lower GH levels. During periods of fasting,
GH levels rise. In contrast, GH levels are low in obese subjects.

GH secretion is stimulated for up to 3 h following glucocorticoid exposure,
followed by suppression within 12 h of sustained exposure. Thyroid hormones are
essential for the maintenance of normal GH levels. In hypothyroid patients, the GH
response to stimulation is impaired and recovers after restoration of normal thyroid
hormone levels. Sex steroids increase GH levels. In men, testosterone effects are
mediated via aromatization to estrogen

Somatostatin is the primary inhibitor of GH secretion. It is also the product of a
preprohormone and circulates in two forms: somatostatin-28 and somatostatin-14.
Somatostatin has diverse effects within the pituitary and in other organs including
the gut, pancreas, and liver. Pituitary actions of somatostatin include inhibition of
GH secretion directly and also through inhibition of GHRH release from the
hypothalamus. Somatostatin levels rise in response to increases in GHRH, growth
hormone, and IGF-I.

Gonadotropins and Gonadotrophs

The gonadotropins LH and FSH are synthesized and released by gonadotrophs,
which contribute approximately 10 % of the pituitary cell mass and are located
throughout the pars distalis and pars tuberalis. They are in intimate contact with
lactotrophs, with which they interact in a paracrine manner.

LH and FSH are members of the glycoprotein hormone family, which also
includes TSH and placental chorionic gonadotropin. They comprise a common
92 amino acid α-subunit covalently bound to a hormone-specific β-subunit, which
varies in size from 110 to 145 amino acids. The gene encoding the common
α-subunit is located on chromosome 6 and comprises four exons, of which the first
is noncoding. The gene encoding the LH-β-subunit is located on 19q.13.3 and
comprises three exons. The FSH β-subunit gene also comprises three exons and is
located on 11p.14.1.

Regulators of Gonadotropin Secretion
The major regulators of LH and FSH concentrations are hypothalamic GnRH, which
stimulates release, and gonadal factors, including testosterone, estradiol,
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progesterone, and inhibin, which inhibit release. Auto and paracrine pathways within
the pituitary also regulate gonadotropin release and are of particular importance in
determining the differential regulation of LH and FSH from the same cell.

During embryogenesis, the migration of GnRH neurons from the medial olfactory
placode along the olfactory bulb to the infundibulum, medial basal and the
periventricular regions of the hypothalamus, is dependent on a number of factors
including anosmin-1 (the product of KAL gene), leukemia inhibitory factor, and
fibroblast growth factor receptor 1. Kallmann syndrome, characterized by anosmia
and hypogonadotropic hypogonadism, results from defective GnRH neuron migra-
tion in patients with mutations of the KAL1 gene (Bick et al. 1992).

GnRH is encoded by two genes. GNRH1 is found in hypothalamic neurons. It
encodes a 92 amino acid precursor protein which regulates pituitary release of
gonadotropins. The second GnRH gene, GNRH2, is found in the midbrain and
encodes a decapeptide that serves as a neurotransmitter rather than a pituitary-
releasing factor.

Like other hypothalamic hormones, GnRH is released in a pulsatile manner. This
pulsatility is essential for normal activity of the hypothalamic pituitary axis, as
continuous exposure of to GnRH results in downregulation of GnRH receptors
and desensitization of gonadotrophs.

GnRH binding to its membrane receptor on gonadotrophs stimulates the release
of both LH and FSH, and differential regulation of LH and FSH is achieved, in
part through changes in GnRH pulse frequency (Dalkin et al. 1989). LH, FSH, and
TSH share a common α-subunit, and hormone specificity is conferred from the
β-subunit. High-frequency GnRH pulses increase transcription of α- and
LH-β-subunits, whereas low-frequency GnRH pulses increase FSH-β gene tran-
scription. Furthermore, animal studies report that GnRH pulses released once an
hour favor LH secretion over FSH secretion, while pulses of lower frequency favor
FSH secretion.

The frequency of GnRH pulses also influences the half-life and biological activity
of gonadotropins. Prior to secretion, terminal sugars are attached to gonadotropin
molecules, influencing gonadotropin activity. These sugars include sialic acid, the
most important, galactose, n-acetylglucosamine, and mannose. Gonadotropins with
sialic acid are protected from degradation and have a longer half-life, while gonad-
otropins with less sialic acid are able to bind the gonadotropin receptor with greater
affinity. Glycosylation is influenced by the frequency of GnRH pulses. In the
follicular phase, the frequency of GnRH pulses is slow, favoring glycosylation of
FSH and sustained FSH support of developing follicles. Just before the midcycle
gonadotropin surge, GnRH pulses are released with higher frequency. Glycosylation
is less, favoring the release of more potent gonadotropins with a shorter half-life at
the time of ovulation.

GnRH release is regulated, in part, by Kisspeptin, which acts directly on the
GnRH neuron to stimulate GnRH release into the portal circulation. Kisspeptin
binding with its receptor on gonadotropins has been reported to upregulate LHβ
and FSHβ gene expression and to increase LH and FSH secretion. Animal models
with inactivating mutations of Kiss1 and the Kiss1 receptor have delayed puberty
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(Chan et al. 2009), while an activating mutation of the receptor has been reported in a
girl with precocious puberty (Teles et al. 2008).

Inhibins are members of the transforming growth factor β family which inhibit
FSH secretion. They comprise a common α-subunit and two β-subunits, which
confer specificity: βA and βB. Inhibins are produced in gonadal tissue and
gonadotrophs and to a lesser degree somatotrophs, thyrotrophs, and FS cells. In
males, inhibin B is released in response to FSH stimulation. In females inhibin A is
released from dominant ovarian follicles and corpora lutea in the late follicular and
luteal phase of the menstrual cycle, whereas inhibin B levels rise during the late
luteal and early follicular phase.

Activins comprise two β-subunits, of which two have been most extensively
studied: activin A (βA, βA) and activin B (βB, βB). In contrast to the action of
inhibin, activins stimulate FSH release. Inhibins compete with activins for type II
activin receptors, thereby modulating activin effects on FSH secretion. The relative
production of inhibins and activins may depend on the relative availability of
intracellular α- and β-subunits: In the presence of a surplus of α-subunit, the
production of inhibin may be favored over activin, whereas the contrary would be
true in the presence of a surplus of β-subunits. This raises the possibility that the
regulation of FSH release is mediated, in part, by the relative production of α- and
β-subunits.

Follistatin is a monomeric peptide that is synthesized and released from gonadal
cells and intrapituitary endocrine and FS cells. Follistatin binds activin with high
affinity, preventing it from binding to its receptor and thereby blocking the effect of
activin on FSH secretion.

Sex steroids (testosterone, estradiol, and progesterone) act at the level of the
hypothalamus to slow the pulsatile release of GnRH into the portal circulation. The
GnRH neuron lacks steroid hormone receptors, so these actions of sex steroids on
GnRH release must be mediated through another pathway or messenger. Sex steroids
also inhibit gonadotropin release, acting directly at the level of the pituitary to reduce
LH and FSH release and to reduce the sensitivity of gonadotrophs to GnRH
stimulation.

In the female, during the follicular phase of the menstrual cycle, estrogen
switches from a negative to a positive feedback effect, resulting in the gonadotropin
surge. This switch is dependent on the maintenance of critical estrogen concentration
for a critical period of time, which is associated with an increase in GnRH receptors
and increased GnRH responsiveness.

Menstrual Cycle
The menstrual cycle starts with the onset of menstrual bleeding, when ovaries
contain multiple small follicles and estrogen concentrations are low. Pulses of LH
are relatively fast, and FSH levels are higher than at other times of the cycle,
stimulating the development of ovarian follicles. As follicles develop, estrogen
levels rise, increasing the negative feedback effect on GnRH and gonadotropin
release.
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In response to the rise in estrogen, the frequency of LH pulses falls, until estrogen
levels are maintained at an adequate level to induce the switch from a negative to a
positive feedback effect. As gonadotropin levels rise, the follicular wall dissolves,
and the matured ovum is released into the fallopian tube. Progesterone is released in
high concentrations, slowing LH pulses. If fertilization does not occur, progesterone
levels fall after 14 days, and LH and FSH levels rise once again. The fall in
progesterone also results in the shedding of the endometrium and the start of a
new menstrual cycle.

Conclusion

The activity of the hypothalamic pituitary axis is exquisitely regulated, integrating
messages from within the pituitary, the hypothalamus, peripheral tissues and organs,
and the external environment, to ensure hormone levels that support physiological
and homeostatic processes, critical to health and well-being. It is an awe-inspiring
example of the complexity, elegance, and sophistication of the endocrine system,
and no doubt, there is still much for us to learn.
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The Posterior Pituitary

Joseph G. Verbalis

Abstract
The posterior pituitary is comprised of the end terminals of specialized hypotha-
lamic neurons called neurohypophyseal neurons. The two hormones of the
posterior pituitary, arginine vasopressin (AVP) and oxytocin (OT), are synthe-
sized in the cell bodies of the neurohypophyseal neurons. The pre-prohormones
are cleaved from the signal peptide in the endoplasmic reticulum, and the
prohormones, provasopressin and pro-oxytocin, are packaged along with pro-
cessing enzymes into neurosecretory granules. The neurosecretory granules are
transported out of the perikaryon of the neurohypophyseal neurons via microtu-
bules down the long axons that form the supraopticohypophyseal tract to termi-
nate in axon terminals in the posterior pituitary. The entire unit including the
magnocellular neurons in the SON and PVN, the supraopticohypophyseal tract,
and the axon terminals in the posterior pituitary is called the neurohypophysis.
The primary physiologic action of AVP is its function as a water-retaining
hormone via activation of vasopressin V2 receptors in the principal cells of the
kidney collecting duct. Disorders of AVP synthesis or secretion can lead to
excessive water excretion (diabetes insipidus) or inappropriate water retention
(syndrome of inappropriate antidiuretic hormone secretion). The primary physi-
ologic action of OT is its function to stimulate milk secretion during suckling via
activation of OT receptors in the breast with subsequent contraction of
myoepithelial cells around the breast alveoli and ductules to eject milk. Disorders
of OT synthesis or secretion can lead to inability to eject breast milk postpartum,
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though clinical cases have not been described in humans. Both AVP and OT are
also synthesized in parvocellular hypothalamic neurons that project within the
brain and regulate a variety of central nervous system functions, not all of which
have been characterized.
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Neurohypophysis, Anatomy and Hormones

The hormones of the posterior pituitary, arginine vasopressin (AVP) and oxytocin
(OT), are synthesized in specialized neurons in the hypothalamus, the neurohypo-
physeal neurons. These are neurons that are specialized for synthesis and secretion of
each hormone and are notable for their large size, hence their designation as
magnocellular neurons (Sofroniew et al. 1981). In the hypothalamus, the neurohy-
pophyseal magnocellular neurons are clustered in the paired paraventricular (PVN)
and supraoptic (SON) nuclei (Fig. 1). AVP and OT are also synthesized in
parvocellular (i.e., small-cell) neurons of the PVN, and AVP (but not OT) is also
synthesized in the suprachiasmatic nucleus (Swanson and Sawchenko 1980). Tran-
scription of AVP and OT mRNA and translation of the AVP and OT prohormones
occur entirely in the cell bodies of the neurohypophyseal neurons. The

2 J.G. Verbalis



pre-prohormones are cleaved from the signal peptide in the endoplasmic reticulum,
and the prohormones, provasopressin and pro-oxytocin, are packaged along with
processing enzymes into neurosecretory granules. The neurosecretory granules are
transported out of the perikaryon of the neurohypophyseal neurons via microtubules
down the long axons that form the supraopticohypophyseal tract to terminate in axon
terminals in the posterior pituitary. The entire unit including the magnocellular
neurons in the SON and PVN, the supraopticohypophyseal tract, and the axon
terminals in the posterior pituitary is called the neurohypophysis.

During transport, the processing enzymes cleave provasopressin into AVP
(9 amino acids), vasopressin-neurophysin (95 amino acids), and vasopressin glyco-
peptide, also called copeptin (39 amino acids). Pro-oxytocin is similarly cleaved to
OT (which differs from vasopressin by only two of nine amino acids) and oxytocin-
neurophysin, but there is no glycopeptide contained in pro-oxytocin. Within the
neurosecretory granules, neurophysins form neurophysin-hormone complexes that
stabilize the hormones. Stimulatory (e.g., cholinergic and angiotensin) neurotrans-
mitter terminals and inhibitory (e.g., γ-aminobutyric acid, noradrenergic, and atrial
natriuretic peptide [ANP]) neurotransmitter terminals control the release of AVP
through the activity of synaptic contacts on the cell bodies. Physiologic release of
AVP or OT into the general circulation occurs at the posterior pituitary, where, in
response to an action potential, intracellular calcium is increased and causes the
neurosecretory granules to fuse with the axon membrane thereby releasing the entire
contents of the granule via exocytosis into the pericapillary space. Once released,
each hormone has no further association with its respective neurophysin, and each of
the peptide products can be independently detected in the general circulation.
Although AVP and OT comprise only small parts of their respective prohormones,
they are the only known biologically active components of the prohormones. Factors
that stimulate the release of neurohypophyseal hormones also stimulate their syn-
thesis; however, whereas release is instantaneous, synthesis requires a longer time.
Because synthesis is delayed, maintenance of a large store of hormone in the
posterior pituitary is essential for the instantaneous and massive release of each
hormone that is necessary with acute hemorrhage (AVP) or during parturition (OT).
In most species, sufficient AVP is stored in the posterior pituitary to support
maximum antidiuresis for several days and to maintain baseline levels of antidiuresis
for weeks without ongoing synthesis of new hormone.

The axons of the parvocellular neurons of the paraventricular nuclei project to
different areas within the brain rather than to the posterior pituitary. Some terminate
in the median eminence of the basal hypothalamus, where, similar to other hypo-
thalamic releasing factors, the hormones are secreted into the portal capillary system
and where AVP serves as one of the regulators of secretion of adrenocorticotropic
hormone. Other neurons project to the limbic system, the brainstem, and the spinal
cord, where AVP and OT serve neurotransmitter and neuromodulatory roles. Still
other axons secrete hormones into the cerebrospinal fluid of the third ventricle, the
function of which is unknown.
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Vasopressin, Regulation and Functions

Regulation of Osmolality

The primary physiologic action of AVP is its function as a water-retaining hormone.
The central sensing system (osmostat) for control of release of vasopressin is
anatomically discrete, located in a small area of the hypothalamus just anterior to
the third ventricle that also includes the circumventricular organs, the organum
vasculosum of the lamina terminalis (OVLT), and the subfornical organ (SFO)
(see Fig. 1). The osmostat controls release of AVP to cause water retention and
also stimulates thirst to cause water repletion. Osmotic regulation of AVP secretion
and osmotic regulation of thirst are usually tightly coupled, but experimental lesions
and some pathologic situations in humans demonstrate that each can be regulated
independently. The primary extracellular osmolyte to which the osmoreceptor
responds is sodium. Under normal physiologic conditions, glucose and urea readily
traverse neuron cell membranes and do not stimulate release of AVP. Although basal
osmolality in normal subjects lies between 280 and 295 mOsm/kg H2O, for each
individual extracellular fluid (ECF) osmolality is maintained within narrow ranges.
Increases in plasma osmolality as little as 1% will stimulate the osmoreceptors to
release AVP. Basal plasma levels of AVP are generally 0.5–2 pg/mL, which are
sufficient to maintain urine osmolality above plasma osmolality and urine volume in
the range of 2–3 L/day. When AVP levels are suppressed below 0.5 pg/ml, maximum

Osmoreceptor Thirst

Osm SON

PVN

Ant.
Pit.

Fig. 1. Sagittal view of the head demonstrating the position of the neurohypophysis. The
magnocellular neurons are clustered in two paraventricular nuclei (PVN) and two supraoptic nuclei
(SON). Only one nucleus of each pair is illustrated. The supraoptic nuclei are located lateral to the
edge of the optic chiasm, whereas the paraventricular nuclei are central along the wall of the third
ventricle. The axons of the four nuclei combine to form the supraopticohypophyseal tract as they
course through the pituitary stalk to their storage terminals in the posterior pituitary. The osmostat
(Osm) is located in the hypothalamus anterior to the third ventricle, whereas the thirst center (Thirst)
is distributed across different brain areas. Ant. Pit. anterior pituitary (From Verbalis (2016a))
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urine osmolality decreases to less than 100 mOsm/kg H2O and a free water diuresis
ensues to levels approaching 800–1000 ml/h (18–24 L/d). Increases in plasma
osmolality cause a linear increase in plasma AVP and a corresponding linear increase
in urine osmolality. At a plasma osmolality of approximately 295 mOsm/kg H2O,
urine osmolality is maximally concentrated to 1000–1200 mOsm/kg H2O. Thus, the
entire physiologic range of urine osmolality is accomplished by relatively small
changes in plasma AVP in the range of 0–5 pg/mL (Fig. 2).

To maintain fluid balance, water must be not just conserved but consumed as well
to replace insensible water losses and obligate urine output. Most studies have
indicated that thirst is not stimulated until a somewhat higher plasma osmolality
(5–10 mOsm/kg H2O) than the threshold for release of AVP. During the course of a
normal day, most humans obtain sufficient water from habitual fluid intake and
catabolism of food to maintain plasma osmolality below the threshold required to
activate thirst. Therefore, under normal physiological conditions, water balance (and
hence plasma osmolality) is regulated more by secretion of AVP than by true thirst.
However, with more severe degrees of dehydration thirst is essential to restore body
water deficits.

AVP acts on V2, or antidiuretic, receptors in the collecting duct cells of the kidney
to cause water retention, or antidiuresis. AVP V2 receptors are G protein-coupled
receptors that activate adenylyl cyclase with subsequent increased intracellular
cyclic AMP levels upon ligand activation of the receptor. The increased cAMP
initiates the movement of aquaporin-2 water channels from the cytoplasm to the
apical (luminal) membrane of the collecting duct cells. Once inserted into the apical
membrane, these channels allow facilitated rapid transport of water from the
collecting duct lumen into the cell along osmotic gradients. The water then exits
the cell through the basolateral membrane and into the kidney medullary circulation
via aquaporin-3 and aquaporin-4 water channels, which are constitutively present in
the basolateral membrane. This entire process is termed antidiuresis. In the absence
of AVP, the aquaporin-2 channels are re-internalized from the apical membrane into
subapical vesicles. This prevents active reabsorption of water from the collecting
duct lumen, resulting in diuresis. In addition to this rapid “shuttling” of the
aquaporin-2 channels to regulate water reabsorption on a minute-to-minute basis,
AVP also acts via V2 receptors to regulate long-term stores of aquaporin-2; that is,
increased AVP stimulates aquaporin-2 synthesis and the absence of AVP results in
decreased aquaporin-2 synthesis. The hypertonic medullary interstitium determines
the maximum concentration of the final urine, which is isotonic with the inner
medulla of the kidney under conditions of maximal antidiuresis.

Blood Pressure and Blood Volume Regulation

In contrast to the osmoregulatory system, volume regulation is anatomically more
diffuse. High-pressure baroreceptors are located in the aorta and carotid sinus, and
low-pressure baroreceptors are located in the right and left atria. Stimuli for pressure
and volume receptors are carried via the glossopharyngeal (ninth) and vagal (tenth)
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cranial nerves to the nucleus tractus solitarius in the brainstem. Subsequent second-
ary and tertiary projections converge on the magnocellular neurons, where they
provide inhibitory as well as excitatory inputs. Decreases in blood pressure or
vascular volume stimulate AVP release, whereas situations that increase blood
volume or left atrial pressure (e.g., negative-pressure breathing) decrease secretion
of AVP. The release of AVP in response to changes in volume or pressure is less
sensitive than the release in response to osmoreceptors, and generally a 10–15%
reduction in blood volume or pressure is needed to stimulate release of AVP.
However, once arterial pressure falls below this threshold, the stimulated response
is exponential, and plasma levels of AVP are achieved that are markedly greater than
those achieved by osmotic stimulation. Other nonosmotic stimuli such as nausea and
intestinal traction probably act through similar nonosmotic neural pathways to
release AVP. The pressor effects of AVP are mediated through AVP V1a receptors
located on vascular smooth muscle. For both AVP V1a and V1b receptors, the
cellular mechanism of action of AVP is to increase intracellular calcium rather
than to stimulate adenylate cyclase. In intact animals, the pressor activity of
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volume in humans. Note that the osmotic threshold for AVP secretion defines the point at which
urine concentration begins to increase, but the osmotic threshold for thirst is significantly higher and
approximates the point at which maximal urine concentration has already been achieved. Note also
that, because of the inverse relation between urine osmolality and urine volume, changes in plasma
AVP concentrations have much larger effects on urine volume at low plasma AVP concentrations
than at high plasma AVP concentrations (Adapted from Robinson (1985))
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relatively is weak because of compensatory vasodilatory systems that act to modu-
late all vasopressor effects. The relatively insensitive regulation of AVP secretion by
changes in volume and pressure and the modest role of AVP to regulate blood
pressure are consistent with the notion that regulation of body sodium homeostasis
via the renin-angiotensin-aldosterone system (RAAS) is more important for control
of ECF and blood volume than is regulation of water homeostasis. However, the
action of AVP to regulate blood pressure can become prominent when other blood
pressure regulatory systems are deficient (e.g., autonomic neuropathy or RAAS
blockade), or in states of pathological vasodilatation (e.g., liver cirrhosis, septic
shock).

Adrenocorticotropic Hormone Regulation

AVP in the parvocellular neurons whose axons terminate in the median eminence is
released into the pituitary portal capillaries and carried to the anterior pituitary.
Anterior pituitary corticotrophs are stimulated via AVP V1b receptors to release
adrenocorticotropic hormone (ACTH). Although the major regulator of ACTH
secretion is corticotropin-releasing hormone (CRH), because AVP and CRH activate
different signal transduction systems in the corticotrophs, each hormone has syner-
gistic effects on the actions of the other to release ACTH.

Interactions of Osmotic and Volume Regulation

The AVP system has evolved to optimize mammalian drinking behavior. Under
normal conditions, water is consumed as available in the absence of stimulated thirst
and AVP secretion regulates renal water excretion to maintain plasma osmolality;
this allows extensive geographic movement without thirst, which would produce
time-consuming and potentially dangerous water-seeking behavior. But thirst still
serves as a backup if dehydration becomes excessive despite stimulated AVP
secretion to cause maximal antidiuresis. Similarly, because the blood pressure/
volume regulation of AVP is less sensitive, modest changes in pressure or volume,
which are exacerbated by upright posture, do not interfere with regulation of
osmolality. But the pressor effects of high AVP levels still serve as a backup if
volume depletion or hypotension become excessive. Usually, the physiologic regu-
lation of osmolality and pressure/volume are synergistic. Dehydration causes an
increase in plasma osmolality and a decrease in blood volume, both of which
stimulate release of AVP. Excess administration of fluid causes both a decrease in
plasma osmolality and an expansion of blood volume, both of which inhibit AVP
secretion. However, other pathologic situations can result in opposing signals to
AVP secretion, for example, hyponatremia resulting from diuretic use with a
decreased extracellular fluid volume, or from cardiac failure or cirrhosis with a
decreased effective arterial blood volume. In these situations, AVP secretion
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represents a balance between the excitatory and inhibitory inputs provided by the
osmotic and volume/pressure stimuli.

In addition, other factors can modulate the osmotic release and action of AVP.
With volume expansion, natriuretic factors such as atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP) are released from atrial myocytes and act at the
kidney to induce natriuresis. ANP is also synthesized in the hypothalamus, where it
may act to decrease AVP secretion. During pregnancy, there is a decrease of plasma
osmolality by approximately 10 mOsm/kg H2O as a result of a resetting of the
osmostat, in which AVP increases and decreases appropriately around the lower
plasma osmolality; the osmostat for thirst is reset in parallel. Data suggests that this
effect may be mediated, in part, by the placental hormone relaxin. Abnormalities in
water and electrolyte balance are very common in elderly humans. This is in part due
to age-related changes in body volume (as much as a 50% decrease in total body
water above age 75) and renal function. However, elderly humans also have a
decreased sense of thirst; although there is a normal or even increased ability to
secrete AVP with age, there is a decreased ability to achieve either maximum urine
concentration to retain water, and maximum dilution of urine to excrete water.
Consequently, elderly patients are particularly prone to hyper- or hyponatremia
with diseases that affect water balance, or from the drugs used as therapy for these
diseases.

Oxytocin, Regulation and Functions

OT is also synthesized in the magnocellular neurons of the neurohypophysis, and
only differs in structure from AVP by two of nine amino acids. OT has similar
concentrations in the posterior pituitary of both men and women, but to date a
physiologic function for oxytocin has been described only in women. While prolac-
tin is the main hormone necessary for milk production, OT is essential for milk
secretion. Suckling stimulates tactile receptors in the nipple, producing an afferent
signal to the hypothalamus that causes release of OT from the posterior pituitary. OT
binds to OT receptors (OTR) in the breast and induces contraction myoepithelial
cells around the alveoli and ductules to eject milk. OT also participates in parturition,
though this action is more complex and is variable among species. In all species,
there is interaction of OT with gonadal steroid hormones, prostaglandins, and
relaxin. Additionally, upregulation of the uterine receptors for OT dramatically
increases the response to OT at the end of pregnancy. The interaction of these
various hormones in a cross-stimulation feed-forward cascade to support parturition
is important to ensure survival of the species, so it is understandable that during
parturition, lack of any single hormone (including OT) is generally not sufficient to
inhibit delivery. The greatest release of OT occurs with, not before, delivery of the
infant, probably secondary to stretching of the vaginal wall. This “Fergusson reflex”
may aid delivery of subsequent fetuses in animals with multiple births; in humans,
OT release may be more important to induce uterine contraction to inhibit blood loss
after delivery than to initiate parturition.
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No pathological syndromes of either increased or decreased secretion of OT have
yet been defined. Women with diabetes insipidus secondary to traumatic damage of
the magnocellular neurons often have normal pregnancy and delivery and can
breastfeed their infants, but it may be that in these cases OT neurons survive better
than AVP neurons. In animal studies, administration of OT to males increases sperm
transport, but this function has not been documented in humans. Although only a
single receptor for OT has been identified, similar to the receptors for AVP, the
receptors for OT in the breast and in the myometrium are independently regulated.
Because of the structural similarity between AVP and OT, at high plasma levels, OT
can activate AVP receptors and AVP can activate OT receptors. One example of this
is that administration of OT to induce labor can stimulate AVP V2 receptors of the
kidney and cause water retention and hyponatremia if excess fluids are administered
simultaneously.

Although peripheral effects of OT have only been described in females, similar to
AVP, parvocellular OT neurons in the paraventricular nuclei project to multiple
different areas within the brain where OT serves as a neurotransmitter and
neuromodulator. Evidence in animals has strongly implicated brain OT in the
production of maternal behaviors in females and in affiliative, that is, affection and
bonding, behaviors in both sexes. These may prove to be of equal or greater
importance than the peripheral actions of this hormone.

Disorders of Posterior Pituitary Function

Disorders of posterior pituitary function can result in body fluid and electrolyte
disorders, which are among the most commonly encountered problems in the
practice of clinical medicine. This is in large part because many different disease
states can potentially disrupt the finely balanced mechanisms that control the intake
and output of water and solute. Since body water is the primary determinant of the
osmolality of the ECF, disorders of the posterior pituitary can be broadly divided into
disorders of insufficient AVP, or AVP effect, and disorders of excess AVP, or AVP
effect. The former often leads to hyperosmolality, where there is a deficiency of body
water relative to body solute, and the latter often leads to hypoosmolality, where
there is an excess of body water relative to body solute. Because sodium is the main
constituent of plasma osmolality, these disorders are typically characterized by
hypernatremia and hyponatremia, respectively.

Disorders of Deficient AVP or AVP Effect: Hyperosmolality
and Hypernatremia

Hyperosmolality indicates a deficiency of water relative to solute in the ECF.
Because water moves freely between the ICF and ECF, this also indicates a defi-
ciency of total body water relative to total body solute. Although hypernatremia can
be caused by an excess of body sodium, the vast majority of cases are due to losses of
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body water in excess of body solutes, caused by either insufficient water intake or
excessive water excretion. Consequently, most of the disorders causing hyper-
osmolality are those associated with inadequate water intake and/or deficient pitu-
itary AVP secretion. Although hyperosmolality from inadequate water intake is seen
frequently in clinical practice, this is usually not due to an underlying defect in thirst
but rather results from a generalized incapacity to obtain and/or ingest fluids, often
stemming from a depressed sensorium.

Etiologies and Diagnosis

Evaluation of the patient’s ECF volume status is important as a guide to fluid
replacement therapy, but is not as useful for differential diagnosis since most
hyperosmolar patients will manifest some degree of hypovolemia. Rather, assess-
ment of urinary concentrating ability provides the most useful data with regard to the
type of disorder present. Using this approach, disorders of hyperosmolality can be
categorized as those in which renal water conservation mechanisms are intact but are
unable to compensate for inadequately replaced losses of hypotonic fluids from other
sources, or those in which renal concentrating defects are a contributing factor to the
deficiency of body water (Verbalis 2012).

Diabetes Insipidus Diabetes insipidus (DI) can result from either inadequate AVP
secretion (central or neurogenic DI) or inadequate renal response to AVP
(nephrogenic DI). Central DI is caused by a variety of acquired or congenital
anatomic lesions that disrupt the neurohypophysis, including pituitary surgery,
tumors, trauma, hemorrhage, thrombosis, infarction, or granulomatous disease (Rob-
ertson 1995), as well as less commonly by genetic mutations of the AVP gene
(Babey et al. 2011). Severe nephrogenic DI is most commonly congenital due to
defects in the gene for the AVP V2R (X-linked recessive pattern of inheritance) or in
the gene for the AQP2 water channel (autosomal recessive pattern of inheritance)
(Fujiwara and Bichet 2005), but relief of chronic urinary obstruction or therapy with
drugs such as lithium can cause an acquired form sufficient to warrant treatment.
Acquired nephrogenic DI can result from hypokalemia or hypercalcemia, but the
mild concentrating defect generally does not by itself cause hypertonicity and
responds to correction of the underlying disorder (Khanna 2006). Regardless of
the etiology of the DI, the end result is a water diuresis due to an inability to
concentrate urine appropriately.

Because patients with DI do not have impaired urine Na+ conservation, the ECF
volume is generally not markedly decreased and regulatory mechanisms for main-
tenance of osmotic homeostasis are primarily activated: stimulation of thirst and
pituitary AVP secretion (to whatever degree the neurohypophysis is still able to
secrete AVP). In cases where AVP secretion is totally absent (complete DI), patients
are dependent entirely on water intake for maintenance of water balance. However,
in cases where some residual capacity to secrete AVP remains (partial DI), plasma
osmolality can eventually reach levels that allow moderate degrees of urinary
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concentration. Although untreated DI can lead to both hyperosmolality and volume
depletion, until the water losses become severe, volume depletion is minimized by
osmotic shifts of water from the ICF into the more osmotically concentrated ECF
(Robinson and Verbalis 2011).

Osmoreceptor Dysfunction The primary osmoreceptors that control AVP secre-
tion and thirst are located in the anterior hypothalamus, and lesions of this region in
animals cause hyperosmolality through a combination of impaired thirst and osmot-
ically stimulated AVP secretion (Johnson and Buggy 1978). Initial reports in humans
described this syndrome as “essential hypernatremia,” and subsequent studies used
the term adipsic hypernatremia in recognition of the profound thirst deficits found in
most of the patients. All of these syndromes are now grouped together as disorders of
osmoreceptor function (Baylis and Thompson 1988). Most of the cases reported to
date have represented various degrees of osmoreceptor destruction associated with
different brain lesions (Baylis and Thompson 2001). In contrast to lesions causing
central DI, these lesions usually occur more rostrally in the hypothalamus. For all
cases of osmoreceptor dysfunction, it is important to remember that afferent path-
ways from the brainstem to the hypothalamus generally remain intact; therefore,
these patients will usually have normal AVP and renal concentrating responses to
baroreceptor-mediated stimuli such as hypovolemia and hypotension.

Differential Diagnosis

Distinguishing between central and nephrogenic DI in a patient who is already
hyperosmolar entails simply evaluating the response to a trial of AVP or desmopressin.
Administration of AVP (5 units SC) or, preferably, the selective AVP V2R agonist
desmopressin (2 μg SC or IV) should cause a significant increase in urine osmolality
within 1–2 h after injection in patients with central DI, indicating insufficient endog-
enous AVP secretion. An absent or suboptimal response suggests renal resistance to
AVP effects and, therefore, nephrogenic DI. Although conceptually simple, interpre-
tational difficulties often arise because the water diuresis produced by AVP deficiency
causes a downregulation of AQP2 synthesis along with a washout of the renal
medullary concentrating gradient, such that increases in urine osmolality in response
to administered AVP or desmopressin are not as great as would be expected (see
Interpretation of urine concentration after AVP/desmopressin, Table 1).

Because patients with DI generally have an intact thirst mechanism, such patients
often do not present with hyperosmolality, but rather have normal plasma osmolality
and serum sodium levels with polyuria and polydipsia (Robertson 1995). In these
cases, a fluid deprivation test should be performed in order to raise the serum
osmolality and confirm the diagnosis of DI (see Table 1 for the procedure and
interpretation of a fluid deprivation test).

When a diagnosis of central DI is made, magnetic resonance imaging (MRI) of
the hypothalamus and neurohypophyseal tract is mandatory to rule out a neoplasm or
granulomatous disease as an etiology. In individuals with a normal posterior
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pituitary, the presence of pituitary “bright spot” (i.e., a hyperintense signal in the
absence of contrast administration, representing the AVP-containing neurosecretory
granules) is usually seen on T1-weighted noncontrast sagittal images. Conversely, in
patients with central DI, the bright spot is usually absent. However, this test is not
definitive, since the pituitary bright spot decreases with age and with disorders that
cause dehydration, and it can be present in up to 5% of patients with DI due to the
presence of pituitary oxytocin, which also leads to a hyperintense signal on
T1-weighted imaging (Robinson and Verbalis 2011).

Evaluation of anterior pituitary function should be performed in all patients with
central DI, especially if glucocorticoid administration and/or replacement unmasks
underlying DI. Adrenal insufficiency can cause hypersecretion of AVP, which may
be due in part to reductions in systemic blood pressure and cardiac output caused by
cortisol deficiency, thereby stimulating pituitary AVP release. Cortisol deficiency is
also known to cause increased AVP release from the median eminence into the
pituitary portal circulation in an attempt to increase ACTH secretion via effects at
pituitary V1bR on corticotrophs, which may also contribute to increased systemic
AVP levels (Oelkers 1989).

Table 1 Fluid deprivation test for the diagnosis of diabetes insipidus (DI)

Procedure

1. Initiation of the deprivation period depends on the severity of the DI; in routine cases, the
patient should be made NPO after dinner, whereas in cases with more severe polyuria and
polydipsia, this may be too long a period without fluids and the water deprivation should be begun
early on the morning (e.g., 6 a.m.) of the test

2. Obtain plasma and urine osmolality, serum electrolytes, and a plasma AVP level at the start of
the test

3. Measure urine volume and osmolality hourly or with each voided urine.

4. Stop the test when body weight decreases by �3%, the patient develops orthostatic blood
pressure changes, the urine osmolality reaches a plateau (i.e., <10% change over two or three
consecutive measurements), or the serum [Na+] > 145 mmol/L

5. Obtain plasma and urine osmolality, serum electrolytes, and a plasma AVP level at the end of
the test, when the plasma osmolality is elevated, preferably >300 mOsm/kg H2O

6. If the serum [Na+] < 146 mmol/L or the plasma osmolality <300 mOsm/kg H2O when the test
is stopped, then consider a short infusion of hypertonic saline (3% NaCl at a rate of 0.1 ml/kg/min
for 1–2 h) to reach these endpoints

7. If hypertonic saline infusion is not required to achieve hyperosmolality, administer AVP (5 U)
or DDAVP (1 μg) SC and continue following urine osmolality and volume for an additional 2 h

Interpretation

1. An unequivocal urine concentration after AVP/DDAVP (>50% increase) indicates central DI
(CDI) and an unequivocal absence of urine concentration (<10%) strongly suggests nephrogenic
DI (NDI) or primary polydipsia (PP)

2. Differentiating between NDI and PP, as well as for cases in which the increase in urine
osmolality after AVP/DDAVP administration is more equivocal (e.g., 10–50%), is best done using
the relation between plasma AVP levels and plasma osmolality obtained at the end of the
dehydration period and/or hypertonic saline infusion and the relation between plasma AVP levels
and urine osmolality under basal conditions
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The recent development of a commercial assay for the C-terminal glycoprotein of
the AVP prohormone, copeptin, offers the possibility of a more stable and easier to
measure marker of AVP secretion in response to induced dehydration and hyperto-
nicity. Copeptin is secreted from the posterior pituitary in equimolar amounts as
AVP, but is not degraded proteolytically as rapidly as AVP; in addition, its larger size
renders measurement by two-site immunoassays possible, in contrast to AVP, which
is too small for use of this technique (Morgenthaler et al. 2008). However, the
clinical use of copeptin levels as a surrogate marker of AVP secretion during fluid
deprivation tests will require standardization of normal and abnormal responses
relative to plasma AVP levels.

Clinical Manifestations

The characteristic clinical symptoms of DI are the polyuria and polydipsia that result
from the underlying impairment of urinary concentrating mechanisms, which have
already been covered in the previous section discussing pathophysiology of specific
types of DI. Interestingly, patients with DI typically describe a craving for cold
water, which appears to quench their thirst better. Patients with CDI also typically
describe a precipitous onset of their polyuria and polydipsia, which simply reflects
the fact that urinary concentration can be maintained fairly well until the number of
AVP-producing neurons in the hypothalamus decreases to 10–15% of normal, after
which plasma AVP levels decrease to the range where urine output increases
dramatically (Heinbecker and White 1941).

However, patients with DI, and particularly those with osmoreceptor dysfunction
syndromes, can also present with varying degrees of hyperosmolality and dehydra-
tion depending on their overall hydration status. It is therefore important to be aware
of the clinical manifestations of hyperosmolality as well. These can be divided into
the signs and symptoms produced by dehydration, which are largely cardiovascular,
and those caused by the hyperosmolality itself, which are predominantly neurolog-
ical and reflect brain dehydration as a result of osmotic water shifts out of the central
nervous system (Verbalis 2012). Cardiovascular manifestations of hypertonic dehy-
dration include hypotension, azotemia, acute tubular necrosis secondary to renal
hypoperfusion or rhabdomyolysis, and shock. Neurological manifestations range
from nonspecific symptoms such as irritability and cognitive dysfunction to more
severe manifestations of hypertonic encephalopathy such as disorientation,
decreased level of consciousness, obtundation, chorea, seizures, coma, focal neuro-
logical deficits, subarachnoid hemorrhage, and cerebral infarction. The severity of
symptoms can be roughly correlated with the degree of hyperosmolality, but indi-
vidual variability is marked and for any single patient the level of serum [Na+] at
which symptoms will appear cannot be accurately predicted.

Similar to hypoosmolar syndromes, the length of time over which hyper-
osmolality develops can markedly affect the clinical symptomatology. Rapid devel-
opment of severe hyperosmolality is frequently associated with marked neurological
symptoms, whereas gradual development over several days or weeks generally
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causes milder symptoms. In this case, the brain counteracts osmotic shrinkage by
increasing intracellular content of solutes. These include electrolytes such as potas-
sium and a variety of organic osmolytes, which previously had been called idiogenic
osmoles; for the most part these are the same organic osmolytes that are lost from the
brain during adaptation to hypoosmolality (Gullans and Verbalis 1993). The net
effect of this process is to protect the brain against excessive shrinkage during
sustained hyperosmolality. However, once the brain has adapted by increasing its
solute content, rapid correction of the hyperosmolality can produce brain edema,
since it takes a finite time (24–48 h in animal studies) to dissipate the accumulated
solutes, and until this process has been completed the brain will accumulate excess
water as plasma osmolality is normalized (Verbalis 2010). This effect is most often
seen in dehydrated pediatric patients who can develop seizures with rapid rehydra-
tion, but it has been described only rarely in adults.

General Principles of Therapy

The general goals of treatment of all hyperosmolar disorders are (1) correction of
preexisting water deficits and (2) reduction in ongoing excessive urinary water
losses. The specific therapy required varies with the clinical situation. Awake
ambulatory patients with diabetes insipidus and normal thirst have little body
water deficit but benefit from relief of the polyuria and polydipsia that disrupt normal
activities. In contrast, comatose patients with or without diabetes insipidus are
unable to drink in response to thirst, and in these patients progressive hypertonicity
may be life-threatening. The established water deficit may be estimated using the
following formula (Robinson and Verbalis 1997):

Water deficit ¼ 0:6� premorbid weight� 1� 140=serum Naþ½ � mmol=Lð Þ½ �
This formula is dependent on several assumptions (total body water is approxi-

mately 60% of body weight, no body solute is lost as hypertonicity developed, and
the premorbid [Na+] is 140 mmol/L), but nonetheless provides a valid estimate of the
approximate total body water deficit. To reduce the risk of central nervous system
injury from protracted exposure to severe hypertonicity, the serum osmolality should
be lowered to the range of 330 mOsm/kg H2O within the first 24 h of therapy. As
noted previously, because the organic osmolytes accumulated in the brain during
chronic hyperosmolality cannot be immediately dissipated, further correction to a
normal osmolality should be spread over the subsequent 1–3 days to avoid produc-
ing cerebral edema during treatment, particularly in pediatric patients (Adrogue and
Madias 2000a).

It should be remembered that formulae which estimate body water deficits do not
take ongoing water losses into account. Consequently, frequent serum electrolyte
determinations must be made, and the administration rate of oral water or intrave-
nous 5% dextrose in water should be adjusted accordingly. For example, the
estimated water deficit of a 70 kg patient whose serum [Na+] is 160 mmol/L
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would be 5.25 l. In such an individual, administration of water at a rate> 200 ml per
hour would be required simply to correct the established deficit over 24 h, but
additional fluid would be needed to keep up with any ongoing losses in a patient
with diabetes insipidus until a response to treatment has occurred.

Treatment of Central DI

Avariety of antidiuretic agents have been used to treat central diabetes insipidus, but
desmopressin is the treatment of choice for this disorder. Desmopressin was synthe-
sized as a selective antagonist of AVP V2R, and it is particularly useful therapeuti-
cally because it has a much longer half-life than AVP and is devoid of the pressor
activity of AVP at vascular V1aR (Robinson 1976). Desmopressin is generally
administered intranasally (5–20 μg every 8–24 h), but can be given parenterally in
acute situations (1–2 μg IV, IM and SC). For both the intranasal and parenteral
preparations, increasing the administered dose generally has the effect of prolonging
the duration of antidiuresis rather than increasing its magnitude; consequently,
altering the dose can be useful to reduce the required frequency of administration.
Synthetic AVP (Pitressin) can also be used to treat central DI, but its use is limited by
a much shorter half-life necessitating more frequent dosing or a continuous infusion,
and the production of pressor effects due to vasoconstriction.

Treatment of Nephrogenic DI

Nephrogenic diabetes insipidus is more difficult to treat since the kidney is resistant
to all AVP-type agents. Limited responses can sometimes be achieved using thiazide
diuretics (any drug of the thiazide class may be used with equal potential for benefit).
Thiazides cause natriuresis by blocking sodium absorption in the cortical diluting
site; when combined with dietary sodium restriction a modest hypovolemia results,
which stimulates isotonic proximal tubular solute reabsorption and diminishes solute
delivery to the distal parts of the nephron. Together, these effects diminish free water
clearance independently of actions of AVP, thereby decreasing the polyuria of
patients with nephrogenic DI (Sands and Bichet 2006). Monitoring for hypokalemia
is necessary and K+ supplementation is occasionally required. Care must be
exercised when treating patients taking lithium with diuretics, since the induced
contraction of plasma volume may increase lithium concentrations by increasing
proximal tubular absorption and worsen potential toxic effects of the therapy
(Grunfeld and Rossier 2009). Because prostaglandins increase renal medullary
blood flow and diminish medullary solute concentration, effects that modestly
decrease the interstitial gradient for water reabsorption, drugs that block renal
prostaglandin synthesis (e.g., nonsteroidal anti-inflammatory agents) can increase
non-AVP-mediated water reabsorption and impair urinary dilution, thereby reducing
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free water clearance and urine output. Although these agents are somewhat effective
in central diabetes insipidus, their main usefulness is as adjunctive therapy in
nephrogenic diabetes insipidus, in which more direct antidiuretic therapies are
limited.

Disorders of Excess AVP or AVP Effect: Hypoosmolality
and Hyponatremia

Hypoosmolality indicates excess water relative to solute in the ECF; because water
moves freely between the ECF and the intracellular fluid (ICF), this also indicates an
excess of total body water relative to total body solute. Imbalances between body
water and solute can be generated either by depletion of body solute more than body
water, or by dilution of body solute from increases in body water more than body
solute. This is an oversimplification of complex physiology, and most hypoosmolar
states include components of both solute depletion and water retention. Nonetheless,
this general concept has proven to be useful because it provides a simple framework
for understanding the basic etiologies of hypoosmolar disorders.

Differential Diagnosis

Definitive identification of the etiology of hypoosmolality is not always possible at
the time of presentation, but categorization according to the patient’s ECF volume
status represents the first step in ascertaining the underlying cause of the disorder
(Verbalis 2012).

Decreased ECF Volume (Hypovolemia) Clinically detectable hypovolemia indi-
cates some degree of solute depletion. Even isotonic or hypotonic fluid losses can
cause hypoosmolality if water or hypotonic fluids are subsequently ingested or
infused. A low urine sodium concentration (UNa) suggests a nonrenal cause of solute
depletion, whereas a high UNa suggests renal causes of solute depletion. Diuretic use
is the most common cause of hypovolemic hypoosmolality. Most etiologies of solute
losses causing hypovolemic hypoosmolality will be clinically apparent, although
some salt-wasting nephropathies and mineralocorticoid deficiency may be difficult
to diagnose during early phases of these diseases.

Normal ECF Volume (Euvolemia) Virtually any disorder causing hypoosmolality
can present with a volume status that appears normal by standard methods of clinical
evaluation. Because clinical assessment of volume status is not very sensitive, the
presence of normal or low blood urea nitrogen and uric acid concentrations are
helpful laboratory correlates of relatively normal ECF volume. In these cases, a low
UNa (<30 mmol/L) suggests depletional hypoosmolality secondary to ECF losses
with subsequent volume replacement by water or other hypotonic fluids. Such
patients may appear euvolemic by the usual clinical parameters used to assess
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hydration status. A high UNa (�30 mmol/L) generally indicates a dilutional hypo-
osmolality such as the syndrome of inappropriate antidiuretic hormone secretion
(SIADH), the most common cause of euvolemic hypoosmolality. The clinical
criteria necessary to diagnose SIADH remain as initially defined by Bartter and
Schwartz in 1967 (Bartter and Schwartz 1967). Many different disorders are asso-
ciated with SIADH, which can be divided into four major etiologic groups: tumors,
CNS disorders, drug effects, and pulmonary diseases.

Increased ECF Volume (Hypervolemia) Clinically detectable hypervolemia indi-
cates whole body sodium excess, and hypoosmolality in these patients suggests a
relatively decreased intravascular volume and/or pressure leading to water retention
as a result of elevated plasma AVP levels and decreased distal delivery of glomerular
filtrate to the kidneys. Such patients usually have a low UNa because of secondary
hyperaldosteronism, but under certain conditions the UNa may be elevated (e.g.,
diuretic therapy). Hyponatremia generally does not occur until relatively advanced
stages of congestive heart failure, cirrhosis, or the nephrotic syndrome, by which
time diagnosis is usually not difficult. Renal failure can also cause retention of both
sodium and water.

Clinical Manifestations

The clinical manifestations of hyponatremia are largely neurological, and primarily
reflect brain edema resulting from osmotic water shifts into the brain (Verbalis 2010).
These range from nonspecific symptoms such as headache and confusion, to more
severe manifestations such as decreased sensorium, coma, seizures, and death.
Significant central nervous system (CNS) symptoms generally do not occur until
the serum sodium concentration ([Na+]) falls below 125 mmol/L, and the severity of
symptoms can be roughly correlated with the degree of hypoosmolality. Individual
variability is marked, and for any patient the level of serum [Na+] at which symp-
toms will appear cannot be accurately predicted. Several factors other than the
severity of the hypoosmolality also affect the degree of neurological dysfunction.
The most important is the time course over which hypoosmolality develops. Rapid
development of severe hypoosmolality frequently causes marked neurological
symptoms, whereas gradual development over several days or weeks is often
associated with relatively mild symptomatology despite profound degrees of hypo-
osmolality. This is because the brain counteracts osmotic swelling by extruding
extracellular and intracellular solutes, including potassium and a variety of small
organic molecules (amino acids, polyols, and methylamines) called organic
osmolytes (Gullans and Verbalis 1993). Since this is a time-dependent process,
rapid development of hypoosmolality can result in brain edema before this adapta-
tion occurs, but with slower development of the same degree of hypoosmolality
brain cells can lose solute sufficiently rapidly to prevent cell swelling, brain edema,
and neurological dysfunction (Verbalis 2010). Underlying neurological disease also
affects the level of hypoosmolality at which CNS symptoms appear; moderate
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hypoosmolality is of little concern in an otherwise healthy patient, but can cause
morbidity in a patient with an underlying seizure disorder. Nonneurological meta-
bolic disorders (hypoxia, hypercapnia, acidosis, hypercalcemia, etc.) similarly can
affect the level of osmolality at which CNS symptoms occur.

General Principles of Therapy

Correction of hyponatremia is associated with markedly improved neurological
outcomes in patients with severely symptomatic hyponatremia. In a retrospective
review of patients who presented with severe neurological symptoms and serum
[Na+]< 125 mmol/L, prompt therapy with isotonic or hypertonic saline resulted in a
correction in the range of 20 mmol/L over several days and neurological recovery in
almost all cases. In contrast, in patients who were treated with fluid restriction alone,
there was very little correction over the study period (<5 mmol/L over 72 h), and the
neurological outcomes were much worse, with most of these patients either dying or
entering a persistently vegetative state (Ayus 1986). Consequently, based on this and
many similar retrospective analyses, prompt therapy to rapidly increase the serum
[Na+] represents the standard of care for treatment of patients presenting with severe
life-threatening symptoms of hyponatremia.

Chronic hyponatremia is much less symptomatic as a result of the process of brain
volume regulation. Because of this adaptation process, chronic hyponatremia is
arguably a condition that clinicians feel they may not need to be as concerned
about, which has been reinforced by the common usage of the descriptor asymp-
tomatic hyponatremia for many such patients. However, it is clear that many such
patients very often do have neurological symptoms, even if milder and more subtle
in nature, including headaches, nausea, mood disturbances, depression, difficulty
concentrating, slowed reaction times, unstable gait, increased falls, confusion, and
disorientation (Renneboog et al. 2006). Consequently, all patients with hypo-
natremia who manifest any neurological symptoms that could possibly be related
to the hyponatremia should be considered as potential candidates for treatment of the
hyponatremia, regardless of the chronicity of the hyponatremia or the level of serum
[Na+].

Currently Available Therapies for Treatment of Hyponatremia

Conventional management strategies for hyponatremia range from saline infusion
and fluid restriction to pharmacologic measure to adjust fluid balance. Consideration
of treatment options should always include an evaluation of the benefits as well as
the potential toxicities of any therapy, and must be individualized for each patient
(Verbalis et al. 2007; Verbalis 2013). It should always be remembered that some-
times simply stopping treatment with an agent that is associated with hyponatremia
is sufficient to reverse a low serum [Na+].
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Isotonic Saline The treatment of choice for depletional hyponatremia (i.e., hypo-
volemic hyponatremia) is isotonic saline ([Na+] = 154 mmol/L) to restore ECF
volume and ensure adequate organ perfusion. This initial therapy is appropriate for
patients who either have clinical signs of hypovolemia, or in whom a spot UNa is
<30 mmol/L. However, this therapy is ineffective for dilutional hyponatremias such
as SIADH (Schwartz et al. 1957), and continued inappropriate administration of
isotonic saline to a euvolemic patient may worsen their hyponatremia (Steele et al.
1997), and/or cause fluid overload.

Hypertonic Saline Acute hyponatremia presenting with severe neurological symp-
toms is life-threatening, and should be treated promptly with hypertonic solutions,
typically 3% NaCl ([Na+] = 513 mmol/L), as this represents the most reliable
method to quickly raise the serum [Na+]. A continuous infusion of hypertonic
NaCl is usually utilized in inpatient settings. Various formulae have been suggested
for calculating the initial rate of infusion of hypertonic solutions (Adrogue and
Madias 2000b), but until now there has been no consensus regarding optimal
infusion rates of 3% NaCl. One of the simplest methods to estimate an initial 3%
NaCl infusion rate utilizes the following relationship (Verbalis et al. 2007; Verbalis
2013):

Patient’s weight kgð Þ x desired correction rate mEq=L=hð Þ
¼ infusion rate of 3% NaCl mL=hð Þ

Depending on individual hospital policies, the administration of hypertonic
solutions may require special considerations (e.g., placement in the ICU, sign-off
by a consultant).

An alternative option for more emergent situations is administration of a 100 mL
bolus of 3% NaCl, repeated 1–2 times every 30 min if there is no clinical improve-
ment, which has been recommended by a consensus conference organized to
develop guidelines for prevention and treatment of exercise-induced hyponatremia,
an acute and potentially lethal condition (Hew-Butler et al. 2008). Injecting this
amount of hypertonic saline intravenously raises the serum [Na+] by an average of
2–4 mmol/L, which is well below the recommended maximal daily rate of change of
10–12 mmol/24 h or 18 mmol/48 h (Sterns et al. 1994). Because the brain can only
accommodate an average increase of approximately 7–8% in brain volume before
herniation occurs, quickly increasing the serum [Na+] by as little as 2–4 mmol/L in
acute hyponatremia can effectively reduce brain swelling and intracranial pressure
(Battison et al. 2005).

Many physicians are hesitant to use hypertonic saline in patients with chronic
hyponatremia, because it can cause an overly rapid correction of serum sodium
levels that can lead to the osmotic demyelination syndrome (ODS) (Sterns et al.
1986). Nonetheless, this remains the treatment of choice for patients with severe
neurological symptoms, even when the time course of the hyponatremia is nonacute
or unknown.
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Fluid Restriction For patients with chronic hyponatremia, fluid restriction has been
the most popular and most widely accepted treatment. When SIADH is present,
fluids should generally be limited to 500–1000 mL/24 h. Because fluid restriction
increases the serum [Na+] largely by under-replacing the excretion of fluid by the
kidneys, some have advocated an initial restriction to 500 ml less than the 24-h urine
output (Robertson 2006). When instituting a fluid restriction, it is important for the
nursing staff and the patient to understand that this includes all fluids that are
consumed, not just water. Generally, the water content of ingested food is not
included in the restriction because this is balanced by insensible water losses
(perspiration, exhaled air, feces, etc.), but caution should be exercised with foods
that have high fluid concentrations (such as fruits and soups). Restricting fluid intake
can be effective when properly applied and managed in selected patients, but serum
[Na+] are increased only slowly (1–2 mmol/L/d) even with severe restriction
(Schwartz et al. 1957). In addition, this therapy is often poorly tolerated because
of an associated increase in thirst leading to poor compliance with long-term therapy.
However, it is economically favorable, and some patients do respond well to this
option.

Fluid restriction should not be used with hypovolemic patients, and is particularly
difficult to maintain in patients with very elevated urine osmolalities secondary to
high AVP levels; in general, if the sum of urine Na+ and K+ exceeds the serum [Na+],
most patients will not respond to a fluid restriction since a negative electrolyte-free
water clearance will be difficult to achieve (Berl 2008; Decaux 2009; Furst et al.
2000). In addition, fluid restriction is not practical for some patients, particularly
patients in intensive care settings who often require administration of significant
volumes of fluids as part of their therapies.

Demeclocycline Demeclocycline, a tetracycline antibiotic, inhibits adenylyl
cyclase activation after AVP binds to the V2R in the kidney, and thus targets the
underlying pathophysiology of SIADH. This therapy is typically used when patients
find severe fluid restriction unacceptable and the underlying disorder cannot be
corrected. However, demeclocycline is not approved by the US Food and Drug
Administration (FDA) or the European Medicines Agency (EMA) to treat hypo-
natremia, and can cause nephrotoxicity in patients with heart failure and cirrhosis,
although this is usually reversible (Singer and Rotenberg 1973).

Mineralocorticoids Administration of mineralocorticoids, such as fludrocortisone,
has been shown to be useful in a small number of elderly patients (Ishikawa et al.
1996). However, the initial studies of SIADH did not show it to be of benefit in
patients with SIADH, and it carries the risk of fluid overload and hypertension.
Consequently, it is rarely used as primary therapy for hyponatremia.

Urea Administration of urea has been successfully used to treat hyponatremia
because it induces osmotic diuresis and augments free water excretion. Effective
doses of urea for treatment of hyponatremia are 30–90 g daily in divided doses
(Decaux and Genette 1981). Unfortunately, its use is limited because there is no US
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Pharmacopeia (USP) formulation for urea, it is not currently approved by any
regulatory agency for treatment of hyponatremia, and there are limited data to
support its long-term use. Furthermore, urea is associated with poor palatability
leading to patient compliance problems. However, patients with feeding tubes may
be excellent candidates for urea therapy since palatability is not a concern, and the
use of fluid restriction may be difficult in some patients with high obligate intake of
fluids as part of their nutritional and medication therapy. Although mild azotemia can
occur with urea therapy, this rarely reaches clinically significant levels.

Furosemide and NaCl The use of furosemide (20–40 mg/day) coupled with a high
salt intake (200 mmol/day), which represents an extension of the treatment of acute
symptomatic hyponatremia to the chronic management of euvolemic hyponatremia,
has also been reported to be successful in selected cases (Decaux et al. 1981).
However, the long-term efficacy and safety of this approach is unknown.

Arginine Vasopressin Receptor (AVPR) Antagonists Clinicians have used all of
the above conventional therapies for hyponatremia over the past decades. However,
conventional therapies for hyponatremia, although effective in specific circum-
stances, are suboptimal for many different reasons, including variable efficacy,
slow responses, intolerable side effects, and serious toxicities. But perhaps the
most striking deficiency of most conventional therapies is that, with the exception
of demeclocycline, these therapies do not directly target the underlying cause of
most all dilutional hyponatremias, namely inappropriately elevated plasma AVP
levels. A new class of pharmacological agents, vasopressin receptor antagonists,
also called vaptans, which directly block AVP-mediated receptor activation has
recently been developed for clinical use (Greenberg and Verbalis 2006; Thibonnier
et al. 2001).

Conivaptan and tolvaptan are competitive receptor antagonists of the AVP V2R
and have been approved by the FDA for the treatment of euvolemic and hyper-
volemic hyponatremia and by the EMA for treatment of hyponatremia caused by
SIADH. These agents compete with AVP/ADH for binding at its site of action in the
kidney, thereby blocking the antidiuresis caused by elevated AVP levels and directly
attacking the underlying pathophysiology of dilutional hyponatremia. AVPR antag-
onists produce electrolyte free water excretion (called aquaresis) without affecting
renal sodium and potassium excretion (Ohnishi et al. 1993). The overall result is a
reduction in body water without natriuresis, which leads to an increase in the serum
[Na+]. One of the major benefits of this class of drugs is that serum [Na+] is
significantly increased by an average of 4–8 mmol/L within 24–48 h (Schrier et al.
2006; Zeltser et al. 2007), which is considerably faster than the effects of fluid
restriction that can take many days. Also, compliance has not been shown to be
problem for vaptans, whereas this is a major problem with attempted long-term use
of fluid restriction.

Conivaptan is FDA-approved for euvolemic and hypervolemic hyponatremia in
hospitalized patients. It is available only as an intravenous preparation and is given
as a 20 mg loading dose over 30 min, followed by a continuous infusion of 20 or
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40 mg (Li-Ng and Verbalis 2010). Generally, the 20 mg continuous infusion is used
for the first 24 h to gauge the initial response. If the correction of serum [Na+] is felt to
be inadequate (e.g., <5 mmol/L), then the infusion rate can be increased to 40 mg/d.
Therapy is limited to a maximum duration of 4 days because of drug-interaction
effects with other agents metabolized by the CYP3A4 hepatic isoenzyme. Impor-
tantly, for conivaptan and all other vaptans, it is critical that the serum [Na+]
concentration is measured frequently during the active phase of correction of the
hyponatremia (a minimum of every 6–8 h for conivaptan, but more frequently in
patients with risk factors for development of osmotic demyelination, such as
severely low serum [Na+], malnutrition, alcoholism, and hypokalemia (Verbalis
et al. 2007). If the correction approaches 12 mmol/L in the first 24 h, the infusion
should be stopped and the patient monitored on a fluid restriction. If the correction
exceeds 12 mmol/L, consideration should be given to administering sufficient water,
either orally or as intravenous D5W to bring the overall correction below 12 mEq/L.
The maximum correction limit should be reduced to 8 mEq/L over the first 24 h in
patients with risk factors for development of osmotic demyelination mentioned
previously. The most common adverse effects include injection-site reactions,
which are generally mild and usually do not lead to treatment discontinuation,
headache, thirst, and hypokalemia (Zeltser et al. 2007).

Tolvaptan, an oral AVPR antagonist, is FDA-approved for treatment of dilutional
hyponatremias. In contrast to conivaptan, oral administration allows it to be used for
both short- and long-term treatment of hyponatremia (Schrier et al. 2006). Similar to
conivaptan, tolvaptan treatment must be initiated in the hospital so that the rate of
correction can be monitored carefully. Patients with a serum [Na+] < 125 mmol/L
are eligible for therapy with tolvaptan as primary therapy; if the serum [Na+] is
�125 mmol/L, tolvaptan therapy is only indicated if the patient has symptoms that
could be attributable to the hyponatremia and the patient is resistant to attempts at
fluid restriction (Otsuka Pharmaceutical Co and Tokyo 2009). The starting dose of
tolvaptan is 15 mg on the first day, and the dose can be titrated to 30 mg and 60 mg at
24 h. intervals if the serum [Na+] remains <135 mEq/L or the increase in serum
[Na+] has been �5 mmol/L in the previous 24 h. As with conivaptan, it is essential
that the serum [Na+] concentration is measured frequently during the active phase of
correction of the hyponatremia (a minimum of every 6–8 h, but more frequently in
patients with risk factors for development of osmotic demyelination). Limits for safe
correction of hyponatremia and methods to compensate for overly rapid corrections
are the same as described previously for conivaptan. One additional factor that helps
to avoid overly rapid correction with tolvaptan is the recommendation that fluid
restriction not be used during the active phase of correction, thereby allowing the
patient’s thirst to compensate for an overly vigorous aquaresis. Common side effects
include dry mouth, thirst, increased urinary frequency, dizziness, nausea, and ortho-
static hypotension, which were relatively similar between placebo and tolvaptan
groups in clinical trials (Otsuka Pharmaceutical Co and Tokyo 2009; Schrier et al.
2006).

Because inducing increased renal fluid excretion via either a diuresis or an
aquaresis can cause or worsen hypotension in patients with hypovolemic
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hyponatremia, vaptans are contraindicated in this patient population (Verbalis et al.
2007). However, clinically significant hypotension was not observed in either the
conivaptan or tolvaptan clinical trials in euvolemic and hypervolemic hyponatremic
patients. Although vaptans are not contraindicated with decreased renal function,
these agents generally will not be effective if the serum creatinine is >3.0 mg/dl. By
virtue of their solubility properties, the vaptans are readily absorbed through the
gastrointestinal tract and therefore likely cross the blood–brain barrier as well, but
alterations of central nervous system (CNS) functions have not been observed to date
with clinical use of vaptans. This may be due to the fact that most of the CNS effects
of AVP have been attributed to V1aR, with no evidence to support the presence or
biological function of V2R in the CNS (Thibonnier et al. 1998); however, such
effects have not been reported even with clinical use of conivaptan, a combined
V1aR/V2R antagonist. Therefore, until more directed and sensitive studies are done
to assess potential CNS effects of AVP receptor antagonists, it must be concluded
that such effects are absent, or minimal.

Hyponatremia Treatment Guidelines

Although various authors have published recommendations for the treatment of
hyponatremia (Adrogue and Madias 2000b; Ellison and Berl 2007; Spasovski
et al. 2014; Sterns et al. 2009; Verbalis et al. 2007; Verbalis 2009), no standardized
treatment algorithms have yet been widely accepted. A synthesis of existing expert
recommendations for treatment of hyponatremia is illustrated in Fig. 3. This algo-
rithm is based primarily on the symptomatology of hyponatremic patients, rather
than the serum [Na+] or on the chronicity of the hyponatremia, the latter of which is
often difficult to ascertain.

A careful neurological history and assessment should always be done to identify
potential causes for the patient’s symptoms other than hyponatremia, although it will
not always be possible to exclude an additive contribution from the hyponatremia to
an underlying neurological condition. In this algorithm, patients are divided into
three groups based on their presenting symptoms: severe symptoms (seizures, coma,
respiratory arrest, obtundation, and vomiting; these symptoms usually imply a more
acute onset or worsening of hyponatremia requiring immediate active treatment);
moderate symptoms (nausea, confusion, disorientation, and altered mental status;
these symptoms may be either chronic or acute, but allow time to elaborate a more
deliberate approach to treatment); mild symptoms (headache, irritability, inability to
concentrate, altered mood, and depression, or a virtual absence of discernible
symptoms; these symptoms usually indicate that the patient may have chronic or
slowly evolving hyponatremia). (Verbalis 2012)

Patients with severe symptoms should be treated with hypertonic saline as first-
line therapy, followed by fluid restriction with or without AVPR antagonist therapy.
Patients with moderate symptoms will benefit from a regimen of vaptan therapy or
limited hypertonic saline administration, followed by fluid restriction or long-term
vaptan therapy. Although moderate neurological symptoms can indicate that a
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patient is in an early stage of acute hyponatremia, they more often indicate a
chronically hyponatremic state with sufficient brain volume adaptation to prevent
marked symptomatology from cerebral edema. Regardless, close monitoring of
these patients in a hospital setting is warranted until the symptoms improve or
stabilize. Patients with no or minimal symptoms should be managed initially with
fluid restriction, although treatment with vaptans may be appropriate for a wide
range of specific clinical conditions, foremost of which is a failure to improve the
serum [Na+] despite reasonable attempts at fluid restriction.

A special case is when spontaneous correction of hyponatremia occurs at an
undesirably rapid rate as a result of the onset of a water diuresis. This can occur
following cessation of desmopressin therapy in a patient who has become hypo-
natremic, replacement of glucocorticoids in a patient with adrenal insufficiency,
replacement of solutes in a patient with diuretic-induced hyponatremia, or sponta-
neous resolution of transient SIADH. Brain damage from ODS can clearly ensue in
this setting if the preceding period of hyponatremia has been of sufficient duration

hyponatremia treatment algorithm 

HYPO: solute repletion (isotonic 
NaCl iv or oral sodium replacement)3

EU: vaptan, limited hypertonic NaCl, 
or urea, followed by fluid restriction
HYPER: vaptan, followed by fluid 
restriction 

ALL: hypertonic NaCl1, followed by 
fluid restriction ± vaptan2

ALL: fluid restriction, but consider 
pharmacologic therapy (vaptan, 
urea) under select circumstances:

• inability to tolerate fluid restriction or predicted 
failure of fluid restriction (see table)

• very low [Na+] (<125 mmol/L) with increased 
risk of developing symptomatic hyponatremia

• need to correct serum [Na+] to safer
levels for surgery or procedures, or for 
ICU/hospital discharge

• unstable gait and/or high fracture risk
• prevention of worsened hyponatremia with 

increased fluid administration
• therapeutic trial for symptom improvement 

LEVEL 3 – SEVERE SYMPTOMS:
coma, obtundation, seizures,
respiratory distress, vomiting

LEVEL 2 – MODERATE
SYMPTOMS: altered mental status,

disorientation, confusion, unexplained
nausea, gait instability

LEVEL 1 –NO OR MINIMAL
SYMPTOMS: difficulty concentrating,
irritability, altered mood, depression,

unexplained headache 

Fig. 3. Algorithm for treatment of patients with euvolemic hyponatremia based on their presenting
symptoms. The arrows between the symptom boxes indicate movement of patients between
different symptom levels. HYPO hypovolemic hyponatremia, EU euvolemic hyponatremia,
HYPER hypervolemic hyponatremia, ALL all types of hypotonic hyponatremia. 1some authors
recommend simultaneous treatment with desmopressin to limit speed of correction; 2no active
therapy should be started within 24 h of hypertonic saline to decrease the chance of overly rapid
correction of [Na+] and risk of ODS; 3with isotonic NaCl infusion, serum [Na+] must be followed
closely to prevent overly rapid correction and risk of ODS due to secondary water diuresis (From
Verbalis (2016b))
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(usually �48 h) to allow brain volume regulation to occur. If the previously
discussed correction parameters have been exceeded and the correction is proceed-
ing more rapidly than planned (usually because of continued excretion of hypotonic
urine), the pathological events leading to demyelination can be reversed by admin-
istration of hypotonic fluids and desmopressin. Efficacy of this approach is
suggested both from animal studies (Soupart et al. 1994) as well as case reports in
humans (Goldszmidt and Iliescu 2000; Sterns et al. 2009), even when patients are
overtly symptomatic (Oya et al. 2001).

Although this algorithm is based on presenting symptoms at the time of initial
evaluation, it should be remembered that in some cases patients initially exhibit more
moderate symptoms because they are in the early stages of hyponatremia. In
addition, some patients with minimal symptoms are prone to develop more symp-
tomatic hyponatremia during periods of increased fluid ingestion. In support of this,
approximately 70% of 31 patients presenting to a university hospital with symptom-
atic hyponatremia and a mean serum [Na+] of 119 mmol/L had preexisting “asymp-
tomatic” hyponatremia as the most common risk factor identified (Bissram et al.
2007). Consequently, therapy of hyponatremia should also be considered to prevent
progression from lower to higher levels of symptomatic hyponatremia, particularly
in patients with a past history of repeated presentations for symptomatic
hyponatremia.

Monitoring the Serum [Na+] in Hyponatremic Patients

The frequency of serum [Na+] monitoring is dependent on both the severity of the
hyponatremia and the therapy chosen. In all hyponatremic patients neurological
symptomatology should be carefully assessed very early in the diagnostic evaluation
to assess the symptomatic severity of the hyponatremia and to determine whether the
patient requires more urgent therapy. All patients undergoing active treatment with
hypertonic saline for symptomatic hyponatremia should have frequent monitoring of
serum [Na+] and ECF volume status (every 2–4 h) to ensure that the serum [Na+]
does not exceeded the recommended levels during the active phase of correction
(Verbalis et al. 2007), since overly rapid correction of serum sodium can cause
damage to the myelin sheath of nerve cells, resulting in ODS (Sterns et al. 1986).
Patients treated with vaptans for mild to moderate symptoms should have serum
[Na+] monitored every 6–8 h during the active phase of correction, which will
generally be the first 24–48 h of therapy. Active treatment with hypertonic saline
or vaptans should be stopped when the patient’s symptoms are no longer present, a
safe serum [Na+] (usually>120 mmol/L) has been achieved, or the rate of correction
has reached 12 mmol/L within 24 h or 18 mmol/L within 48 h (Sterns et al. 1994;
Verbalis et al. 2007). Importantly, ODS has not yet been reported either in clinical
trials or with therapeutic use of any vaptan as monotherapy to date. In patients with a
stable level of serum [Na+] treated with fluid restriction or therapies other than
hypertonic saline, measurement of serum [Na+] daily is generally sufficient, since
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levels will not change that quickly in the absence of active therapy or large changes
in fluid intake or administration.

Long-Term Treatment of Chronic Hyponatremia

Some patients will benefit from continued treatment of hyponatremia following
discharge from the hospital. In many cases, this will consist of a continued fluid
restriction. However, as discussed previously, long-term compliance with this ther-
apy is poor due to the increased thirst that occurs with more severe degrees of fluid
restriction. Thus, for selected patients who have responded to tolvaptan in the
hospital, consideration should be given to continuing the treatment as an outpatient
after discharge. In patients with established chronic hyponatremia, tolvaptan has
shown to be effective at maintaining a normal [Na+] for as long as 3 years of
continued daily therapy (Berl et al. 2010). However, many patients with inpatient
hyponatremia have a transient form of SIADH without need for long-term therapy.
Selection of which patients with inpatient hyponatremia are candidates for long-term
therapy should be based on the etiology of the SIADH. In all cases, consideration
should be given to a trial of stopping the drug 2–4 weeks following discharge to see
if hyponatremia is still present. A reasonable period of tolvaptan cessation to
evaluate the presence of continued SIADH is 7 days, since this period was sufficient
for demonstration of a recurrence of hyponatremia in the tolvaptan SALT trials (Berl
et al. 2010; Schrier et al. 2006). Serum [Na+] should be monitored every 2–3 days
following cessation of tolvaptan so that the drug can be resumed as quickly as
possible in those patients with recurrent hyponatremia, since the longer the patient is
hyponatremic the greater the risk of subsequent ODS with overly rapid correction of
the low serum [Na+].
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Abstract
The thyroid gland is an endocrine organ located in the lower neck that is
responsible for the production of thyroid hormone, an iodinated peptide hormone
integral to proper physiologic function. The thyroid follicular cell uniquely
concentrates iodine and, via the process of organification, incorporates it into
thyroid hormone. Thyroid hormone is released from the gland predominantly in
the form of thyroxine (T4) and circulates bound to specific plasma proteins that
create an available pool of thyroid hormone. Thyroid hormones are metabolism
via a system of selenoproteins called iodothyronine deiodinases that can convert
thyroxine to more active forms, such as triiodothyronine (T3), or create inactive
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metabolites. In response to inadequate thyroid hormone, the pituitary gland
secretes thyrotropin (TSH) that stimulates thyroid hormone production, which
in turn inhibits pituitary TSH release in a classical negative feedback loop. This
chapter discusses the synthesis of thyroid hormone and the exquisite mechanisms
of regulation and metabolism that govern thyroid status in the body. Particular
attention is paid to important physiologic states affecting thyroid status including
pregnancy and aging.

Keywords
Thyroid hormone • Metabolism • Transport • Iodine deficiency • Pregnancy •
Deiodinase enzymes • Synthesis • Thyroxine • Regulation

Introduction

The thyroid gland is an endocrine organ in the human body responsible for the
production and secretion of thyroid hormone. The two principle thyroid hormones,
triiodothyronine (T3) and thyroxine (T4), circulate throughout the body and stimu-
late receptors found in most cells and organs. Through this process, thyroid hor-
mones play a principle role in controlling cellular metabolism and energy
expenditure. The presence of a thyroid gland in all vertebrates confirms its evolu-
tionary importance. Without thyroid hormone, illness will ensue and eventually lead
to death.

During embryogenesis, the thyroid develops from a diverticulum of the pharynx
and is attached by the thyroglossal duct. The primitive thyroid descends into the
lower neck in conjunction with the process of cardiac formation. As this migration
occurs, the thyroglossal duct elongates and eventually degenerates. Once fully
formed, the thyroid gland is the largest endocrine organ in the human body and
weighs approximately 20 g. It is anatomically composed of three sections, a left and
right lobe and a connecting isthmus. In some patients, a pyramidal lobe is also
identified.

Histologically, the thyroid is composed of follicles of varying size that consist of
an outer layer of follicular cells. Inside the follicle, thyroid hormone is stored in a
matrix of colloid containing thyroglobulin and other proteins. The follicular cells
regulate the production, storage, and secretion of the thyroid hormones, largely in
response to serum thyrotropin (TSH) (Collins and Capend 1980). The major sub-
strate for thyroid hormone production is iodine, a necessary nutritional supplement
in all human beings. C cells are also found in the thyroid gland, though they do not
play a role in thyroid hormone physiology. Rather, C cells regulate the production of
a different hormone called calcitonin, relevant to calcium homeostasis.

On physical examination, the thyroid is located in the anterior, lower neck.
Anatomically important landmarks include the thyroid cartilage and cricoid carti-
lage, which are often referred to as the “Adam’s apple” and are readily identifiable in
most patients. The thyroid gland is a soft tissue organ that lies just inferior to these
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cartilaginous structures. With swallowing, the thyroid moves upward, or cephalad.
This important maneuver is critical for accurate examination and assessment of the
gland. Typically, the thyroid gland is soft, mobile with swallowing, and non-tender
to palpation. As patients age, the thyroid examination can become more difficult as
the gland frequently descends and is partially substernal. In these scenarios,
swallowing will nonetheless allow effective examination of the thyroid in most
patients. Thyroid agenesis or dysgenesis occurs in approximately 1 in 3,500 live
births (Klett 1997). Newborn screening is now universally performed in nearly all
developed countries, as early identification of this process allows for effective
treatment and amelioration of harm.

Synthesis of Thyroid Hormone

Iodine is an essential nutrient and necessary for human survival. Iodine is the
primary substrate for thyroid hormone formation. Without dietary iodine intake,
thyroid hormone cannot be produced. Therefore, adequate intake of this element is
critical for health, and the human body has evolved complex means of optimizing its
metabolism. Iodine is actively stored in the thyroid gland, where it reaches a
concentration that is 20–40 times more than in the plasma (Carrasco 1993). In the
follicle, iodine is then made available for the production of both T3 and T4.

Iodine accumulation is an active process that occurs against a concentration
gradient. The protein responsible for this process is the sodium-iodine symporter
(NIS) (Vilijn and Carrasco 1989). NIS actively transports iodine across the
basolateral membrane and into the cytoplasm of the follicular cell. A separate
transporter then moves iodide across the apical membrane and into the colloid
pool. Regulation of NIS function is primarily through TSH stimulation, though
iodide transport and accumulation is also regulated by the concentration of iodide
itself. High doses of iodide inhibit the accumulation of further iodine and thus
formation of thyroid hormone. This process is known as the Wolff-Chaikoff effect.
Interestingly, after a period of days to weeks, an escape from this physiologic effect
is frequently observed, during which iodide organification is restored and hormone
production once again occurs. Separate from the thyroid gland, the only other tissues
in the human body that actively accumulate iodide are the salivary glands, gastric
mucosa, and the lactating mammary gland. The latter is felt to be an evolutionary
adaptation that allows optimal iodide delivery to the breastfeeding infant during a
critical period of neurologic development.

Thyroid hormone synthesis, storage, and secretion are highly regulated steps
(Kopp 2005). Once iodide is transported into the follicle, it is oxidized by thyroid
peroxidase (TPO). In the follicular lumen, a protein called thyroglobulin serves as a
matrix upon which T4 and T3 are built. The TPO enzyme catalyzes the iodination of
tyrosyl residues in thyroglobulin. This is referred to as iodination, or organification.
The process produces mono-iodinated or di-iodinated tyrosines (MIT and DIT,
respectively). Thereafter, MIT and DIT are coupled to produce T4 or T3. Upon
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stimulation, T4 and T3 are released into the blood stream, where they circulate and
exert their effects. The majority of secreted thyroid hormone is T4 (80%), while the
remaining minority is T3 (20%). Though T3 is the active form of thyroid hormone,
most tissues in the body convert T4 to T3 via a process of deiodination. Thyroglob-
ulin serves as the primary internal reservoir for iodine and its recycling in the
human body.

In serum, thyroid hormone is hydrophobic and therefore must be associated with
proteins for transport and delivery to tissues and organs throughout the human body
(Benvenga et al. 2002). There are three proteins which transport thyroid hormone –
thyroxine-binding globulin (TBG), transthyretin, and albumin. Of these, TBG is the
major carrier of thyroid hormone. Importantly, the free fraction of T4 in human
plasma is only 0.03%, while that of T3 is 0.3%. Thus, the majority of circulating
thyroid hormone is inactive, existing in equilibrium between bound and free states,
and available for release when needed.

In humans, about 80% of the T3 that is produced each day is created by peripheral
deiodination of circulating T4 outside of the thyroid gland itself. This process is
catalyzed primarily by the action of type 2 deiodinase. When thyroid hormone enters
the cells, it is transported into the nucleus, where it binds to nuclear thyroid hormone
receptors. This complex then interacts via a highly complex series of events with
thyroid hormone response elements, as well as repressors and corepressors, to
activate target genes and transcriptionally regulate thyroid hormone action (Brent
2012).

Metabolism of Thyroid Hormone

While both T4 and T3 can regulate thyroid hormone-responsive genes, T3 binds
thyroid hormone nuclear receptors with 12-fold greater affinity and is thus the more
active, or potent, thyroid hormone. As mentioned above, most thyroid hormone
secreted from the gland is T4 and its conversion to T3 in peripheral tissues provides
the vast majority of T3 found in the circulation. For these reasons, T4 can be
considered a prohormone that is metabolized into the active T3 ligand.

In humans (and all vertebrates), the major pathway of thyroid hormone metabo-
lism is sequential monodeiodination (removal of an iodine atom), catalyzed by a
family of enzymes called the iodothyronine deiodinases (Fig. 1) (Gereben et al.
2008). The removal of an outer (phenolic) ring iodine from T4 activates it into the
more biologically potent T3. Conversely, inner (tyrosyl) ring deiodination leads to
substrate inactivation, converting T4 and T3 into rT3 and T2, respectively. The
deiodinase enzyme family has three members: type 1, type 2, and type 3 deiodinase.
Each deiodinase is encoded by a distinct gene and each has a unique pattern of tissue
expression and kinetic properties. Type 1 deiodinase (D1) is highly expressed in the
liver and kidneys. While it has some weak inner-ring deiodinase activity, its major
function in postnatal physiology is as an activator of T4. The susceptibility of D1 to
inhibition by propylthiouracil can be exploited in the treatment of hyperthyroidism
to reduce D1-mediated T4 to T3 conversion, and this is the rationale for using high-
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dose propylthiouracil in rare patients with thyroid storm. Type 2 deiodinase (D2) is
widely expressed in skeletal muscle tissue. D2 is the primary activator of T4 and the
major source of T3 generation in euthyroid patients. In addition, its focal expression
in tissues like the pituitary gland and the brown fat allows the fine control of T3
signaling in processes such as hypothalamic-pituitary-thyroid feedback and adaptive
thermogenesis. The expression of type 3 deiodinase (D3) is high in the
uteroplacental unit and in embryonic tissues and then falls to lower levels upon
birth. D3 is a pure inactivator of thyroid hormones that regulates the transfer of
maternal thyroid hormone to the fetus during pregnancy and catalyzes the clearance
of circulating thyroid hormone in adults.

Collectively, the dynamic expression of deiodinase enzymes is a potent homeo-
static mechanism that works to maintain normal tissue T3 concentrations in the
setting of primary thyroid disease. In patients with mild hypothyroidism or iodine
deficiency, the upregulation of D2 can maintain serum T3 concentrations in the
normal range, even after hyperthyrotropinemia and hypothyroxinemia have

D1,D2      

HO

HO

O

O

CH2-CH-COOH CH2-CH-COOHHO

HO

O

O

I

I

I

I

NH2I

I

I I

5

5

5

5

3

3

3

3

3´

3´

3´

3´

5´

5´

5´

5´

I

I I

I

D3,(D1)     

D3,(D1)      D1,D2     

T4

T3

T2

rT3

Outer
(phenolic)

ring

Inner
(tyrosyl)

ring

CH2-CH-COOH

NH2

NH2

CH2-CH-COOH

NH2
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developed. Even in patients with complete hypothyroidism, the outer-ring
deiodination of levothyroxine (T4) catalyzed by D1 and D2 preserves normal
serum T3 concentrations and allows standard monotherapy to be effective (Jonklaas
et al. 2014). In thyrotoxic patients, it is D3 that is upregulated and protects the host
by accelerating the clearance of circulating thyroid hormones and by reducing local
T3 concentrations in sensitive D3-expressing tissues within the central nervous
system.

Interestingly, while the major role of deiodination is T3 homeostasis, it is now
appreciated that primary changes in deiodination can drive alterations in systemic or
local thyroid status. During systemic illness, the downregulation of hepatic D1 and
the induction of D3 in injured tissues both contribute to the low T3 syndrome (also
called the nonthyroidal illness syndrome) that is commonly observed in hospitalized
patients (Boelen et al. 2011). In rare individuals with large deiodinase-expressing
tumors, ectopic deiodinase activity can cause either systemic hypothyroidism
(as observed in D3-expressing infantile hemangiomas or gastrointestinal stromal
tumors) (Maynard et al. 2014) or T3 hyperconversion (as observed in certain
D2-expressing follicular carcinomas) (Kim et al. 2003).

In addition to deiodination, the action of secreted thyroid hormone is also
regulated by alternative metabolic pathways (thyroid hormone conjugation)
(Wu et al. 2005), by thyroid hormone transporters (Visser et al. 2011, 2013; Fu
and Dumitrescu 2014), and by nuclear receptors (Visser et al. 2013). The conjuga-
tion of thyroid hormone’s phenolic hydroxyl group by sulfotransferases or glucu-
ronidases increases inactivation by promoting inner-ring deiodination or biliary
excretion, respectively (Gereben et al. 2008). The cellular uptake and efflux of
thyroid hormone are highly regulated by tissue-specific transporter proteins, includ-
ing monocarboxylate transporters (MCT) and organic anion transporter polypeptides
(OATP) (Bernal et al. 2015). Intracellular T3 signaling is dependent upon nuclear
receptors that are encoded by two distinct genes, THRA and THRB (Brent 2012), that
each expresses tissue-specific T3-binding products. These regulatory pathways have
long been studied in cell biology and animal models. In addition, their relevance to
human health has been directly demonstrated through the recent discovery of
individuals with germline loss-of-function mutations in genes encoding thyroid
transporters (SLC16A2) or receptors (THRB or THRA) (Refetoff et al. 2014). Illus-
trating the ability of these pathways to impact local thyroid hormone status, affected
patients manifest pathology including tissue-specific thyroid hormone resistance
(including growth failure and abnormal neurodevelopment) despite normal or even
elevated serum thyroid hormone concentrations.

Regulation of Thyroid Status

Thyroid status is determined by many factors that combine to govern thyroid
hormone availability. Of these, the function and regulation of the hypothalamic-
pituitary-thyroid (HPT) axis is the most significant. The thyroid gland also demon-
strates important mechanisms of autoregulation with respect of iodine status, which
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will be discussed below. The HPTaxis constitutes a classical negative feedback loop.
The main regulator of thyroid function is TSH, which is a glycoprotein consisting of
one alpha and one beta subunit released by cells of the anterior pituitary called
thyrotrophs. TSH secretion exhibits both pulsatility and diurnal variation, which are
affected by physiologic and disease states such as sleep deprivation, depression, and
hypothyroidism. Neurons of the hypothalamus produce and release thyrotropin-
releasing hormone (TRH), which influences the pattern of TSH secretion. After
secretion of TSH by the pituitary thyrotroph, TSH enters the peripheral circulation
and, upon reaching the thyroid gland, binds TSH receptors present on the basolateral
surface of thyroid follicular cells.

Activation of the TSH receptor initiates complex intercellular signaling involving
phospholipase C and cyclic AMP pathways that all serve to augment thyroid
function. Under TSH stimulation, there are increased synthesis and activity of
NIS, TPO, and Tg and increased cellular trafficking of hormone products, leading
to greater iodine uptake, organification, and, ultimately, thyroid hormone secretion.
Circulating thyroid hormone in the form of T4 crosses the blood-brain barrier with
the assistance of thyroid hormone transport proteins such as MCT. Thyroxine is then
converted to biologically active T3 by cells within the central nervous system and
acts upon the hypothalamus and pituitary resulting in reductions in TRH and TSH,
thus completing the negative feedback loop of the HPT axis (Costa-e-Sousa 2012).

TSH changes approximately tenfold for each unit change in thyroxine (Spencer
et al. 1990). This “log-linear” relationship illustrates the exquisite sensitivity of
pituitary TSH secretion to changes in peripherally circulating thyroid hormone
concentrations. Through this mechanism normal thyroid status is maintained within
a narrow physiologic range. Because of this relationship, diseases of thyroid hor-
mone deficiency or excess can be detected through the measurement of abnormal
levels of serum TSH even when measured levels of thyroid hormones remain within
the reference range. Mild thyroid dysfunction of this kind is referred to a “subclin-
ical” thyroid disease, and while frequently asymptomatic may have adverse effects,
particularly on the cardiovascular system.

Since only a slight fraction of T4 and T3 is unbound, or free, in the peripheral
circulation, the relative presence of the major thyroid hormone carrier proteins –
TBG, transthyretin, and albumin – is an important factor that regulates thyroid status.
These carrier proteins function to provide a thyroid hormone reservoir, limit renal
losses, and buffer changes in thyroid hormone levels. Conditions altering the plasma
binding of thyroid hormones to these carrier proteins may lead to benign abnormal-
ities of circulating thyroid hormone levels or be the source of deleterious changes to
thyroid status. The major carrier of thyroid hormone is TBG, a 54 kDa glycoprotein
located on the X chromosome (Schussler 2000). TBG undergoes conformational
change leading to high- and low-affinity states that modulated the ability to delivery
T4 to target tissues (Zhou et al. 2006), and binding of T4 to TBG may be inhibited by
some medications including phenytoin and salicylate. Increased levels of serum
TBG during normal pregnancy in part account for greater thyroid hormone demand
and the clinical need to supplement thyroid hormone in some woman during
gestation. Binding-protein conditions leading to altered but benign thyroid hormone
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levels that do not impact physiologic thyroid status include congenital TBG defi-
ciency, present in ~1/5,000 male newborns, and familial dysalbuminemic hyper-
thyroxinemia (Ruiz et al. 1982) and should be considered in the clinical evaluation of
abnormal thyroid hormone testing.

The regulation of thyroid status is further modulated by inputs from the nervous
system, other hormones, and mediators of inflammation, each conveying signals
related to nutrition, stress, and overall health of the organism. Increased TSH
secretion is exhibited after exposure to cold temperature and in response to increased
leptin levels, which are present in the well-fed state. TSH and peripheral thyroid
hormone levels are reduced with fasting. TSH secretion is also reduced by mediators
of stress or illness, such as during severe infections or inflammation (Chan 2003).
Cytokines, IL-1β, TNFα, IL-6, and others, inhibit TSH secretion by the pituitary, as
do elevated cortisol levels (Spath-Schwalbe 1996; Blake et al. 1991). In these
circumstances, thyroid status may reflect a physiologic response to significant stress
or illness that may not be indicative of intrinsic thyroid disease.

The Effects of Iodine on Thyroid Status

Thyroid status is also influenced by the relative presence of inorganic iodine, and the
response to iodine deficiency occurs at all levels of the HPT axis in order to maintain
the availability of intracellular T3, preserving thyroid hormone action throughout the
body. Lower iodine availability itself results in relatively greater production of T3
rather than T4 since the former requires one fewer iodine. As discussed above,
detection by the pituitary thyrotrophs of reduced T4 levels results in augmented TSH
secretion and subsequent stimulation of thyroidal function that increases iodine
uptake and thyroid hormone production. Thyroid enlargement, or goiter, may
occur as a result of increased cell division induced by TSH-mediated stimulation.
Similar changes to those of iodine deficiency may been seen in conditions during
which the thyroid is unable to utilize iodine, such as in Hashimoto’s disease or
patients with Graves’ disease taking thiourea drugs (methimazole or pro-
pylthiouracil) that block the activity of the TPO enzyme (Larsen 1975). Additionally,
as mentioned above, upregulation of the type 2 deiodinase enzyme in patients with
iodine deficiency contributes to the maintenance of normal serum T3 concentrations.
These effects result in clinical euthyroidism except when iodine deficiency becomes
severe, at which point clinical manifestations of hypothyroidism may emerge. Iodine
deficiency remains the leading cause of hypothyroidism worldwide.

The negative effects of iodine deficiency may occur through human life. Miscar-
riage, congenital anomalies, perinatal and infant mortality, and impaired mental and
physical development are all manifestations of iodine deficiency in early life. When
iodine deficiency is severe during pregnancy, offspring may suffer from cretinism, a
syndrome of severe neuromotor, mental, and physical deficiencies preventable with
supplementation of iodine. In adults, iodine deficiency is associated with attenuated
mental function, hypothyroidism, goiter, thyroid nodules, autonomously functioning
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or “toxic” nodular goiters, and a higher incidence of more aggressive forms of
thyroid cancer (follicular and anaplastic thyroid carcinomas).

Iodine excess also may adversely affect thyroid status. High doses of iodide
inhibit the accumulation of further iodine and the formation of thyroid hormone by
direct action on the thyroid gland. This process, known as the Wolff-Chaikoff effect,
is a normal physiologic response to iodine excess likely buffering the influence of an
iodine load. While not definitively proven, inhibition of thyroid hormone biosyn-
thesis may be mediated by the accumulation of iodinated compounds within the
thyroid follicular cell. Resumption of normal organification after approximately
2 days of iodine exposure, so-called escape from the Wolff-Chaikoff effect, is
considered to result from reduction in NIS and decreased iodine transport that
normalizes intracellular iodine levels and removal of inhibition to thyroid hormone
production (Burrow et al. 1994). Failure to escape from the Wolff-Chaikoff effect is
observed in patients with underlying thyroid disease, such as chronic lymphocytic
thyroiditis (Hashimoto’s thyroiditis), in which prolonged hypothyroidism may
develop.

The induction or exacerbation of hyperthyroidism due to exposure to iodine
excess may also occur and is referred to as the Jod-Basedow phenomenon. Suscep-
tible patients include those with Graves’ disease, iodine deficiency, or multinodular
goiters harboring autonomously functioning thyroid tissue. Animal studies have
demonstrated the development of autoimmune thyroid disease after excess iodine
intake in a number of species. This suggestion is supported by the higher prevalence
of subclinical hypothyroidism, overt hypothyroidism, and autoimmune thyroid
disease in human populations with high iodine intake compared to those with low
or normal iodine status.

Age-Related Influence on Thyroid Function

Normal pregnancy is characterized by high maternal-to-fetal gradients of T4 and T3
that are maintained by the expression of type 3 deiodinase and other inactivating
enzymes in both the uteroplacental unit and embryonic tissues. Collectively, these
enzymes function as a biochemical shield that limits the transfer of maternal thyroid
hormone to fetal tissues and permits the local regulation of thyroid hormone
signaling by cell-specific activating enzymes and T3 transporters (Dugrillon 1996).

Upon birth, fetal tissues rapidly shift from a profile of thyroid hormone inactiva-
tion to one of thyroid hormone activation. Within hours of delivery, the expression of
thyroid hormone-inactivating enzymes falls and thyroid hormone activation
increases (Bianco et al. 2002). In addition, a robust burst of central stimulation
referred to as the neonatal surge increases glandular secretion. This surge is charac-
terized by a rise in serum TSH up to 80 μU/ml, followed by transient elevations in
serum T4 and T3 (Fisher and Odell 1969). In full-term infants, the transition to
mature thyroid physiology is rapid, and serum thyroid hormone concentrations
approximate adult levels by 1 month of age. Premature infants can demonstrate a
blunted version of these changes, characterized by a smaller TSH surge and a
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prolonged depression of serum T4 referred to as the “hypothyroxinemia of prema-
turity” (Delahunty et al. 2010).

The aging process is accompanied by apparent changes in thyroid function. While
most studies have shown no or minimal change in free thyroxine levels with age,
circulating free T3 levels decrease, though remain within the reference range with
advancing age. TSH concentration has been reported to change with age. Particular
interest exists regarding the relationship between aging and elevated TSH concen-
trations and whether this reflects a physiologic aspect of aging or the existence of
thyroid hormone deficiency. Symptoms of hypothyroidism may be difficult to
distinguish from physical changes present during normal aging, making the appro-
priate interpretation of serum TSH measurement an important issue in the care of
geriatric patients.

In a population free of any discernible thyroid disease analyzed from the third
National Health and Nutrition Examination Survey (NHANES III), 15% of individ-
uals greater than 70 years old had a TSH level above the upper limit of the calculated
reference range (Hollowell et al. 2002). One explanation of this finding is that mild,
but nevertheless true, thyroid disease is present in these individuals. It has been noted
that TSH distribution curves of supposedly healthy individuals contain a rightward
skew toward higher TSH concentration that has been attributed to possible
unrecognized thyroid disease in the reference population (Baloch et al. 2003).
Further assessment of NHANES databases has generated age-specific TSH reference
ranges that show a shift toward higher TSH values most apparent in patients over
80 years old compared to those 20–29 years old. Most striking is that when stratified
by age, these reference curves lack the right skew in TSH values often reported
(Surks and Hollowell 2007). Thus, there exists an age-related rise in TSH that is
present in apparently healthy individuals, and this higher TSH concentration in
people older than 85 years has been shown by some to predict longevity without
associated functional impairment (Gussekloo et al. 2004). The mechanism underly-
ing the observed change in TSH with age remains unclear. Decrease in the biological
activity of TSH, changes in diurnal pattern or pulsatility, and polymorphisms in the
TSH receptor have all been postulated, but data scrutinizing these hypotheses in
population studies are lacking.

Thyroid Physiology in Pregnancy

Pregnancy is a unique physiologic process, during which thyroid hormone produc-
tion and metabolism are substantially modified from the nonpregnant state. Thyroid
hormone is critical for human development, substantially impacting fetal growth,
infant development, and neurocognitive ability. While both too much and too little
thyroid hormone can impact pregnancy as well as the developing fetus, maternal
hypothyroidism may be harmful even when mild to moderate in severity. A classic
example of the detrimental effects imparted by maternal hypothyroidism is endemic
cretinism. Now thankfully rare, cretinism is the consequence of severe iodine
insufficiency during pregnancy and newborn development. Affected offspring suffer
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profound neurocognitive and developmental impairments, with extremely impaired
cognitive ability.

During human pregnancy, the maternal-fetal unit must produce approximately
40% more thyroid hormone to adequately meet the needs of both the mother and
developing fetus (Alexander et al. 2004). In a healthy mother, this increase in
hormone demand occurs seamlessly through the stimulatory effects of both TSH
and pregnancy-derived human chorionic gonadotropin (hCG). As hCG shares
homology with serum TSH, both peptides stimulate the gland to produce thyroid
hormone, increasing the available pool throughout the body. This process of increas-
ing production is unique to gestation and reverts to prepregnancy status after
delivery. Studies of human physiology have demonstrated that the increase in
thyroid hormone production begins very early in gestation (~4 to 6 weeks) and
then rises linearly through mid-gestation (16–20 weeks). The increase in thyroid
hormone demand then plateaus but is sustained for the remainder of pregnancy.

Several studies have documented the harmful effects of maternal hypothyroidism,
especially when severe (Haddow et al. 1999; Negro et al. 2010). Such adverse effects
include increased risk of miscarriage, as well as direct harmful effects on the
cognitive status of the developing fetus. Interestingly, these effects appear to be
augmented by the presence of the thyroid peroxidase antibody (TPO Ab) in the
maternal circulation. For example, one study demonstrated an increased risk of
miscarriage in TPO Ab-negative women when maternal TSH concentrations were
elevated greater than 5 mIU/L, but demonstrated similar effects in TPO Ab-positive
women when maternal TSH concentrations were elevated greater than 2.5 mIU/L
(Liu et al. 2014). The reason for this additional detrimental effect when TPO Ab is
elevated is unknown.

Women at highest risk for the harmful effects of hypothyroidism during preg-
nancy are those suffering from primary thyroid dysfunction. Such women must take
exogenous levothyroxine, often because of prior thyroid surgery or radioactive
iodine ablation. Other women suffer from autoimmune destruction of the thyroid
(Hashimoto’s disease) and can produce only a partial amount of endogenous thyroid
hormone. All such women do not have the ability to augment further production
necessary during pregnancy. In these women, thyroid hormone tests must be
performed early in gestation, once pregnancy is confirmed. Thereafter,
levothyroxine supplementation should be increased to prevent maternal hypothy-
roidism during gestation.

Summary

In summary, the above text describes a highly complex, tightly regulated, and
evolutionarily preserved system that is necessary for optimal human health. The
critical importance of optimal dietary iodine should be stressed. The production,
secretion, and action of the thyroid hormones (T4 and T3) provide a means by which
the body regulates overall metabolism and cellular function. It is not surprising,
therefore, that thyroid physiology demonstrates properties of rapid responsiveness,
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active storing of necessary substrates (iodine), as well as mechanisms for tight
control (the Wolff-Chiakoff effect). Together, this physiologic system has evolved
to optimize human health and development. More recent understanding of thyroid
physiology during pregnancy further delineates the importance of this endocrine
organ and its hormonal effects.
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Abstract
The parathyroids respond to low serum ionized calcium or increased serum
phosphorus by releasing parathyroid hormone (PTH); additional parathyroid
products include chromogranins and possibly PTH-related protein (PTHrP). In
turn PTH has actions in three target organs (the bone, kidney, intestines) to raise
serum calcium and lower phosphorus. PTH is also an important regulator of bone
turnover, having a biphasic action to either stimulate osteoblast activity and bone
formation or osteoclast activity and bone resorption. PTH interacts with other
calciotropic and phosphotropic hormones, including that it stimulates production
of calcitriol and fibroblast growth factor-23 (FGF23) and is itself inhibited by
both hormones. This chapter reviews the embryology, anatomy, and physiology
of the parathyroid glands and PTH and the functions that PTH has to regulate
mineral ion concentrations and skeletal mass and strength.
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Extracellular Calcium Homeostasis

Extracellular calcium is required for innumerable cellular processes, ranging from
neurotransmission to hormone release to blood coagulation to muscle contraction.
Calcium circulates in several forms, including free or ionized (~50% of total), bound
to albumin and other proteins (~40% of total), and complexed to citrate or phosphate
(~10% of total). Assay of serum calcium, also called total serum calcium, determines
the combined concentration of all three forms without distinguishing their relative
contributions. The ionized fraction of calcium in the bloodstream is tightly regulated
between 1.10 and 1.30 mmol/L, which is about 10,000 times higher than the
concentration of calcium in the intracellular fluid. The protein-bound and complexed
fractions are maintained by other processes independent of physiological need for
calcium. Alterations in ionized calcium above (hypercalcemia) or below (hypocal-
cemia) the normal physiological range can lead to significant dysfunction of cells
and tissues, specific symptoms and signs, and even acute mortality. In general a
reduction in ionized calcium is much less well tolerated than comparable elevations
in ionized calcium. Increases or decreases in the bound or complexed fractions of
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serum calcium are physiologically unimportant unless they also lead to alterations in
the ionized calcium. Consequently, the ionized calcium, albumin-corrected serum
calcium, and protein-adjusted serum calcium are preferred over the unadjusted
serum calcium as indicators of normal or abnormal concentrations of extracellular
calcium.

The intracellular calcium concentration is also tightly regulated at low levels in
order to serve as a second messenger within the cytosol, separated by cellular
membranes from the high extracellular calcium concentration. Intracellular calcium
is maintained by calcium entry channels, sodium-calcium exchangers,
ATP-dependent calcium pumps, intracellular calcium-binding proteins, and intracel-
lular storage (microsomes, mitochondria, and the Golgi apparatus). Sudden fluxes in
calcium that serve as second messenger signals are rapidly terminated by pumping
calcium back into the extracellular fluid or causing it to be taken up by intracellular
storage sites again. The regulation of intracellular calcium is not directly dependent
upon the parathyroids and as such is beyond the scope of this chapter.

Maintaining the ionized calcium concentration in the circulation requires key
interactions among the calcium-sensing receptor, parathyroids, kidneys, intestines,
and the skeleton (wherein 99% of calcium in the body resides). The calcium-sensing
receptor, which is expressed predominantly by the parathyroids, C cells of the
thyroid, and renal tubules, specifies the set level of ionized calcium that must be
maintained in the circulation. This level of calcium is near the saturation point with
phosphorus, such that a small increase in calcium or phosphorus can lead to calcium-
phosphate crystals precipitating in the soft tissues, nerves, and the conducting system
of the heart. The calcium-sensing receptor acts to inhibit the synthesis and release of
parathyroid hormone (PTH) by the parathyroids, stimulate synthesis and release of
calcitonin by the C cells of the thyroid, and inhibit the reabsorption of calcium by the
kidney tubules independent of PTH.

The parathyroids, by releasing PTH when the inhibiting control of the calcium-
sensing receptor is released (such as from a fall in ionized calcium), play a central
role in regulating calcium homeostasis. PTH increases serum calcium by stimulat-
ing skeletal resorption, reabsorption of calcium by the kidneys, and synthesis of
calcitriol (which in turn stimulates intestinal calcium and phosphorus absorption).
These actions of PTH would otherwise lead to a simultaneous increase in serum
phosphorus, except that PTH has additional actions to increase renal phosphorus
excretion (directly and through stimulating release of fibroblast growth factor-23
[FGF23]). This provides a safety valve to allow excess phosphorus that was
resorbed from the skeleton and absorbed through the diet to be excreted into the
urine.

The key role of the parathyroids is best exemplified by genetic or acquired
conditions of aparathyroidism and hypoparathyroidism, in which PTH is either
absent or present at very low concentrations. Ionized calcium is low, phosphorus is
high, calcitriol is low, intestinal calcium absorption is reduced, the kidneys waste
calcium but retain phosphorus, extraskeletal calcium-phosphate crystals may form in
basal ganglia and other tissues, and bone turnover is low, leading to inappropriate
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skeletal retention of calcium. An activating mutation of the calcium-sensing receptor
leads to identical results by keeping PTH suppressed to very low levels.

Although PTH plays this central and critical role, normal calcium and phosphorus
homeostasis also depends upon other hormones such as calcitriol, estradiol,
PTH-related protein (PTHrP), FGF23, etc. For example, if the contribution of
calcitriol is absent (from severe vitamin D deficiency, absence of the vitamin D
receptor [VDR], or lack of the Cyp27b1 enzyme that synthesizes calcitriol), then
intestinal delivery of calcium and phosphorus is reduced and skeletal homeostasis is
disrupted despite the presence of PTH. Loss of estradiol leads to increased sensitivity
to normal circulating levels of PTH, increased osteoclast activity, increased skeletal
resorption, and net bone loss leading to osteoporosis. The many interactions of these
calciotropic hormones are beyond the scope of this chapter, but it should be kept in
mind that despite its critical role, normal calcium and bone homeostasis requires
more than just sufficiency of PTH.

Embryology and Anatomy of the Parathyroids

The parathyroids originate in the endoderm of the third and fourth pharyngeal
pouches and migrate during embryogenesis with the thymus and thyroid to their
final positions in the neck. The fourth pouch gives rise to a superior pair of para-
thyroids that often resides posterior to the middle of the thyroid, while the third
pouch produces an inferior pair of parathyroids that usually end up at the inferior
poles of the thyroid but can have a quite variable final resting position. There are
commonly four and occasionally just three parathyroids in humans; however, their
friable nature during embryonic development can lead to supernumerary parathy-
roids in approximately 5–10% of individuals (typically 5 glands, but as many as
12 have been seen). Errant migration can lead to ectopic parathyroids that range from
high up in the neck to as low as the diaphragm. Although ectopic parathyroids are
most commonly located in the thymus, they can be located in diverse tissues such as
the esophagus, larynx, and carotid sheath. More rarely, multiple parathyroid rests can
give rise to diffuse, functioning parathyroid tissue throughout the neck, a condition
termed parathyromatosis (this condition can also iatrogenically arise from spillage of
parathyroid tissue during a neck exploration).

Genetic causes of hypoparathyroidism can include mutations affecting the devel-
opment of the third and fourth pharyngeal arches (including DiGeorge and other
22q11.2 deletion syndromes), thereby leading not only to absent parathyroids but
also thyroid hypoplasia and absence of the thymus. More specific gene deletions
(e.g., GCM2) can lead to selective loss of the parathyroids, or a null mutation in the
PTH gene itself can occur.

The parathyroids are typically yellow brown in appearance, 2–5 mm in length and
width, 0.5–2 mm in thickness, and 30–55 g in weight. A thin fibrous capsule
surrounds a lobulated interior that is largely composed of stromal fat and
PTH-producing chief cells, with other cells (oxyphil, clear, and transitional oxyphil)
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also noted. These other cell types also express PTH and it remains unclear whether
their secretory role or function differs from those of chief cells. Clear cells are
glycogen rich and more abundant in embryonic and fetal parathyroids. Oxyphil
and transitional cells are relatively scarce until they increase significantly in number
after birth.

The parathyroids produce immunoreactive PTH beginning at about 10 weeks of
gestation. Low circulating levels of PTH (as compared to simultaneous maternal and
normal adult values) are usually maintained in the embryonic and fetal circulation,
which then normally rise to adult levels during the first 48 h after birth. The fetal
parathyroids are evidently kept suppressed by high levels of calcium that are
normally present in the fetal circulation and cord blood. The high level of ionized
calcium is sufficient to act through the calcium-sensing receptor to suppress the fetal
parathyroids. However, the fetal parathyroids are certainly capable of higher levels
of PTH production and release. This will occur, for example, in response to severe
maternal hypocalcemia. Such compensatory fetal hyperparathyroidism is ultimately
detrimental to the fetus because it leads to undermineralization of the skeleton and
fractures that may occur in utero, during delivery, or soon after birth.

Parathyroid Hormone

Pth Gene Expression

PTH is located on chromosome 11 and contains three exons and two introns. It is
predominantly and abundantly expressed in the chief cells of the parathyroids, but
low levels of expression have also been noted in rodent hypothalamus, thymus, and
placental trophoblasts. Whether or not equivalent human tissues express PTH has
not been determined. Quite rarely PTH has been unequivocally shown to be ectop-
ically produced by certain malignancies.

Synthesis and Processing

The initial PTH gene transcript is a 115 amino acid precursor protein called pre-
proPTH. The prepro sequence enables recognition of the immature protein by signal
recognition particles, which bind to preproPTH when it emerges from the ribosome
and guide it to the endoplasmic reticulum where the pre-sequence is cleaved. In turn
the pro sequence is cleaved upon passage through the Golgi apparatus, resulting in
mature PTH being packaged into secretory granules. The intact PTH molecule is
84 amino acids in length and has a molecular weight of 9,300.

The secretory granules released by the parathyroids contain other products,
including chromogranin A. The chromogranins may represent 50% of the protein
output of the parathyroids, but whether these have functional roles is uncertain.
Chromogranin expression increases with hypocalcemia and decreases with
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hypercalcemia, and there is some evidence that chromogranins may inhibit PTH
synthesis and release. However, the possible role that non-PTH secretory products of
the parathyroids may have on mineral and skeletal homeostasis has not been
rigorously studied.

Secretion of PTH

Synthesis and secretion of PTH is mainly controlled by the calcium-sensing receptor,
which is a classical seven-transmembrane-spanning, G-protein-coupled receptor
whose ligand is primarily calcium. When calcium ions bind to the receptor on
parathyroid glands, coupling to Gq leads to activation of phospholipase C, hydrolysis
of phospholipid phosphatidylinositol 4,5-bisphosphate, and the generation of the
second messengers IP3 and diacylglycerol and a rise in intracellular calcium. This
receptor activation ultimately inhibits release of PTH by blocking fusion of storage
granules with the plasma membrane and release of their contents (PTH and
chromogranins) into the circulation. More prolonged activation of the receptor,
such as through chronic hypercalcemia that is not mediated by PTH, leads to reduced
PTH transcription and translation and reduced parathyroid cell growth.

There is a sigmoidal relationship between PTH and calcium, with the steep part of
the curve corresponding to the normal physiological range of ionized calcium
(Fig. 1). An ionized calcium concentration that is above the level set by the
calcium-sensing receptor will suppress PTH completely. Conversely, reduced bind-
ing of calcium to the receptor (such as by a low serum calcium) leads to disinhibition
of PTH transcription, translation, and release; the stability of preproPth mRNA is
also increased. An inactivating mutation of the calcium-sensing receptor shifts the
curve to the right, leading to increased PTH and higher ionized calcium, whereas an
activating mutation shifts the curve to the left, resulting in low PTH and low ionized
calcium. The presence of PTH in storage granules enables rapid release when the
ionized calcium falls. In addition to controlling the moment-to-moment release of
PTH, the calcium-sensing receptor also has longer-term trophic effects on the
relative growth of the parathyroids.

Magnesium is an additional regulator of PTH synthesis and release, although its
effects are weaker and more complex. It is also a ligand for the calcium-sensing
receptor. High serum magnesium inhibits PTH and can lead to hypocalcemia.
Conversely low serum magnesium can acutely stimulate PTH release, whereas
chronic hypomagnesemia inhibits PTH release and also blunts PTH action in target
cells. Why chronic hypomagnesemia inhibits parathyroid responsiveness and PTH
action is not fully understood.

Phosphorus is also a regulator of PTH release with high serum phosphorus
leading to increased PTH irrespective of the ionized calcium level. This most
commonly occurs in renal failure patients, in whom high serum phosphorus pro-
vokes increased PTH, despite the actions of the calcium-sensing receptor to keep
PTH in check. How phosphorus is sensed and in turns leads to stimulation of PTH
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release is unclear. Low phosphorus has inhibitory effects on PTH synthesis and
release, thereby clearly establishing that PTH is responsive to the spectrum of high to
low phosphorus. FGF23 similarly increases in response to high serum phosphorus,
but one of its actions is to suppress PTH transcription and synthesis.

Calcitriol itself will inhibit transcription and synthesis of PTH, while indepen-
dently increasing calcium and phosphorus absorption from the intestines. Analogs of
calcitriol have been developed for use in renal failure patients that reduce the
synthesis and secretion of PTH, but do not cause the increase in calcium and
phosphorus delivery that occurs in response to treatment with calcitriol.

Clearance and Metabolism

Upon its release, PTH has a very short circulating half-life of less than 4 min. In the
kidneys and liver, intact PTH is cleaved to produce amino-terminal and carboxy-

PTH
(pmol/L)

Ionized Calcium
(mmol/L)

1.1 1.2 1.3

Set Point

Inactivating 
Mutation

(FHH)

Activating 
Mutation
(ADH)

Fig. 1 Sigmoidal relationship between ionized calcium and PTH. Ionized calcium activates the
calcium receptor to inhibit PTH, with the greatest responsiveness (represented by the near-vertical
slope of the solid black line) occurring within the physiological range of 1.10–1.30 mmol/L for
ionized calcium. Consequently, a rise in ionized calcium inhibits PTH, while a fall in ionized
calcium disinhibits PTH synthesis and release. The set point is the level of ionized calcium that
results in 50% of the capacity of the parathyroids to acutely release PTH. An inactivating mutation
of the calcium-sensing receptor (such as that occurs in familial hypocalciuric hypercalcemia or
FHH) makes the receptor less responsive to a rise in calcium and shifts the set point to the right,
resulting in higher than normal ambient concentrations of both ionized calcium and PTH (green
dashed line). FHH begins causing hypercalcemia in utero and is generally asymptomatic in children
and adults. An activating mutation of the calcium-sensing receptor (such as that occurs in autosomal
dominant hypocalcemia or ADH) makes the receptor more responsive to low levels of ionized
calcium, shifting the set point to the left and resulting in low ionized calcium and PTH concentra-
tions (red dotted line). ADH likely causes hypocalcemia beginning in utero and usually results in
symptomatic hypocalcemia and tetany in children and adults. It is indistinguishable from hypo-
parathyroidism except by genetic testing
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terminal fragments. C-terminal fragments are cleared by renal filtration and are
known to accumulate in renal failure.

PTH Receptors

The biological activity of PTH is almost entirely attributable to actions of the
N-terminal molecule on the PTH/PTHrP receptor (also called the type 1 PTH
receptor or PTH1R). It is abundantly expressed in osteoblasts and renal tubules.
Additional sites of expression include cells within the placenta. The PTH1R is a
seven-transmembrane-spanning, G-protein-coupled receptor with a large extracellular
domain to which PTH binds. The first six amino acids of PTH are required for
activation of PTH1R, while residues between 18 and 34 are responsible for PTH
binding to the receptor. Activation of PTH1R in turn activates two G proteins, Gs and
Gq. Gs in turn activates adenylyl cyclase, which generates cAMP as the second
messenger. Gq couples to phospholipase C, prompting an increase in intracellular
calcium and activation of protein kinase C as second messengers.

A second but less well-characterized receptor, which PTH binds to and activates
while PTHrP does not, is called the PTH2R. However, its endogenous ligand
appears to be TIP39 (tuberoinfundibular peptide of 39 residues) and not PTH. It is
expressed within the brain only and may not have any role in calcium and bone
homeostasis.

Additional receptors have been proposed for the mid or C-terminal portions of
PTH, and there is some evidence from rodents for functions of these molecules.
Whether the accumulating C-terminal fragment in renal failure patients contribute to
disturbances in calcium and bone metabolism remains uncertain.

Assays

Modern assays measure an “intact” form of the PTH molecule by requiring two
antibodies, one that recognizes an amino-terminal sequence and a second antibody
that recognizes a mid-molecular sequence. In this way the biologically relevant
molecule is detected, while nonfunctional C-terminal and N-terminal fragments
should not be detected; PTHrP is also not detected by these assays. With such assays
PTH has a normal range of approximately 1.0–6.0 pmol/L. In primary and secondary
hyperparathyroidism, the values will be increased, whereas in hypoparathyroidism
the values will either be below the lower limit of normal or “inappropriately normal”
in the presence of hypocalcemia. When hypercalcemia is not mediated by autono-
mous parathyroid function, the calcium-sensing receptor should shut off PTH
synthesis and release, leading to a very low or undetectable PTH level.

A further refinement in assays resulted after the recognition that an N-terminal
truncated form of PTH, which lacks the first six amino acids and is inactive, can
represent 50% of the circulating “intact PTH” level in renal failure patients. The
N-terminal antibody has been revised in newer assays to capture the first six amino
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acids, thereby eliminating the possibility of detecting the inactive N-terminal-trun-
cated forms of PTH. These assays are said to detect “bio-intact PTH” as opposed to
“intact PTH.” They are useful for more accurately determining the magnitude of
secondary hyperparathyroidism in renal failure and whether it requires treatment to
lower the PTH concentration to maintain bone health. It is unclear that bio-intact
PTH assays have any benefit over intact PTH assays in other clinical situations, since
the truncated N-terminal forms of intact PTH have only been shown to accumulate in
renal failure.

Biological Actions: Adult

PTH has important direct and indirect actions in kidneys, intestines, and the bone,
the three dominant organs that contribute to calcium and bone homeostasis in the
adult (Fig. 2).

In the kidneys PTH has several direct actions. It stimulates active reabsorption of
calcium against an electrochemical gradient in the distal convoluted tubules by
activating transient receptor potential vanilloid 5 (TRPV5) and stimulating the
expression of the sodium-calcium exchanger NCX1. These actions are independent
of the calcium-sensing receptor and calcitonin to affect calcium reabsorption. In the
proximal renal tubules, PTH potently inhibits the expression of sodium-phosphate
cotransporter subtypes 2a and 2c (NaPi2a and NaPi2c), which leads to renal phos-
phorus excretion. It also stimulates the excretion of bicarbonate by inhibiting the
actions of Na+-H+ antiporters; consequently, hyperparathyroidism can lead to a mild
hyperchloremic metabolic acidosis. Furthermore, it stimulates the expression and
activity of 1α-hydroxylase (Cyp27b1), which converts 25-hydroxyvitamin D into
calcitriol, the active or hormonal form of vitamin D. Finally, PTH also increases
calcitriol by inhibiting the expression of Cyp24a1, the enzyme that catabolizes
calcitriol and 25-hydroxyvitamin D. PTH has indirect actions in the kidney through
its ability to stimulate the expression of FGF23, which in turn acts on the kidney
tubules to downregulate the expression of NaPi2a and NaPi2c, thereby promoting
renal phosphorus excretion. FGF23 also inhibits Cyp27b1, stimulates Cyp24a1, and
inhibits PTH, thereby lowering calcitriol, an action that opposes the effect of PTH to
increase calcitriol.

The interactions between PTH and FGF23 in the kidney tubules are not well
understood. It is evident that both hormones are required, since loss of either PTH or
FGF23 results in a similar degree of reduced urinary phosphorus excretion,
increased renal expression of NaPi2a and NaPi2c, and hyperphosphatemia. In turn,
the resultant hyperphosphatemia leads to extraskeletal calcifications and disturbed
mineralization of the bone. It is clear that neither hormone can make up for absence
of the other, and so both are required.

PTH has no direct actions in intestinal cells (enterocytes). However, it does have
indirect actions, the most dominant of which is that through its stimulation of
calcitriol, it causes upregulation of both active and passive absorption of calcium
and phosphorus. Another indirect action is through stimulation of FGF23, which
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Fig. 2 Central role of PTH in regulating calcium and phosphorus economy and bone mass. The
main sites of PTH action are the bone, kidney, and (indirectly) intestines. Within bone cells, PTH
has three main actions that take progressively more time to be invoked. First, in response to acute
hypocalcemia, PTH responds within 1–2 min to liberate calcium from the bone surface via
uncertain mechanisms. Second, short and low amplitude pulses of PTH activate the PTH1R to
stimulate osteoblasts, resulting in bone formation and incorporation of calcium and phosphorus into
bone. Third, prolonged and higher amplitude pulses of PTH also activate osteoblasts, but in turn
osteoblasts upregulate release of RANKL to stimulate osteoclast recruitment and activity, thereby
resorbing the bone to bring calcium and phosphorus into the circulation. This third action takes
hours to be invoked. A fourth action with the bone is that PTH acts on osteocytes to stimulate
FGF23 release. Within kidney tubules, PTH increases reabsorption of calcium by stimulating
TRPV5 and NCX1, increases renal excretion of phosphorus by inhibiting expression of NaP12a and
NaPi2c, and increases calcitriol by stimulating Cyp27b1 (which synthesizes calcitriol) and
inhibiting Cyp24a1 (which catabolizes calcitriol and 25-hydroxyvitamin D).Within the intestines,
PTH acts via its stimulation of calcitriol to increase intestinal calcium and phosphorus absorption.
These PTH-induced effects bring more calcium into the circulation from all three target organs but
also cause an influx in phosphorus from bone and intestines. The potential for phosphorus to rise
and cause widespread precipitation of calcium-phosphate crystals is offset by PTH’s potent effect to
stimulate renal phosphorus excretion. Consequently, the net effect of a rise in PTH in response to
acute hypocalcemia is that the ionized calcium increases to normal while serum phosphorus remains
relatively stable. The longer-term effects of physiological actions of PTH on the bone are to
maintain ionized calcium, phosphorus, and bone mass/strength. Also depicted are that PTH
stimulates FGF23, which in turn also stimulates renal phosphorus excretion, lowers calcitriol, and
has both direct and indirect actions to lower intestinal phosphorus absorption. Not depicted is that
calcitriol stimulates the synthesis and release of FGF23 but inhibits the synthesis and release of
PTH, thereby helping to counterbalance some of the actions invoked by a rise in PTH
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then acts to reduce the expression of NaPi2b by enterocytes and lower the serum
calcitriol concentration, thereby reducing intestinal phosphorus absorption through
two pathways.

PTH has several distinct, time-dependent actions upon bone cells.
The most rapid but poorly understood PTH action is its response to acute

hypocalcemia, such as that induced by hyperventilation or treatment with EDTA
or old citrated blood products, or which can be mimicked by observing the acute
hypercalcemic response to a PTH infusion. The rapid recovery from hypocalcemia is
preceded by a surge in PTH, requires intact parathyroids, and does not depend upon
the kidneys; therefore, it must be due to some action on the bone to liberate calcium
(possibly from the surface of the bone). However, this is not the result of osteoclast-
mediated bone resorption since this takes hours to be induced. Instead, recent work
has suggested that the rapid response to PTH may be the result of its PTH1R-
dependent actions on osteocytes, which can respond rapidly to release calcium from
their surrounding matrices (a process called osteocytic osteolysis). This fast response
to PTH has also been conjectured to proceed via actions on the bone surface such as
an outwardly directed calcium pump, proton production and mineral solubility,
changes to calcium-binding protein properties, or other actions on bone lining cells.

The second action of PTH is to bind to and activate the PTH1R expressed by
preosteoblasts and osteoblasts. This results in increased osteoblast number, recruit-
ment, and activity and reduced osteoblast apoptosis and conceivably could lead to a
reduction in the ionized calcium in the circulation. A short pulse of PTH (which can
be experimentally mimicked by a subcutaneous daily injection or an intravenous
infusion lasting no more than 2 h) has been shown to stimulate these effects in
osteoblasts. These short pulses likely mimic the brief pulses in PTH release that will
occur physiologically as a consequence of its release being controlled by the
calcium-sensing receptor and a phosphorus sensor and its rapid removal from the
circulation.

The third but more delayed action of PTH is to stimulate osteoclasts and thereby
resorb calcium and phosphorus from the skeleton. Historically this has always been
perceived as the dominant effect of PTH, since PTH is considered to be a hormone
that raises the blood calcium and hyperparathyroidism (a form of PTH excess)
causes increased skeletal resorption and elevates the serum calcium. However, the
PTH1R is expressed by osteoblasts and not osteoclasts, and only in the past 15 years
has it become clear how PTH indirectly stimulates osteoclasts. Prolonged and higher
magnitude pulses of PTH (which can be mimicked by a continuous infusions of
PTH) result in osteoblasts upregulating the expression of receptor activator of
nuclear factor kappa-B ligand (RANKL), which in turn increases osteoclast forma-
tion, recruitment, and activity. The consequence is increased bone resorption, but
this takes hours for the effect to be achieved, and that is why this mechanism cannot
account for rapid (i.e., within several minutes) recovery from acute hypocalcemia or
the rapid hypercalcemic response to a PTH infusion.

The cumulative long-term effect of these diverse actions of PTH is to maintain the
ionized calcium and phosphorus concentrations at target levels in the circulation and
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regulate bone turnover at a rate that enables ongoing repair of microdamage and
maintenance of bone mass and strength. By interacting with calcitriol and FGF23,
the supply of calcium and phosphorus entering the circulation from the diet is
controlled by PTH. Hypoparathyroidism reduces bone turnover, leading to slow
skeletal accretion of mineral and microdamage and systemic hypocalcemia. Hyper-
parathyroidism increases osteoclast activity, resulting in thinned trabeculae, conver-
sion from platelike to weaker rodlike structures within the microarchitecture, and
reduced bone strength.

Biological Actions: Fetus

The fetal circulation is characterized by elevated concentrations of ionized calcium
and phosphorus and low levels of PTH and calcitriol, as compared to the maternal
circulation and normal adult values. Cord blood has long been recognized to have
high levels of PTH-like bioactivity despite low circulating levels of intact PTH, and
in the past two decades, it has become clear that this is due to the presence of high
circulating levels of PTHrP. Fetal mineral metabolism also differs significantly from
the adult due to the presence of the placenta, which actively transports calcium,
phosphorus, and magnesium from the maternal circulation against concentration and
electrochemical gradients. Furthermore, the intestines and kidneys, which are key
organs in adult mineral and bone homeostasis, play little or no role in fetal mineral
homeostasis. The fetal kidneys do not have the same capability to actively reabsorb
calcium or phosphorus that adult kidneys do; moreover, any mineral excreted by the
kidneys ends up in the amniotic fluid, from where it can be swallowed and
reabsorbed.

The characteristically low levels of PTH in the fetal circulation do not mean that it
plays no role in fetal mineral homeostasis. In animal models, fetal parathyroidec-
tomy or genetic deletion of parathyroids, PTH, and PTH1R receptor have each led to
significant fetal hypocalcemia and hyperphosphatemia. The skeleton is significantly
undermineralized in the absence of PTH, whereas the length and morphology of the
developing limbs and spine may be normal. PTH also has a very modest effect to
stimulate placental calcium transport that has only be clearly shown in an animal
model lacking PTH; placental expression of certain cation transporters is also
reduced in the absence of PTH. (PTHrP has a more important role in placental
calcium and magnesium transport; see below.) These findings support that the main
role of PTH during fetal development is to participate in maintaining the fetal
ionized calcium at a high level that facilitates rapid mineralization of the developing
skeleton during the third trimester. In the absence of PTH, the ionized calcium falls,
delivery of mineral to osteoblasts is reduced, and the skeleton cannot be fully
mineralized.

As noted earlier, if severe maternal hypocalcemia is present, such as that caused
by maternal hypoparathyroidism or severe maternal vitamin D deficiency, then fetal
hyperparathyroidism will result in an effort to maintain the fetal ionized calcium at
its normally high level. An unavoidable consequence of fetal hyperparathyroidism is
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increased resorption of the fetal skeleton, which has been found to cause skeletal
fragility and fractures.

The findings in animal models predict that human babies lacking PTH (such as
with DiGeorge syndrome) will have reduced calcium and increased phosphorus in
cord blood and undermineralized skeletons.

Biological Actions: Neonate

At birth the loss of the placental mineral pump and its associated hormones,
combined with the onset of breathing, leads to a sudden 20–30% fall in ionized
calcium from the high values of fetal life. By 12–24 h after birth, the ionized calcium
is transiently below normal adult values and is accompanied by a rising serum
phosphorus. Low ionized calcium and high phosphorus are consistent with a hypo-
parathyroid state. This is followed by rising intact PTH concentrations that are
followed in turn by increased ionized calcium, decreased phosphorus, and increased
calcitriol. Initially the neonatal intestines have reduced responsiveness to calcitriol
and largely absorb calcium through passive mechanisms that are enhanced by
lactose. As the postnatal days pass, upregulation of the vitamin D receptor and
expression of calcitriol-dependent factors in the enterocytes herald an increase in the
ability to actively absorb calcium. And so each neonate goes through a transient
phase of physiological hypoparathyroidism as the parathyroids “wake up” over the
first 48 h from the physiological expression that had been experienced during all of
fetal life.

Maternal hypercalcemia during pregnancy leads to increased flow of calcium
across the placenta and suppression of the fetal parathyroids to a greater degree than
normal. In turn this can lead to prolonged parathyroid suppression after birth,
thereby increasing the risk of neonatal hypocalcemia, tetany, seizures, and even
sudden death. In some cases, the neonatal parathyroid suppression has lasted for
months, and in a few cases, it has been permanent. Conversely when significant
maternal hypocalcemia during pregnancy leads to compensatory fetal hyperparathy-
roidism, this relatively autonomous hyperfunction can last for weeks to months after
birth and result in neonatal hypercalcemia. These findings underscore that the fetal
parathyroids are active and responsive to the fetal blood calcium level and that both
high and low calcium levels in utero can have harmful effects that persist in the
neonate.

Parathyroid Hormone-Related Protein

PTHLH Gene Expression

PTHrP is encoded by PTHLH on the short arm of chromosome 12. It has a complex
structure with multiple promoters. The exon/intron organization of PTHLH and PTH
is identical in the prepro sequence regions, highly homologous in regions encoding
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amino acids 1–13, and similar in regions encoding amino acids 14–34. Beyond those
regions, the structures of PTHLH and PTH have no similarities. The two genes are
believed to have derived from a common ancestor through gene duplication.

Unlike the expression of PTH that is almost exclusive to the parathyroids,
PTHLH is expressed in multiple and diverse tissues in the embryo, fetus, and adult.

Synthesis and Processing

Three distinct promoters and alternative splicing of PTHLH result in three separate
PTHrP isoforms in humans that are identical through their first 139 amino acids:
PTHrP1–139, PTHrP1–141, and PTHrP1–173. All three forms of PTHrP share 8 of the
first 13 amino acids with PTH and have a similar secondary structure as PTH over
amino acids 14–34. These structural similarities enable PTHrP to bind to and
activate the PTH1R. There are no similar amino acid sequences or structures
between PTHrP and PTH in their mid- or C-terminal regions.

The prepro isoforms of PTHrP have a bipartite nuclear localization signal (NLS)
in the mid-region at amino acids 88–91 and 102–106 and a 36-amino acid sequence
within the N-terminal that functions as a signal peptide. Posttranslational processing
of preproPTHrP generates full-length, N-terminal (PTHrP1–36, PTHrP1–86, etc.),
mid-region, and C-terminal peptides forms of PTHrP. Each of these forms may
have distinct receptor(s). The signal peptide directs full-length and N-terminal forms
of PTHrP to the secretory pathway. The NLS directs full-length and mid-region
PTHrP to the nucleus and nucleolus, wherein PTHrP has intracrine actions.

Full-length PTHrP is essentially a polyhormone or polycytokine with multiple
capabilities and actions, depending upon how it is processed, secreted, or
internalized.

Secretion of PTHrP

Factors that have been shown to stimulate PTHrP transcription and synthesis include
prolactin, placental lactogen, serotonin, estradiol, TGF-B, and EGF. Both high
estradiol levels in pregnancy and low estradiol levels during lactation have been
shown to stimulate PTHrP production. Within lactating mammary epithelial cells,
the act of suckling also increases production of PTHrP.

Although PTH is under control of the calcium-sensing receptor expressed on the
parathyroids, PTHrP is not responsive to it. Its secretion during fetal development
appears to be autonomous from placenta and other sources, such that it does not
increase in response to systemic hypocalcemia or to inactivating mutations of the
calcium-sensing receptor (whereas PTH increases in both situations). Conversely
during lactation the expression and release of PTHrP are responsive to the calcium-
sensing receptor expressed by mammary epithelial cells. Binding of calcium ions to
the receptor inhibits the transcription, synthesis, and release of PTHrP, whereas
reduced activation of the receptor leads to increased PTHrP expression. There may
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also be a modest effect of systemic hypocalcemia or low dietary calcium intake that
acts through the calcium-sensing receptor in breast tissue to locally stimulate PTHrP
production.

Clearance and Metabolism

Like PTH, full-length forms of PTHrP have a half-life of a few minutes in the
circulation because of rapid cleavage. The various metabolites of PTHrP may each
have different clearance rates. Transcription, translation, and posttranslational pro-
cessing of PTHrP should lead to equal appearance of N-terminal, mid-region, and
C-terminal forms of PTHrP. However, when PTHrP is produced to excess in
humoral hypercalcemia of malignancy, the circulating concentrations of the
mid-region forms, which begin at amino acid 38, greatly exceed the serum levels
of N-terminal and C-terminal PTHrP. This likely results from a slower rate of
clearance of the mid-regional forms of PTHrP as compared to N-terminal and
C-terminal forms.

PTHrP Receptors

PTHrP binds to and activates PTH1R with similar affinity as PTH. However, three-
dimensional crystal structures of PTH1–34, PTHrP1–36, and PTH1R predict that
PTHrP binds less avidly than PTH to the PTH1R, thereby leading to a shorter
duration of binding and signaling. This is in part because the more tightly wound
amphipathic helix of PTH1-34 facilitates a tighter fit into the hydrophobic pocket of
the PTH1R, as compared to the looser fit of the curved and slightly unwound helix of
PTHrP1–36. In most in vitro assays, the ability of N-terminal PTH and PTHrP to
induce signaling has been relatively indistinguishable; however, upregulation of
Cyp27b1 to synthesize calcitriol appears to be less marked in the presence of
elevated PTHrP (such as from lactation, humoral hypercalcemia of malignancy, or
experimental infusions of PTHrP), as compared to the increase in calcitriol that is
achieved with similar elevations of PTH.

As noted earlier, PTHrP does not bind to or activate the PTH2R. A PTH3R that is
activated by PTHrP but not PTH has been observed in zebra fish but not humans.

There is functional evidence in specific tissues and at various developmental
stages, for other unique receptors that recognize N-terminal, mid-molecular, and
C-terminal forms of PTHrP. However, to date none of these receptors have been
identified or characterized.

Assays

PTHrP appears to be subjected to more rapid metabolism and degradation than PTH,
and this renders serum as a problematic source for reliable measurement of PTHrP.

The Parathyroids 15



Plasma is best collected in chilled tubes containing EDTA and a protease inhibitor
such as aprotinin, processed rapidly under refrigerated conditions, and frozen
promptly. Even with such rigorous methods of plasma collection, PTHrP begins
degrading within 15 min.

Similar to the assays for PTH, a two-antibody system is largely used to detect near
full-length PTHrP. These antibodies are highly specific to PTHrP such that they do
not cross-react with PTH. However, the most widely used assays measure
PTHrP1–86, which does not a naturally occurring product based on the predicted
cleavage sites of PTHrP. A PTHrP1–86 assay will detect all three full-length isoforms,
including PTHrP1–130, PTHrP1–141, or PTHrP1–173, but it will not detect PTHrP1–36.
This is problematic because PTHrP1–36 derives from posttranslational processing of
all three full-length forms of PTHrP and conceivably may be the most abundant of
the biologically active N-terminal forms of PTHrP. A few assays use a two-antibody
method to measure PTHrP1–34, and these will detect both the N-terminal and
full-length forms. In most PTHrP assays, the normal adult range is <1.0 pmol/L,
but the sensitivity of the assays is at the same level.

None of these clinically available assays will specifically detect the mid-region
(PTHrP38–94 and PTHrP38–101) or C-terminal (PTHrP107–139 and PTHrP141–173)
forms of PTHrP. The mid-region will be present in any molecule detected by a
PTHrP1–86 assay, but the C-terminal portions are not necessarily present.

Biological Actions: Adult

PTHrP is normally not detectable in the circulation of adults, and as a result, it is not
believed to have a hormonal role in regulating normal mineral homeostasis. Its
expression persists in certain tissues, and it has been detected in normal, hyperplas-
tic, and adenomatous parathyroid tissue from humans. Whether it increases together
with PTH in patients with hyperparathyroidism has not been determined.

There are two physiological circumstances in which PTHrP rises in the adult
circulation and exerts hormonal effects, but in each of these instances, the para-
thyroids are not the source of PTHrP.

During pregnancy PTHrP rises in the maternal circulation and likely derives from
both the placenta and breasts. The increase in PTHrP may contribute to the normal
two- to fourfold increase in calcitriol that normally occurs during pregnancy and
which occurs despite a fall in PTH to low levels. Individual case reports have
revealed that this increase in PTHrP can impact calcium and bone metabolism and
lead to maternal hypercalcemia. When due to a placental source, the hypercalcemia
and increased PTHrP are followed within hours of delivery by hypocalcemia,
undetectable PTHrP, and a surge in PTH. Conversely, when due to PTHrP produc-
tion by the breasts, the hypercalcemia persists postpartum and may last for weeks to
months after weaning.

During lactation the breasts upregulate the expression of PTHrP even more and
contribute to accelerated skeletal resorption from which most of the calcium content
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of milk is derived. This expression contributes to most lactating women experienc-
ing a rise in the ionized or albumin-corrected serum calcium while lactating, during
which the PTH concentration often becomes undetectable. The role the breasts play
is exemplified by hypoparathyroid women who, while breastfeeding, often normal-
ize mineral homeostasis such that supplemental calcium or calcitriol must be sub-
stantially reduced or discontinued in order to avoid the development of severe
hypercalcemia. Around the time of weaning, the production of PTHrP by the breasts
declines significantly, but the effect of lactation to normalize mineral homeostasis
has persisted for over a year after weaning in some women.

Biological Actions: Fetus

In fetal life PTHrP is expressed in a myriad of tissues, and so it has roles in the
development of many different tissues, from placenta to mammary buds to alveolar
type II cells in the lungs to the skin, cartilage, and bone. It is also present at high
levels in the fetal circulation. Whether the circulating form results from release by
the fetal parathyroids, the placenta, or both, has not been made clear. With respect to
fetal mineral and bone homeostasis, several local and systemic actions of PTHrP
have become clear through study of genetically manipulated animal models.

PTHrP is expressed within chondrocytes of the developing endochondral skele-
ton, where it acts to delay their terminal differentiation into hypertrophic
chondrocytes. In the absence of PTHrP, accelerated terminal differentiation occurs,
followed by premature resorption of the cartilaginous template, and then the laying
down of primary spongiosa by osteoblasts. In certain locations, such as the ribs,
absence of PTHrP leads to bone forming where cartilage normally persists in the
adult. Shortened long bones result from the accelerated differentiation of
chondrocytes.

Conversely, overexpression of PTHrP during fetal life delays terminal differen-
tiation of chondrocytes, resulting in a largely cartilaginous skeleton at term. In such
mouse models, the development of normal bone is delayed until after birth, but
otherwise proceeds normally.

From its expression in placenta, and possibly the fetal parathyroids, PTHrP
stimulates the active transport of calcium and magnesium across the placenta.
PTHrP does not affect placental phosphorus transport and nor do PTH or FGF23;
the regulators of placental phosphorus transport remain unknown. Absence of
PTHrP leads to modest hypocalcemia and hyperphosphatemia, but skeletal mineral
content is not reduced due to the competing problem of accelerated skeletal devel-
opment and mineralization invoked by loss of PTHrP.

While these findings have been established in animal models, there is limited
evidence from humans that loss of PTHrP may lead to similar effects. Blomstrand
chondrodysplasia is due to loss of the PTH1R, and it causes an embryonically lethal
chondrodysplasia that is quite similar to what has been found in Pth1r null and Pthrp
null fetal mice. An autosomal dominant microdeletion in PTHLH occurs in
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brachydactyly type E, a condition characterized by short stature, metacarpals, and
metatarsals.

PTHrP is expressed by human placenta, but whether human fetal parathyroids
express PTHrP has not been determined. Cord blood reveals high PTHrP concen-
trations that are up to 15-fold higher than PTH and which correlate with and likely
explain the high cord blood calcium.

Biological Actions: Neonate

At some point after birth and before adult life, PTHrP disappears from the circulation
and is no longer important for mineral homeostasis until the later time points of
pregnancy and lactation. Exactly when PTHrP becomes undetectable has not been
determined. The speed of disappearance of PTHrP from the neonatal circulation will
depend upon whether the parathyroids are a significant source of it during fetal
development. Furthermore, milk contains high concentrations of PTHrP that are
1,000–10,000 times that in the circulation of lactating women or patients with
humoral hypercalcemia of malignancy. PTHrP obtained from milk may exert effects
within the neonatal intestines or could conceivably be absorbed to systematically
affect neonatal mineral and skeletal metabolism. Limited animal data are compatible
with PTHrP blunting the accretion of mineral by the neonatal skeleton, and there is
also some evidence that PTHrP in milk may be absorbed into the neonatal circula-
tion. The potential role of PTHrP in milk has not been systematically investigated in
humans.

Disorders of Parathyroid Function

Hyperparathyroidism

High systemic levels of intact PTH cause increased osteoclast-mediated bone
resorption, increased bone turnover, hyperphosphaturia, low or low-normal serum
phosphorus, relatively reduced renal calcium excretion (hypercalciuria occurs due to
the magnitude of calcium release from bone), increased calcitriol, and potentially
hypercalcemia. In primary hyperparathyroidism, autonomous production of PTH by
a parathyroid adenoma or hyperplasia of all four glands leads to hypercalcemia. In
contrast, in secondary hyperparathyroidism the parathyroids are responding appro-
priately to an abnormal stimulus (such as hypocalcemia or hyperphosphatemia), and
the ionized calcium is not elevated, but will be normal or low.

There is evidence that parathyroid adenomas also produce PTHrP, and so it is
conceivable that high circulating levels of PTHrP are contributing to activation of the
PTH1R. However, PTHrP levels have not been investigated in patients with primary
hyperparathyroidism.
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Hypoparathyroidism

In hypoparathyroidism, whether genetic (e.g., DiGeorge syndrome) or acquired
(e.g., surgical or autoimmune), the circulating levels of intact PTH are either frankly
low, or inappropriately normal but biologically inactive. Low effective PTH levels
lead to reduced bone turnover (both osteoclast and osteoblast activity are lowered),
reduced urine phosphorus excretion, hyperphosphatemia, renal calcium wasting, low
calcitriol, and hypocalcemia.

PTHrP should be normal (i.e., undetectable) in these patients since PTHrP does
not respond to systemic hypocalcemia. However, its production upregulates during
pregnancy and lactation, and PTHrP will then have systemic effects to normalize
mineral and bone metabolism despite hypoparathyroidism.

Pseudohypoparathyroidism

Pseudohypoparathyroidism is characterized by renal but not skeletal resistance to
PTH and displays increased circulating levels of PTH together with low urine
phosphorus excretion, hyperphosphatemia, renal calcium wasting, low calcitriol,
and hypocalcemia. It is due to post-receptor or G protein defects and is not a problem
with the receptor itself.

Pseudohyperparathyroidism

Pseudohyperparathyroidism is hypercalcemia induced by physiological excess
release of PTHrP from placenta or breasts during pregnancy, or the breasts during
lactation. It is characterized by hypercalcemia, high circulating levels of PTHrP, and
low to undetectable PTH. When caused by PTHrP released by the placenta, the
condition reverses within a few hours after delivery and can result in life-threatening
hypocalcemia before the parathyroids recover. When caused by excess release of
PTHrP from the breasts, the condition is slower to involute and may persist after
weaning. No cases have clearly identified the parathyroids as the culprit source of
PTHrP; in fact, some cases have occurred in hypoparathyroid women.

Hypercalcemia of Malignancy

There are two main classifications of disorders leading to hypercalcemia of malig-
nancy. The first category is humoral hypercalcemia of malignancy, in which the
skeleton has no or few metastases, but systemic resorption of the skeleton leads to
release of calcium and phosphorus more rapidly than it can be excreted. This is most
commonly due to excess production of PTHrP by a tumor that may not be located in
the bone (e.g., breast, squamous lung tumor, etc.). It is rare for humoral
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hypercalcemia of malignancy to be caused by PTH, but it can occur with parathyroid
carcinoma and even more rarely with tumors that ectopically produce PTH.

The second category is local osteolytic hypercalcemia, in which the skeleton is
riddled with metastases and the hypercalcemia is occurring as a consequence of
resorption localized to the immediate surroundings of each metastasis. In these
situations the tumors are also producing PTHrP to cause localized resorption of
the bone, thereby enabling the tumor to erode and invade bone. In such patients,
PTHrP does not escape into the circulation in detectable amounts, but is only
measurable within and surrounding the metastases.

In both categories of hypercalcemia of malignancy, unless it is the rare case of a
PTH-producing tumor, the intact PTH level should be undetectable as a result of the
calcium-sensing receptor reacting to the high ionized calcium and shutting down the
parathyroids completely.

Summary

The parathyroids play an important, central role in regulating calcium and bone
homeostasis, with direct actions in the kidney and bone and indirect actions in the
intestines. PTH acts acutely to raise the blood calcium, but over the long term to
maintain the ionized calcium and normal skeletal microarchitecture, mineralization,
and strength. Without PTH or with excess PTH, mineral and skeletal metabolism is
significantly disrupted and cannot be fully compensated for by other calciotropic
hormones. On the other hand, it is important to recognize that there are key
interactions of PTH with other regulators of calcium and bone metabolism (e.g.,
calcitriol, FGF23, estradiol, PTHrP) and that loss of any one of these other factors
will disrupt normal mineral physiology despite the presence of intact parathyroids
and normal PTH signaling.
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Abstract
The adrenal glands (also known as suprarenal glands) are endocrine glands, found
above the kidneys, which produce a variety of intracellular hormones.

Steroidogenesis is the complex pathway used to transform cholesterol in steroid
hormones. Three main types of steroids are produced by the adrenal cortex: gluco-
corticoids (cortisol), mineralocorticoids (aldosterone), and sex steroids (mainly
androgens). Corticotropin (adrenocorticotropic hormone, ACTH) is the principal
hormone stimulating adrenal glucocorticoid biosynthesis and secretion; it is pro-
duced in the anterior pituitary and derives from pro-opiomelanocortin (POMC). The
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most important aspect of pituitary–adrenal axis control is the negative feedback
control exerted by cortisol (and so glucocorticoids), inhibiting both POMC gene
transcription in the anterior pituitary and CRH mRNA synthesis and secretion in the
hypothalamus. Aldosterone, controlled by the renin–angiotensin system, is involved
mainly in the cardiovascular homeostasis. Since renin–aldosterone is one of the main
regulators of blood pressure, several drugs have been developed to block this system.
Both cortisol and aldosterone exert their effects following uptake of free hormone
from the circulation and binding to intracellular receptors, termed the glucocorticoid
and mineralocorticoid receptors. These are both members of the thyroid/steroid
hormone receptor superfamily of transcription factors comprising a C-terminal
ligand-binding domain, a central DNA-binding domain interacting with specific
DNA sequences on target genes.

The term catecholamine refers to substances that contain catechol and a side chain
with an amino group – the catechol nucleus. Adrenomedullary cells are also called
chromaffin cells, because cytoplasmic granules stain brown with chromium salts,
due to the oxidation of epinephrine and norepinephrine to melanin. Catecholamines
affect many cardiovascular and metabolic processes, including increasing the heart
rate, blood pressure, myocardial contractility, and cardiac conduction velocity.

Keywords
Adrenal glands • Physiology • Steroidogenesis • Catecholamine

Anatomy

The adrenal glands (also known as suprarenal glands) are endocrine glands, found
above the kidneys, which produce a variety of intracellular hormones.

Bartolomeo Eustachi, also known by his Latin name of Eustachius, was one of the
founders of the science of human anatomy. He was an Italian anatomist, and he first
described the adrenal glands in 1500. However, these publications were part of the
papal library and did not receive public attention, which was first received with
Caspar Bartholin 100 years after. The adrenal glands are named for their location
relative to the kidneys. The term “adrenal” comes from ad (Latin, “near”) and renes
(Latin, “kidney”). Until the nineteenth century, there was some debate as to whether
the glands were indeed suprarenal or part of the kidney, and the suprarenal nature of
the glands was not truly accepted; then anatomists clarified the ductless nature of the
glands and their only secretory role.

The adrenal glands have a pyramidal structure and are located on both sides of the
body in the retroperitoneum, above and slightly medial to the kidneys, or on its
posteromedial surface. In humans, the right adrenal gland is pyramidal in shape,
whereas the left is semilunar and somewhat larger. The glands are usually yellowish
in color and about 5 � 3 � 1 cm in size, and their combined weight is about 7–10 g
(in adult, because the newborn adrenal glands are bigger and weigh approximately
20–25% of the total body).
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The adrenal glands are surrounded by a fatty capsule and lie within the renal
fascia, which also surrounds the kidneys, separated from the kidneys with a wall of
connective tissue. The adrenal glands are directly below the diaphragm and are
attached to the crura of the diaphragm by the renal fascia.

Each gland has an outer cortex, which produces steroid hormones, divided into
three zones as summarized in Fig. 1:

• Zona glomerulosa, 15–20%, secreting mineralocorticoids (mainly aldosterone)
• Zona fasciculata, 60–70%, secreting glucocorticoids (mainly cortisol)
• Zona reticularis, 10–15%, secreting androgens (mainly androstenedione) and an

inner medulla, which produces catecholamines

The vasculature is complex. The adrenal glands have one of the greatest blood
supply rates per gram of tissue, divided in three principal arteries that usually supply
each adrenal gland:

• The superior suprarenal artery, a branch of the inferior phrenic artery
• The middle suprarenal artery, a direct branch of the abdominal aorta
• The inferior suprarenal artery, a branch of the renal artery

These blood vessels supply a network of small arteries within the capsule of the
adrenal glands. Thin strands of the capsule enter the glands, carrying blood to them.

Capsule

Zona glomerulosa

Zona fascicolata

Zona reticularis androgens

androstenedione

cortisol

O

HO

aldosterone

O

O
CH C = O

OH
C = O

CH2OH

CH2OH

O

O

glucocorticoids

mineralcorticoids

Fig. 1 Section of human adrenal cortex, from the surface to the center: zona glomerulosa, zona
fasciculata, zona reticularis
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In the zona reticularis, a dense sinusoidal plexus is created, which empties into a
central vein, the suprarenal veins: the right adrenal vein is short and drains into the
inferior vena cava, while the longer left adrenal vein drains into the left renal vein or
the left inferior phrenic vein (this anatomical difference is one of the most important
issue when a surgeon perform adrenalectomy). The central adrenomedullary vein, in
the adrenal medulla, is an unusual type of blood vessel and different from the other
veins: the smooth muscle in its tunica media (the middle layer of the vessel) is
arranged in conspicuous, longitudinally oriented bundles (Mesiano and Jaffe 1997;
Jaffe et al. 1998).

Adrenal Cortex

The adrenal cortex derives from mesenchymal cells attached to the coelomic cavity,
adjacent to the urogenital ridge. The fetal adrenal is evident after 2 months and
rapidly increases in size: by midgestation it is larger than the kidney. In fetal life, and
up to 12 months postpartum, two distinct zones are evident, an inner prominent fetal
zone and an outer definitive zone that differentiates into the adult adrenal gland.
Postpartum the fetal zone regresses to adult adrenal. The innermost zone, the zona
reticularis, is evident after 1 year of life. The differentiation of the adrenal cortex into
distinct zones has important functional consequences and is thought to be dependent
upon the temporal expression of peculiar transcription factors (Vinson 2016).

Beneath the capsule, the zona glomerulosa comprises approximately 15% of the
cortex (depending upon sodium intake); cells are clustered in spherical nests and are
small with small nuclei. The zona fasciculata comprises 75% of the cortex (therefore
cortisol secretion is higher than aldosterone production); cells are large and lipid
laden and form radial cords between the fibrovascular radial networks. The inner-
most zona reticularis is sharply demarcated from both the zona fasciculata and
adrenal medulla; cells here are irregular with little lipid content (Mesiano and Jaffe
1997; Okamoto and Takemori 2000).

Adrenal Medulla

The adrenal medulla occupies the central portion of the adrenal gland and accounts
for 10% of the total adrenal gland volume, although there is no clear demarcation
between the adrenal cortex and medulla. Some of the plexus arteries penetrate the
cortex and supply the medulla, as capillaries do, forming the corticomedullary portal
system.

Adrenomedullary cells are also called chromaffin cells, because cytoplasmic
granules stain brown with chromium salts, due to the oxidation of epinephrine and
norepinephrine to melanin. Chromaffin cells differentiate in the center of the adrenal
gland in response to cortisol; some chromaffin cells also migrate to form
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paraganglia, collections of chromaffin cells on both sides of the aorta. The largest
cluster of chromaffin cells outside the adrenal medulla is near the level of the inferior
mesenteric artery and is referred to as the organ of Zuckerkandl, which is the major
source of catecholamines in the first year of life. The preganglionic sympathetic
neurons receive synaptic input from neurons within the pons, medulla, and hypo-
thalamus, providing regulation of sympathetic activity by the brain. Adrenal medulla
is innervated via splanchnic nerves through axons from the lower thoracic and
lumbar preganglionic neurons.

Fig. 2 Cyclopentanoper-
hydrophenanthrene structure:
three cyclohexane rings (a–d)
and a single cyclopentane
ring (d)

Table 1 IUPAC and trivial names of natural and synthetic steroids (IUPAC 1972)

Trivial name IUPAC name

Aldosterone 4-Pregnen-11β,21-diol-3,18,20-trione
Androstenedione 4-Androsten-3,17-dione

Cortisol 4-Pregnen-11β,17α,21-triol-3,20-dione
Cortisone 4-Pregnen-17α,21-diol-3,11,20-trione
Dehydroepiandrosterone 5-Androsten-3β-ol-17-one
Deoxycorticosterone 4-Pregnen-21-ol-3,20-dione

Dexamethasone 1,4-Pregnadien-9α-fluoro-16α-methyl-11β,17α,21-triol-3,20-dione
Dihydrotestosterone 5α-Androstan-17β-ol-3-one
Estradiol 1,3,5(10)-Estratrien-3,17β-diol
Fludrocortisone 4-Pregnen-9α-fluoro-11β,17α,21-triol-3,20-dione
17-Hydroxyprogesterone 4-Pregnen-17α-ol-3,20-dione
Methylprednisolone 1,4-Pregnadien-6α-methyl-11β,17α,21-triol-3,20-dione
Prednisolone 1,4-Pregnadien-11β,17α,21-triol-3,20-dione
Prednisone 1,4-Pregnadien-17α,21-diol-3,11,20-trione
Pregnenolone 5-Pregnen-3β-ol-20-one
Progesterone 4-Pregnen-3,20-dione

Testosterone 4-Androsten-17β-ol-3-one
Triamcinolone 1,4-Pregnadien-9α-fluoro-11β,16α,17α,21-tetrol-3,20-dione
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Fig. 3 Structure of some
endogenous and synthetic
steroids
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Human Steroidogenesis and Control

Steroidogenesis

Three main types of steroids are produced by the adrenal cortex:

• Glucocorticoids (cortisol)
• Mineralocorticoids (aldosterone)
• Sex steroids (mainly androgens)

All steroid hormones derived from the cyclopentanoperhydrophenanthrene struc-
ture, based upon three cyclohexane rings and a single cyclopentane ring. The carbon
atoms are indicated by numbers, and the rings are designated by letters according to
standard convention (Fig. 2).

As depicted in Fig. 2, there are four rings in a steroid skeleton and hence there are
three fusion points: A/B, B/C, and C/D rings share two carbons each (called fusion
center). Every fusion center can either be cis- or trans-fused. The three-dimensional
structures of the major part of natural steroids are trans-trans-trans: the structure of a
steroid molecule is essential for the binding with the receptor; little modification
could increase this affinity.

Fig. 4 Adrenal steroidogenesis
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Steroid nomenclature is usually defined in two ways: by trivial names (e.g.,
cortisol, aldosterone), the most used in the scientific literature, or by the chemical
structure as defined by the International Union of Pure and Applied Chemistry
(Table 1). The number of carbon atoms is also used to separate steroids: estrogens
have 18 carbon atoms (C18 steroids) and androgens have 19 carbon atoms (C19),
while glucocorticoids/progestogens are C21 steroid derivatives (see Fig. 3).

Cholesterol is the first step of steroid synthesis. The sources of cholesterol are:

• Dietary cholesterol. Uptake of LDL (low-density lipoproteins) in adrenal is
mediated by LDL receptors; LDL are then internalized via receptor-mediated
endocytosis, the resulting vesicles fuse with lysozymes, and free cholesterol is
produced following hydrolysis.

• De novo cholesterol synthesis. Within the adrenal cortex from acetate (acetyl
coenzyme A).

Children with abetalipoproteinemia or defective LDL receptors still have normal
basal adrenal steroidogenesis, thanks to de novo cholesterol synthesis in adrenals
(which is physiologically used in part, since LDL uptake is easier). Adrenal ste-
roidogenesis is summarized in Fig. 4. The initial hormone-dependent rate-limiting
step is the transport of intracellular cholesterol (regardless whether derived from
LDL or de novo production) from the outer to inner mitochondrial membrane to
create pregnenolone. Steroidogenic acute regulatory protein (StAR) is a 30-κD
protein cytochrome P450 enzyme, called side-chain cleavage. The binding of
ACTH to its receptor, in the adrenal cell, mediates an increase in intracellular
cAMP (cyclic adenosine monophosphate), providing the first important rate-limiting
and controlled step in adrenal steroidogenesis (Midzak and Papadopoulos 2016).

Most enzymes involved in steroid biosynthesis are either cytochrome P450s
(CYPs, termed pigment 450 because all absorb light at 450 nm) or hydroxysteroid
dehydrogenase (HSD). All enzymes have been cloned and characterized function-
ally; all enzymes are in general unidirectional, although not absolutely, in normal
adrenals, the accumulation of products does not drive flux back to the precursor. All
P450-mediated hydroxylations and carbon–carbon bond cleavage reactions are
mechanistically and physiologically irreversible. On the other hand, only in
in vitro conditions, HSD reactions are mechanistically reversible and can run in
either direction under certain conditions. Cholesterol side-chain cleavage enzyme
(StAR) and the CYP11B enzymes are localized to the mitochondria and require an
electron shuttle system. 17α-Hydroxylase and 21-hydroxylase enzymes are localized
in the microsomal/endoplasmic reticulum fraction and require electron transfer from
NADPH by the enzyme P450 oxidoreductase (P450-OR). In addition, the 17,20-
lyase activity of P450 CYP17 is dependent upon a flavoprotein that functions as an
allosteric facilitator of the CYP17 and P450-OR interaction. Mutations in the genes
encoding these enzymes result in human disease.

Steroidogenesis is a complex pathway. Briefly, after cholesterol uptake in the
mitochondria, it is cleaved by the P450 enzyme cholesterol side-chain cleavage
(StAR) to pregnenolone. In the cytoplasm, pregnenolone is converted to
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progesterone by the type II isozyme of 3β-hydroxysteroid dehydrogenase by a
reaction involving dehydrogenation of the 3-hydroxyl group and isomerization of
the double bond at C5. Progesterone is then hydroxylated to 17-OH progesterone
through the activity of CYP 17α-hydroxylase. 17-Hydroxylation is an essential
prerequisite for glucocorticoid synthesis (especially cortisol), and the zona
glomerulosa (which produces mainly mineralocorticoid, aldosterone) does not
express 17-hydroxylase. CYP 17α-hydroxylase also possesses 17,20-lyase activity,
which results in the production of the C19 adrenal androgens, dehydroepiandroster-
one, and androstenedione. In humans, however, 17-OH progesterone is not an
efficient substrate for CYP 17α-hydroxylase, and there is negligible conversion of
17-OH progesterone to androstenedione. Adrenal androstenedione secretion is
dependent upon the conversion of dehydroepiandrosterone to androstenedione by
3β-HSD – this enzyme will also convert 17-OH pregnenolone to 17-OH progester-
one, but the preferred substrate is pregnenolone.

21-Hydroxylase, derived from CYP21A2 gene, performs 21-hydroxylation of
progesterone to deoxycorticosterone (in the zona glomerulosa) or 17-OH progester-
one to 11-deoxycortisol (in the zona fasciculata). The final step in cortisol biosyn-
thesis takes place in the mitochondria and involves the conversion of
11-deoxycortisol to cortisol by the enzyme CYP11B1, 11β-hydroxylase. In the
zona glomerulosa, 11β-hydroxylase may also convert deoxycorticosterone to corti-
costerone. However, the enzyme CYP11B2 (aldosterone synthase) may also carry
out this reaction and, in addition, is required for the conversion of corticosterone to
aldosterone via the intermediate 18-OH corticosterone. Thus, CYP11B2 (expressed
in the zona glomerulosa, in a typical zonal and functional control of steroidogenesis)
can carry out 11β-hydroxylation, 18-hydroxylation, and 18-methyl oxidation to yield
the characteristic C11–18 hemi-acetyl structure of aldosterone (Miller 1988; Miller
and Auchus 2011).

Human Steroidogenesis in Clinical Practice: Disease and Drugs
Adrenal steroidogenesis inhibitors have been the mainstay of medical treatment for
Cushing’s syndrome (CS).

• Ketoconazole is an imidazole fungicide that has been used off-label to reduce
hypercortisolism because of its effect in considerably inhibiting the activity of
cytochrome P450 adrenal steroidogenic enzymes, including 11β-, 17α-, and
18-hydroxylase. Dosages varied from 200 to 1,200 mg/day, and biochemical
efficacy was usually achieved with 600–800 mg/day, obtaining overall response
rates of 53–88% in CS.

• Metyrapone has been used successfully in some countries for 40 years. It inhibits
the conversion of 11-deoxycortisol into cortisol by 11β-hydroxylase (CYP11B1),
with a nadir in cortisol levels within 2 h of its administration; CS was controlled in
75% of patients in few weeks using a median dose of 2,000 mg/day in weeks 1–3,
which was raised to 2,250 mg/day (range 500–6,000) by week 6. Its side effects
depend on the excess of adrenal mineralocorticoids and androgens due to the
CYP11B1 blockade causing hypertension, edema, hypokalemia, and hirsutism in
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women. LCI699 is an 11β-hydroxylase inhibitor similar to metyrapone, except
that it is 100 times more potent.

• Mitotane [1-(2-chlorophenyl)-1-(4-chlorophenyl)-2,2-dichloroethane (o,
p0-DDD)] has been used in adrenocortical carcinoma for several years, as an
adjuvant therapy, or to reduce cortisol levels in severe form of CS, the specific
mechanisms underlying its adrenolytic action (with a direct cytotoxic effect on
the adrenal cortex) and anti-steroidogenic effect are not fully understood (Ceccato
et al. 2015).

Congenital adrenal hyperplasia (CAH) is a group of autosomal recessive disor-
ders characterized by impaired cortisol synthesis, ranging from 1:10,000 to 1:20,000
births. The most common form of CAH is caused by mutations in CYP21A2,
causing 21-hydroxylase deficiency (21OHD). In addition to the salt-wasting (75%
of cases) and simple virilizing forms of 21OHD, there is also a mild nonclassic CAH
form, which may show variable degrees of postnatal androgen excess and does not
lead to severe cortisol insufficiency. Nonclassic forms of CAH are more prevalent,
occurring in approximately 0.1–0.2% in the general Caucasian population. In the
complete absence of 21-hydroxylase P450c21 activity (the salt-wasting form),
inability to convert progesterone to deoxycorticosterone results also in aldosterone
deficiency (other than cortisol insufficiency) causing severe hyponatremia, hyper-
kalemia, and acidosis with concomitant hypotension, shock, cardiovascular collapse,
and death in untreated newborns. The goal of 21OHD therapy is to reduce excessive
androgen secretion by replacing the deficient hormones (cortisol, and aldosterone if
needed).

Another rare disease concerning steroidogenesis enzyme is 3β-hydroxysteroid
dehydrogenase (3β-HSD), characterized by a variable glucocorticoid and mineralo-
corticoid deficiency that may be fatal if not diagnosed early in infancy. In its classic
form, genetic females may have clitoromegaly and mild virilization because the fetal
adrenal overproduces large amounts of dehydroepiandrosterone, a small portion of
which is converted to testosterone via extra-adrenal 3β HSD1. Genetic males also
synthesize some androgens by peripheral conversion of adrenal and testicular
dehydroepiandrosterone, but the concentrations are insufficient for complete male
genital development so that these males have a small phallus and severe
hypospadias.

Regulation of Adrenal Steroidogenesis

“Functional Zonation” of the Adrenal Cortex
Glucocorticoids are secreted in relatively high amounts (cortisol 10–20 mg/day)
from the zona fasciculata under the control of ACTH. Recently a more precise
estimation of endogenous cortisol production rate, believed to be around 9–11 mg/
m2/day (so a normal man with 1.73 m2 of body area produces 16–19 mg/die that has
to be considered during glucocorticoid treatment), has recently led to the dosage of
glucocorticoid replacement therapy being reduced. In other words, since there are no
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defined tools to titrate cortisol therapy in adrenal insufficiency, this estimation and
clinical features are essential to avoid cortisol overtreatment and to reduce the risk of
mild but chronic glucocorticoid replacement therapies (able to induce osteoporosis,
hypertension, diabetes as in Cushing’s syndrome).

Mineralocorticoids are secreted in low amounts (aldosterone 100–150 μg/day)
from the zona glomerulosa under the principal control of angiotensin II. In “miner-
alocorticoid-target” tissues, there is relatively “high” concentration of aldosterone
than cortisol, since cortisol is metabolized to cortisone (to prevent activation of the
mineralocorticoid receptor by cortisol) by the 11β-hydroxysteroid dehydrogenase
type 2, expressed in many tissues such as the kidney, colon, salivary glands, and
placenta.

As a class, adrenal androgens are the most abundant steroids secreted from the
adult adrenal gland (>20 mg/day), but their role is not yet fully understood.

Steroidogenesis is guided through the expression of steroidogenic enzymes in a
specific “zonal” manner. The zona glomerulosa cannot synthesize cortisol because it
does not express 17α-hydroxylase. In contrast, aldosterone secretion is confined to
the outer zona glomerulosa through the restricted expression of CYP11B2 (aldoste-
rone synthase). Although CYP11B1 and CYP11B2 share 95% homology, the 50

promoter sequences differ and permit regulation of the final steps in glucocorticoid
and mineralocorticoid biosynthesis by ACTH and angiotensin II, respectively. In the
zona reticularis, high levels of cytochrome b5 confer 17,20-lyase activity upon
CYP17 and androgen production. The difference between CYP11B1 and
CYP11B2 has recently been used to develop a novel CYP11B2-specific nuclear
imaging agent for detection of primary aldosteronism during positron emission
tomography, since adrenal vein sampling (the gold standard method for lateraliza-
tion) is an invasive and technically difficult procedure (Abe et al. 2016).

Dehydroepiandrosterone is sulfated in the zona reticularis by the sulfotransferase
to form dehydroepiandrosterone sulfate. In the fetal adrenal, steroidogenesis occurs
primarily within the inner fetal zone. Because of a relative lack of 3β-HSD and high
sulfotransferase activity, the principal steroidogenic products are DHEA and
DHEAS, which are then aromatized by placental trophoblast to estrogens. Thus,
the majority of maternal estrogen across pregnancy is, indirectly, fetally derived.

Fig. 5 Synthesis and cleavage of pro-opiomelanocortin within the human anterior pituitary gland

The Adrenal Glands 11



Classical endocrine feedback loops are in place to control the secretion of both
hormones – cortisol inhibits the secretion of both corticotropin-releasing factor and
ACTH from the hypothalamus and pituitary, respectively, and the aldosterone-
induced sodium retention inhibits renal renin secretion.

Pro-opiomelanocortin and ACTH
Corticotropin (adrenocorticotropic hormone, ACTH) is the principal hormone stim-
ulating adrenal glucocorticoid biosynthesis and secretion. ACTH has 39 amino acids
and is synthesized within the anterior pituitary as part of a much larger 241 amino
acid precursor, pro-opiomelanocortin (POMC). POMC is cleaved in a tissue-specific
fashion to yield smaller peptide hormones.

Proprotein convertase 1, also known as prohormone convertase, is an enzyme
encoded by the PCSK1 gene. Prohormone convertase 1 cleaves
pro-opiomelanocortin and is similar to that involved in the process proinsulin and
proglucagon in pancreatic islets. In the anterior pituitary, this results in the secretion
of β-lipoprotein (β-LPH) and pro-ACTH, the latter being further cleaved to an
N-terminal peptide, joining peptide and ACTH itself (Fig. 5).

The first 24 amino acids of ACTH are common to all species, and synthetic
ACTH 1–24 (Synacthen) is available commercially for clinical testing of the hypo-
thalamic–pituitary–adrenal (HPA) axis. Melanocyte-stimulating hormones (a, β, and
γ) are also cleaved products from POMC, but the increased pigmentation character-
istic of Addison’s disease or Nelson’s syndrome is thought to arise directly from
increased ACTH concentrations binding to the melanocortin-1 receptor rather than
the result of high serum α-MSH levels.

POMC is also transcribed in the brain, liver, kidney, gonad, and placenta. In these
tissues, POMC mRNA is usually shorter than the pituitary 1,200-bp species due to lack
of exons 1 and 2 and the 50 region of exon 3. As a result, it is probable that these POMC-
like peptides are not secreted and are not active (low affinity to ACTH receptor).
However, in ectopic ACTH syndrome, additional POMC mRNA species are described,
which are longer than normal pituitary 1,200-bp POMC species (typically 1,450 bp) due
to the use of alternative promoters in the 50 region of the gene, explaining the resistance
of POMC secretion to glucocorticoid feedback in these neuroendocrine tumors
(in pituitary a low dose of glucocorticoid is able to suppress ACTH). The cleavage of
POMC is also tissue specific, and, at least in some cases of ectopic ACTH syndrome, it
is possible that circulating ACTH precursors, notably pro-ACTH, may cross-react in
current ACTH radioimmunoassays (although they are not hormonally active).

POMC expression and processing within neurons in the hypothalamus, specifi-
cally the generation of α-MSH that interacts with MCR-4 receptors, appear to be of
crucial importance in energy control.

ACTH binds to a G-protein-coupled, melanocortin-2 receptor; signal transduc-
tion is cAMP mediated, although both extracellular and intracellular Ca2+ play a
role. Other factors synergize with or inhibit the effects of ACTH on the adrenal
cortex, including angiotensin II, activin, inhibin, and cytokines (TNF-α and leptin).
Cell-to-cell communication via gap junctions is also important in mediating the
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effects of ACTH that are both rapid and chronic; the end result is the stimulation of
adrenal steroidogenesis and growth (in ACTH-dependent Cushing’s syndrome, it is
common to find adrenal hyperplasia during abdominal imaging). Acutely, steroido-
genesis is stimulated through a StAR-mediated increase in cholesterol delivery to the
CYP11A1 enzyme in the inner mitochondrial membrane. Chronically (within
24–26 h of exposure), ACTH acts to increase the synthesis of all steroidogenic
enzymes. ACTH also increases synthesis of the LDL receptors and possibly also
HMG-CoA reductase, the rate-limiting step in cholesterol biosynthesis. ACTH
increases adrenal weight by inducing both hyperplasia and hypertrophy, and on
the contrary, ACTH deficiency causes adrenal atrophy (Chrétien 2016).

Corticotropin-Releasing Hormone and Other Hypothalamic Controls
POMC secretion is controlled by numerous factors, the main of which is
corticotropin-releasing hormone (CRH). Additional control is provided through an
endogenous circadian rhythm, stress and feedback inhibition by cortisol itself. CRH
is a 41 amino acid peptide that is synthesized in neurons within the paraventricular
nucleus of the hypothalamus. Ovine CRH differs from human by seven amino acids;
it is slightly more potent than human CRH in stimulating ACTH secretion and is
therefore used to perform CRH test (used in the differential diagnosis of ACTH-
dependent CS). CRH is secreted into the hypophyseal portal blood, where it binds to
specific receptors on corticotroph cells; this binding is able to stimulate POMC gene
transcription through adenylate cyclase. It is unclear whether hypothalamic CRH
contributes in any way to circulating levels; CRH is also synthesized in other tissues,
and it is likely that circulating CRH reflects synthesis from testis, gastrointestinal
tract, adrenal medulla, and particularly the placenta, where the increased secretion
across pregnancy results in a threefold increase in circulating CRH levels. In the

Fig. 6 Figure 1: Percentiles of salivary cortisol (depicting physiological rhythm) in 120 healthy
subjects
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circulation, CRH is bound to CRH-binding protein (CRH-BP); levels of CRH-BP
also increase during pregnancy so that cortisol secretion is not markedly elevated.
CRH is the principal stimulus for ACTH secretion, but AVP is able to potentiate
CRH-mediated secretion (Smith and Funder 1988; Lovejoy et al. 2014).

Physical stresses increase ACTH and cortisol secretion, again through central
actions mediated via CRH and AVP. Thus, cortisol secretion rises in response to
stress events (fever, surgery, burn injury, hypoglycemia, hypotension, exercise, and
so on). In all of these cases, this can be viewed as a normal counterregulatory
response to the insult. Intriguingly, although acute psychological stress will raise
cortisol levels, its secretion rates appear to be normal in patients with chronic anxiety
states.

Circadian Rhythm
ACTH, and as a consequence cortisol, is secreted in a pulsatile fashion with a
circadian rhythm so that levels are highest on wakening and decline throughout
the day, reaching nadir values in the evening (see Fig. 6).

Moreover, this circadian rhythm is impaired in patients with endogenous
Cushing’s syndrome, which is characterized by increased night cortisol values that
could be easily measured in saliva as salivary cortisol.

ACTH and cortisol are secreted in rather irregular pulses: both pulse frequency
and amplitude contribute to connect circulating levels and function in the receptor.
Cortisol presents an ultradian periodicity of around 1 h, and it has been speculated
that this is an intrinsic part of glucocorticoid signaling.

ACTH pulse frequency is higher in normal adult males compared with females
(on average, 18 pulses versus 10 pulses/24 h), and the circadian ACTH rhythm
appears to be mediated principally by an increased ACTH pulse amplitude between
05.00 and 09.00 h but also by a reduction in ACTH pulse frequency between 18.00
and 24.00 h. Food ingestion is a further stimulus to ACTH secretion. Circadian
rhythm is dependent upon both day–night and sleep–wake patterns and is disrupted
by alternating day–night shift working patterns and by long-distance travel across
time zones: it may take up to 2 weeks for circadian rhythm to reset to an altered
day–night cycle (Gamble et al. 2014).

Negative Feedback
An important aspect of CRH and ACTH secretion is the negative feedback control
exerted by cortisol (and so glucocorticoids), inhibiting both POMC gene transcrip-
tion in the anterior pituitary and CRH mRNA synthesis and secretion in the
hypothalamus. This negative feedback effect is dependent upon the dose, potency,
half-life, and duration of administration of the glucocorticoid: suppression of the
HPA axis by pharmacologic corticosteroids may persist for many months after
cessation of therapy. Diagnostically, the lost of feedback mechanism in Addison’s
disease explains ACTH hypersecretion and undetectable ACTH levels in patients
with a cortisol-secreting adrenal adenoma. Feedback inhibition is principally medi-
ated via the glucocorticoid receptor (GR). Moreover, negative feedback is checked in
a screening test for Cushing’s syndrome diagnosis: in normal subjects, the
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administration of a supraphysiological dose of glucocorticoid results in suppression
of cortisol secretion: 1 mg DST, which explores this normal feedback of the
hypothalamic–pituitary–adrenal (HPA) axis, is a simple dynamic test, usually
performed in outpatients. A morning serum cortisol <50 nmol/l is sufficient to
exclude Cushing’s, unless high clinical suspicion.

Mineralocorticoid Secretion: The Renin–Angiotensin–Aldosterone Axis
Aldosterone is secreted from the zona glomerulosa under the control of three
principal factors: angiotensin II (the so-called renin–angiotensin–aldosterone sys-
tem, RAA), potassium, and to a lesser extent ACTH (El Ghorayeb et al. 2016).

The secretion of aldosterone is restricted to the zona glomerulosa because of the
zonal-specific expression of aldosterone synthase. Corticosterone and
deoxycorticosterone, while synthesized in both the zona fasciculata and
glomerulosa, can act as mineralocorticoids, which become significant in some
clinical conditions (as congenital adrenal hyperplasia, adrenal-secreting tumors, or
therapy with metyrapone, in Cushing’s syndrome). Similarly, cortisol can act as a
mineralocorticoid in the setting of impaired metabolism to cortisone carried out by
the enzyme 11β-hydroxysteroid dehydrogenase; this is important in patients with
resistant severe hypertension (i.e., in apparent mineralocorticoid excess, AME),
ectopic ACTH syndrome, and renal disease. In AME, a rare autosomal recessive
disorder causing severe hypervolemic hypertension and hypokalemic alkalosis (sim-
ilar to primary hyperaldosteronism), increased levels of tissue cortisol
(in mineralocorticoid-target tissue, as the kidney) are able to activate the mineralo-
corticoid receptor (cortisol and aldosterone share similar affinity to mineralocorti-
coid receptor), leading to aldosterone-like effects in the kidney. AME differential
diagnosis is based upon suppressed plasma renin activity and absence of measurable
serum mineralocorticoids (aldosterone) and confirmed with cortisol-to-cortisone

Fig. 7 Difference between primary (adrenal) and secondary adrenal insufficiency
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ratio (if available). AME responds to glucocorticoid treatment (administered to
suppress endogenous cortisol secretion), and hypertension is treated with
spironolactone (mineralocorticoid receptor antagonist).

Angiotensin II and potassium stimulate aldosterone secretion principally by increas-
ing the transcription of CYP11B2 through common intracellular signaling pathways,
with cAMP, intracellular Ca2+, and activation of calmodulin kinases. The potassium
effect is mediated through membrane depolarization and opening of calcium channels.

The effect of ACTH upon aldosterone secretion is modest and differs in time: an
acute ACTH bolus (used to test HPA axis and cortisol reserve) will increase aldosterone
secretion, principally by stimulating the early pathways of adrenal steroidogenesis but
no effect upon CYP11B2 gene transcription. Contrariwise, chronic continual ACTH
stimulation has either no effect or an inhibitory effect on aldosterone production,
possibly because of receptor downregulation or suppression of angiotensin II-
stimulated secretion because of a mineralocorticoid effect of cortisol, DOC, or cortico-
sterone. Dopamine, heparin, and atrial natriuretic peptide inhibit aldosterone secretion.

The separate control of glucocorticoid biosynthesis through the HPA axis and
mineralocorticoid synthesis via the RAA system has important clinical conse-
quences. Patients with primary adrenal failure invariably have both cortisol and
aldosterone deficiencies, whereas patients with ACTH deficiency due to pituitary
disease have only glucocorticoid deficiency; in the latter, aldosterone concentrations
are normal because the RAA system is intact (see Fig. 7).

Approximately 50–70% of aldosterone circulates bound to either albumin or
weakly to corticosteroid-binding globulin; 30–50% of the total plasma aldosterone
is free, with a short half-life of 15–20 min. In the liver, aldosterone is rapidly
inactivated to tetrahydroaldosterone. The classic functions of aldosterone are regu-
lation of extracellular volume and control of potassium homeostasis. These effects
are mediated by binding of free aldosterone to the mineralocorticoid receptor in the
cytosol of epithelial cells, principally in the kidney. Mineralocorticoid receptors have
a tissue-specific expression: distal nephron, colon, and hippocampus present the
highest concentrations of mineralocorticoid receptors. Aldosterone leads to modifi-
cation of the apical sodium channel, resulting in increased sodium ion transport
across the cell membrane. Glucocorticoids and mineralocorticoids bind equally to
the mineralocorticoid receptor. Specificity of action is provided in many tissues by
the presence of a glucocorticoid-degrading enzyme, 11β-hydroxysteroid dehydro-
genase, which prevents glucocorticoids from interacting with the receptor. Mineral-
ocorticoid “escape” refers to the counterregulatory mechanisms that are manifested
after 3–5 days of excessive mineralocorticoid administration.

Renin is an enzyme produced primarily in the juxtaglomerular apparatus of the
kidney; it is stored in granules and released in response to specific secretagogues.
The protein consists of 340 amino acids; the first 43 are a prosegment cleaved to
produce the active enzyme. Renin release is controlled by:

• The macula densa, a specialized group of distal convoluted tubular cells that
function as chemoreceptors for monitoring the sodium concentration.
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• Juxtaglomerular cells acting as pressure transducers that sense stretch of the
afferent arteriolar wall and thus renal perfusion pressure.

Fig. 8 Pharmacology of the renin–angiotensin–aldosterone system
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• The sympathetic nervous system, which modifies the release of renin, particularly
in response to upright posture in humans.

• Potassium: renin release is increased directly by hypokalemia and decreased by
hyperkalemia.

Thus, renin release is maximized in conditions of low renal perfusion pressure or
low tubular sodium content (e.g., renal artery stenosis, hemorrhage, dehydration).
Renin release is suppressed by elevated perfusion pressure at the kidney (i.e., arterial
hypertension) and high-sodium diets.

Since renin–aldosterone is one of the main regulators of blood pressure, several drugs
have been developed to block this system, as summarized in Fig. 8 (Zaman et al. 2002).

Angiotensinogen, synthesized in the liver, is a substrate for renin and is broken
down into the angiotensin peptides. The protein consists of 485 amino acids, 33 of
which constitute a presegment that is removed after secretion. The action of renin on
angiotensinogen produces angiotensin I. Angiotensin I is composed of the first ten
amino acid sequence following the presegment and does not appear to have biologic
activity. Angiotensin II, the main form of biologically active angiotensin, is formed
by cleavage of the two carboxyl-terminal peptides of angiotensin I by angiotensin-
converting enzyme (ACE), localized to cell membranes in the lung and intracellular
granules in certain tissues that produce angiotensin II. The half-life in the circulation
of angiotensin II is very short (<60 s). Elements of the RAA system are present in
the adrenal, the kidneys, the heart, and the brain. For example, the adrenal
glomerulosa cells contain the proteins needed to produce and secrete angiotensin
II. Other tissues contain one or more components of the renin–angiotensin system
and require other cells or circulating components, or both, to generate angiotensin II
(De Mello 2016). Angiotensin II functions through the angiotensin receptor to
maintain normal extracellular volume and blood pressure by:

• Increasing aldosterone secretion from the zona glomerulosa by increasing tran-
scription of CYP11B2

• Constriction of vascular smooth muscle, thereby increasing blood pressure and
reducing renal blood flow

• Release of norepinephrine and epinephrine from the adrenal medulla
• Enhancement of the activity of the sympathetic nervous system by increasing

central sympathetic outflow, thereby increasing norepinephrine discharge from
sympathetic nerve terminals

• Promotion of the release of vasopressin

In addition to the classic genomic actions mediated by aldosterone binding to
cytosolic receptors, mineralocorticoids have acute, nongenomic actions due to
activation of an unidentified cell surface receptor. This action involves a G-protein
signaling pathway and probably a modification of the sodium–hydrogen exchange
activity. This effect has been demonstrated in both epithelial and nonepithelial cells.

Aldosterone has additional, nonclassic effects primarily on nonepithelial cells.
These actions, although probably genomic and therefore mediated by activation of
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the cytosolic mineralocorticoid receptor, do not include modification of
sodium–potassium balance. Aldosterone-mediated actions include the expression
of several collagen genes, growth factors, plasminogen activator inhibitor type 1, or
genes mediating inflammation. The resultant actions lead to microangiopathy and
fibrosis in various tissues such as the heart, the vasculature, and the kidney. Increased
levels of aldosterone are not necessary to cause this damage; an imbalance between
the volume or sodium balance state and the level of aldosterone appears to be the
critical factor (Gao et al. 2016).

The action of angiotensin II on aldosterone involves a negative feedback loop that
also includes extracellular fluid volume. The major function of this feedback loop is to
modify sodium homeostasis and, secondarily, to regulate blood pressure. Thus,
sodium restriction activates the renin–angiotensin–aldosterone axis. The effects of
angiotensin II on both the adrenal cortex and the renal vasculature promote renal
sodium conservation. Conversely, with suppression of renin release and suppression of
the level of circulating angiotensin, aldosterone secretion is reduced and renal blood
flow is increased, thereby promoting sodium loss. The renin–angiotensin–aldosterone
loop is very sensitive to dietary sodium intake. Sodium excess enhances the renal and
peripheral vasculature responsiveness and reduces the adrenal responsiveness to
angiotensin II. Sodium restriction has the opposite effect. Thus, sodium intake mod-
ifies target tissue responsiveness to angiotensin II.

Adrenal Androgen Secretion
Adrenal androgens represent an important component (>50%) of circulating andro-
gens in premenopausal females. In males, this contribution is much smaller because
of the testicular production of androgens, but adrenal androgen excess even in males
may be of clinical significance, mainly in CAH. The adult adrenal secretes approx-
imately 4 mg/day of dehydroepiandrosterone (DHEA), 7–15 mg/day of DHEAS,
1.5 mg of androstenedione, and 0.05 mg/day of testosterone. DHEA is a crucial
precursor of human sex steroid biosynthesis and exerts androgenic or estrogenic
activity following conversion by the activities of 3β-HSD, a superfamily of β-HSD
isozymes and aromatase, expressed in peripheral target tissues, which is of clinical
importance in many diseases. Only desulfated DHEA is converted downstream and
biologically active.

ACTH stimulates androgen secretion; DHEA (but not DHEAS because of its
increased plasma half-life) and androstenedione demonstrate a similar circadian
rhythm to cortisol.

Corticosteroid Hormone Actions

Receptors and Gene Transcription

Both cortisol and aldosterone exert their effects following uptake of free hormone
from the circulation and binding to intracellular receptors, termed the glucocorticoid
(GR) and mineralocorticoid receptors (MR). These are both members of the thyroid/
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steroid hormone receptor superfamily of transcription factors comprising a
C-terminal ligand-binding domain, a central DNA-binding domain interacting with
specific DNA sequences on target genes.

Glucocorticoid hormone action has been studied in more depth than mineralo-
corticoid action. The binding of steroid to the GR in the cytosol results in activation
of the steroid-receptor complex involving heat-shock proteins (HSP 90 and HSP 70)
that release GR. Following translocation to the nucleus, gene transcription is stim-
ulated or repressed following binding of dimerized GR-ligand complexes to specific
DNA sequences in the promoter regions of target genes. This “glucocorticoid-
response element” binds with high affinity to two loops of DNA within the
DNA-binding domain of the GR, stabilizing the RNA polymerase II complex, in
several tissues of the organism, leading to a high number of cortisol-mediated effects
(stress, growth, energy intake, inflammation, and so on). In contrast to the diverse
actions of glucocorticoids, mineralocorticoids have a more restricted role, princi-
pally to stimulate epithelial sodium transport in the distal nephron, distal colon, and
salivary glands. This is mediated through the induction of the apical sodium channel
through transcriptional regulation. Aldosterone binds to the MR, principally in the
cytosol, followed by translocation of the hormone-receptor complex to the nucleus.
The MR and GR share considerable homology – 57% in the steroid-binding domain
and 94% in the DNA-binding domain. Aldosterone (and the synthetic “mineralo-
corticoid” fludrocortisone) could bind to the GR and cortisol to the MR (in vitro the
MR has the same inherent affinity for aldosterone and cortisol). Specificity upon the
MR is conferred through the “pre-receptor” metabolism of cortisol via the enzyme
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which inactivates cortisol
and corticosterone to 11-keto metabolites, enabling aldosterone to bind to the
MR. The underlying signaling pathways remain to be fully clarified, but the effects
are reversible with MR antagonists.

There are several receptor antagonists developed in the last years, commonly used
in several adrenal diseases. Mifepristone (RU486) was originally developed as an
anti-progesterone drug, and it is currently used in many countries as antiprogestin
medication. It has also been found to act as a glucocorticoid receptor antagonist, so it
has been proposed in Cushing’s syndrome, but its widespread use is limited by the
difficulty of judging its effectiveness, because its action prompts a rise in circulating
cortisol levels (Ceccato et al. 2015). Mifepristone, administered at doses of up to
1,200 mg daily, improved diabetes, clinical signs, and symptoms, rather than in
cortisol levels; since mifepristone could increase ACTH levels and could not control
pituitary adenoma, further studies are needed to establish its safety.

Cortisol-Binding Globulin and Corticosteroid Hormone Metabolism

More than 90% of circulating cortisol is bound to cortisol-binding globulin (CBG),
an a2-globulin with 383 amino acid protein and synthesized in the liver. CBG does
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not carry synthetic corticosteroids (except prednisolone, which has an affinity for
CBG approximately 50% of that of cortisol). Circulating CBG concentrations are
approximately 700 nmol/L. Levels are increased by estrogens (be careful in mea-
suring total serum cortisol in pregnancy) and hepatitis and reduced by glucocorti-
coids, cirrhosis, nephrosis, and hyperthyroidism. The excretion of “free” cortisol
through the kidneys is termed urinary free cortisol and represents only 1% of the
total cortisol secretion rate.

The circulating half-life of cortisol varies between 70 and 120 min (Hammond
2016).

The interconversion of the 11-hydroxyl (cortisol, termed Kendall’s compound F)
to the 11-oxo group (cortisone, compound E) through the activity of 11-
β-hydroxysteroid dehydrogenase (HSD) types 1 and 2 explains analytical bias in
cortisol measurement. There are two methods to measure cortisol: immunoassays
(as radioimmunoassay, RIA; enzyme-linked immunosorbent assay, ELISA; auto-
mated electro-chemiluminescence immunoassay, ECLIA) and liquid chromatogra-
phy–tandem mass spectrometry (LC-MS/MS). Antibody-based immunoassays can
be affected by cross-reactivity (especially cortisone, whose structure is similar to
cortisol, as shown in Fig. 9) and synthetic glucocorticoids. By contrast, structurally
based assays such as LC-MS/MS do not pose this problem, allowing the separation
of various glucocorticoids and metabolites.

Two distinct 11β-HSD isozymes have been reported, a type 1, NADPH-
dependent oxo-reductase expressed principally in the liver, which confers bioactivity
upon orally administered cortisone by converting it to cortisol, and a type
2, NAD-dependent dehydrogenase. It is 11β-HSD2, coexpressed with the MR in
the kidney, colon, and salivary gland, which inactivates cortisol to cortisone and
permits aldosterone to bind to the MR in vivo. If this “enzyme-protective mecha-
nism” is impaired, cortisol is able to act as a mineralocorticoid; this explains some

Fig. 9 Cortisol and cortisone, the box highlight the difference among hormones; MW molecular
weight, HSD 11β-hydroxysteroid dehydrogenase
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forms of endocrine hypertension (apparent mineralocorticoid excess, liquorice
ingestion), and the mineralocorticoid excess state that characterizes the ectopic
ACTH syndrome.

Aldosterone is also metabolized in the liver and kidneys. In the liver, it undergoes
tetrahydro-reduction and is excreted in the urine as a 3-glucuronide tetra-
hydroaldosterone derivative. However, glucuronide conjugation at the 18 position
occurs directly in the kidney as does 3a and 5α/5b metabolism of the free steroid.
Because of the aldehyde group at the C18 position, aldosterone is not metabolized by
11β-HSD2. Hepatic aldosterone clearance is reduced in patients with cirrhosis,
ascites, and severe congestive heart failure.

Effects of Glucocorticoids

Carbohydrate, Lipid Metabolism, and Blood Pressure
Glucocorticoids increase blood glucose concentrations through their action on
glycogen, protein, and lipid metabolism. In the liver, cortisol stimulates glycogen
deposition by increasing glycogen synthase and inhibiting glycogen phosphorylase.
Hepatic glucose output increases through the activation of key enzymes involved in
gluconeogenesis, principally glucose 6-phosphatase and phosphoenolpyruvate
kinase. In peripheral tissues (muscle, fat), cortisol inhibits glucose uptake and
utilization. In adipose tissue, lipolysis is activated, resulting in the release of free
fatty acids into the circulation. An increase in total circulating cholesterol and
triglycerides is observed, but HDL cholesterol levels fall. The resultant effect is to
cause insulin resistance and an increase in blood glucose concentrations, at the
expense of protein and lipid catabolism.

Glucocorticoids stimulate adipocyte differentiation, promoting adipogenesis
through the transcriptional activation of key differentiation genes, including lipo-
protein lipase, glycerol-3-phosphate dehydrogenase, and leptin. In the long term, the
effects of glucocorticoid excess upon adipose tissue are complex, where the depo-
sition of visceral or central adipose tissue is stimulated, related to the increased
expression of both the GR and 11β-HSD1 in visceral rather than in subcutaneous
adipose tissue.

Glucocorticoids increase blood pressure by a variety of mechanisms involving
actions on the kidney and vasculature. In vascular smooth muscle, they increase
sensitivity to pressor agents such as catecholamines and angiotensin II while reduc-
ing nitric oxide-mediated endothelial dilatation. Angiotensinogen synthesis is
increased by glucocorticoids. In the kidney, depending upon the activity
11β-HSD2, cortisol can act on the distal nephron to cause sodium retention and
potassium loss (mediated via the MR). Elsewhere across the nephron, glucocorti-
coids increase glomerular filtration rate, proximal tubular epithelial sodium trans-
port, and free water clearance. This latter effect involves antagonism of the action of
vasopressin and explains the hyponatremia seen in patients with glucocorticoid
deficiency (Goodwin 2015).
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Skin, Muscle, and Connective Tissue
In addition to inducing insulin resistance in muscle tissue, glucocorticoids also cause
catabolic changes in the muscle, skin, and connective tissue. In the skin and
connective tissue, glucocorticoids inhibit epidermal cell division and DNA synthesis
and reduce collagen synthesis and production. In muscle, glucocorticoids cause
atrophy (but not necrosis), and overall muscle protein synthesis is reduced.

Glucocorticoids inhibit osteoblast function, explaining the osteopenia and osteo-
porosis that characterize glucocorticoid excess. With up to 1% of Western
populations taking long-term glucocorticoid therapy, glucocorticoid-induced osteo-
porosis is becoming a prevalent health concern, affecting 50% of patients treated
with corticosteroids for more than 12 months. Cortisol excess could also induce an
avascular necrosis (rapid and focal deterioration in bone quality), especially in the
femoral head, leading to pain and ultimately collapse of the bone, often requiring hip
replacement. It can affect individuals of all ages and may occur with relatively low
doses of glucocorticoids (e.g., during corticosteroid replacement therapy for adrenal
failure). Recent data implicate glucocorticoid-induced osteocyte apoptosis in the
pathogenesis of the condition, and the lack of a direct role for an interrupted blood
supply suggests that the term osteonecrosis is preferable to avascular femoral
necrosis. However, there is still no explanation for individual susceptibility.

Glucocorticoids also induce negative calcium balance by inhibiting intestinal
calcium absorption and increasing renal calcium excretion. Therefore, PTH secretion
is usually increased. In children, glucocorticoids suppress growth, but the increases
in body mass index are thought to offset a deleterious effect on bone mineral density.

Anti-Inflammatory Actions and the Immune System
Glucocorticoids suppress immunologic responses at many levels. In the peripheral
blood, an acute glucocorticoid bolus reduces lymphocyte counts (by redistributing
lymphocytes from the intravascular compartment to spleen, lymph nodes, and bone
marrow) and eosinophils, while cortisol bolus increases neutrophil counts. The
immunologic actions of glucocorticoids involve direct actions on both T and B
lymphocytes, which include inhibition of immunoglobulin synthesis and stimulation
of lymphocyte apoptosis. Inhibition of cytokine production from lymphocytes is
mediated through inhibition of the action of NF-κB. Additional anti-inflammatory
effects involve inhibition of monocyte differentiation into macrophages and macro-
phage phagocytosis and cytotoxic activity. Glucocorticoids reduce the local inflam-
matory response by preventing the action of histamine and plasminogen activators.
Prostaglandin synthesis is impaired through the induction of lipocortins, which
inhibit phospholipase A2 activity.

Central Nervous System and Mood
Clinical observations in patients with glucocorticoid excess and deficiency reveal
that the brain is an important target tissue for glucocorticoids, with depression,
euphoria, psychosis, apathy, and lethargy being important manifestations. Both
glucocorticoid and mineralocorticoid receptors are expressed in the brain, including
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the hippocampus, hypothalamus, cerebellum, and cortex. Glucocorticoids cause
neuronal death, especially in the hippocampus, impairing cognitive function and
memory and leading to neurodegenerative diseases. Local blockade of cortisol
generation by 11β-HSD1 has been shown to improve cognitive function. DHEA
has been shown to have neuroprotective effects in the hippocampus region. In the
eye, glucocorticoids act to raise intraocular pressure through an increase in aqueous
humor production and deposition of matrix within the trabecular meshwork, which
inhibits aqueous drainage. Steroid-induced glaucoma appears to have a genetic
predisposition, but the underlying mechanisms are unknown.

Growth and Endocrine Glands
Although glucocorticoids stimulate GH gene transcription in vitro, glucocorticoids
in excess inhibit linear skeletal growth, probably as a result of catabolic effects on
connective tissue, muscle, and bone and through inhibition of the effects of IGF-1.
Experiments on mice lacking the GR gene emphasize the role of glucocorticoids in
normal fetal development. In particular, glucocorticoids stimulate lung maturation
through the synthesis of surfactant proteins, and mice lacking the GR die shortly
after birth due to hypoxia from lung atelectasis. Glucocorticoids also stimulate the
enzyme phenylethanolamine N-methyltransferase (PNMT), which converts nor-
adrenaline to adrenaline in adrenal medulla and chromaffin tissue. Mice lacking
the GR do not develop an adrenal medulla.

Glucocorticoids suppress the thyroid axis, probably through a direct action on
TSH secretion. In addition, they inhibit 50 deiodinase activity mediating the conver-
sion of thyroxine to active triiodothyronine. Glucocorticoids also act centrally to
inhibit GnRH pulsatility and LH FSH release.

Therapeutic Corticosteroids
After the first demonstration of anti-inflammatory effect in the 1950s, a series of
synthetic corticosteroids have been developed for therapeutic purposes. These are
used to treat a diverse variety of human diseases and principally rely on their anti-
inflammatory and immunologic actions. The main corticosteroids used in clinical
practice, their structure together with their relative glucocorticoid and mineralocor-
ticoid potencies, are listed in Table 2.

Biologic activity of a corticosteroid is dependent upon a 4-3-keto, 11β-hydroxy,
17α,21-trihydroxyl configuration. Conversion of the C11 hydroxyl group to a
C11 keto group (cortisol to cortisone) inactivates the steroid. The addition of a
1,2 unsaturated bond to cortisol results in prednisolone, which is four times more
potent than cortisol actions. Prednisone is the “cortisone equivalent” of predniso-
lone and relies upon conversion by 11β-HSD1 in the liver for bioactivity. Potency
is further increased by the addition of a 6α-methyl group to prednisolone (meth-
ylprednisolone). Fludrocortisone is a synthetic mineralocorticoid having 125-fold
greater potency than cortisol in bonding mineralocorticoid receptor and so stimu-
lating sodium reabsorption, achieved through the addition of a 9α-fluoro group to
cortisol, and is used to treat mineralocorticoid deficiency in Addison disease

24 F. Ceccato et al.



Ta
b
le

2
S
tr
uc
tu
re
s
an
d
an
ti-
in
fl
am

m
at
or
y
co
rt
ic
oi
d
dr
ug

s

A
nt
i-
in
fl
am

m
at
or
y
ac
tio

n
M
in
er
al
oc
or
tic
oi
d
ac
tio

n

C
or
tis
ol

O

H
O

C
H

2O
H

C
O

O
H

co
rt

is
ol

1
1

P
re
dn

is
ol
on

e

O

H
O

C
H

2O
H

C
O

O
H

pr
ed

ni
so

lo
ne

3
0.
75

(c
on

tin
ue
d
)

The Adrenal Glands 25



Ta
b
le

2
(c
on

tin
ue

d)

A
nt
i-
in
fl
am

m
at
or
y
ac
tio

n
M
in
er
al
oc
or
tic
oi
d
ac
tio

n

M
et
hy

lp
re
dn

is
ol
on

e

O

H
O

C
H

3

C
H

2O
H

C
O

O
H

m
et

hy
lp

re
dn

is
ol

on
e

6.
2

0.
5

F
lu
dr
oc
or
tis
on

e

O

F

H
O

C
H

2O
H

C
O

O
H

flu
dr

oc
or

tis
on

e

12
12

5

26 F. Ceccato et al.



T
ri
am

ci
no

lo
ne

O

F

H
O

C
H

2O
H

C
O

O
H O

H

tr
ia

m
ci

no
lo

ne

5
0

D
ex
am

et
ha
so
ne

O

F

H
O

C
H

2O
H

C
O

O
H C

H
3

de
xa

m
et

ha
so

ne

26
0

(c
on

tin
ue
d
)

The Adrenal Glands 27



Ta
b
le

2
(c
on

tin
ue

d)

A
nt
i-
in
fl
am

m
at
or
y
ac
tio

n
M
in
er
al
oc
or
tic
oi
d
ac
tio

n

B
et
am

et
ha
so
ne

O

F

H
O

C
H

2O
H

C
O

O
H C

H
3

be
ta

m
et

ha
so

ne

25
0

28 F. Ceccato et al.



and after bilateral adrenalectomy. Interestingly, fludrocortisone also has glucocor-
ticoid potency (12-fold greater than cortisol), and the addition of a 16α-methyl
group and 1,2 saturated bond to fludrocortisone results in dexamethasone, a highly
potent glucocorticoid (25-fold that of cortisol) but without significant mineralo-
corticoid activity. Betamethasone has the same structure of dexamethasone, but
with a 16β-methyl group, and is widely used in respiratory and nasal aerosol
sprays, and betamethasone is not able to bond to mineralocorticoid receptor
(Peacy 1997).

Corticosteroids are given orally, parenterally, and by numerous topical routes
(e.g., eyes, skin, nose, inhalation, rectal suppositories). Unlike hydrocortisone,
which has a high affinity for CBG, most synthetic steroids have low affinity for
this binding protein and circulate as free steroid (�30%) or bound to albumin (up to
70%). Circulating half-lives vary depending upon individual variability and under-
lying disease, particularly renal and hepatic impairment. Cortisone acetate should
not be used parenterally as it requires metabolism by the liver to active cortisol.

Synthetic corticosteroids similarly suppress the function of the HPA axis through
a process that is dependent on both dose and duration of treatment. As a result, the
sudden cessation of corticosteroid therapy may result in adrenal failure. This may
also occur following treatment with high doses of the synthetic progestogen,
medroxyprogesterone acetate, which possesses glucocorticoid agonist activity. In
patients taking any steroid dose for less than 3–4 weeks, a clinically significant
suppression of the HPA axis is rarely a problem, and patients can withdraw from
steroids suddenly with no ill effect. The possible exception to this is the patient who
receives frequent “short” courses of corticosteroid therapy, for example, patients
with recurrent episodes of severe asthma. Conversely, suppression of the HPA axis is
invariable in patients taking the equivalent of 15 mg/day or more of prednisolone
long term. Recovery from suppression may take 6–9 months. CRH secretion returns
to normal, and within a few weeks, ACTH levels begin to increase and indeed rise
above normal values until adrenal steroidogenesis recovers. In the interim, and
without replacement therapy, patients may experience symptoms of glucocorticoid
deficiency, including anorexia, nausea, weight loss, arthralgia, lethargy, skin des-
quamation, and postural dizziness. To avoid symptoms of glucocorticoid deficiency,
steroids should be cautiously withdrawn over a period of months.

Catecholamines

The term catecholamine refers to substances that contain catechol (ortho-
dihydroxybenzene) and a side chain with an amino group – the catechol nucleus
(Fig. 10).

Dopamine, found in the adrenal medulla and peripheral sympathetic nerves, acts
primarily as a neurotransmitter in the central nervous system; epinephrine is synthe-
sized and stored in the adrenal medulla and released into the systemic circulation,
whereas norepinephrine is synthesized and stored not only in the adrenal medulla but
also in the peripheral sympathetic nerves.
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Catecholamines affect many cardiovascular and metabolic processes, including
increasing the heart rate, blood pressure, myocardial contractility, and cardiac
conduction velocity. Specific receptors mediate the biologic actions. The three
types of adrenergic receptors (α, β, DA) and their receptor subtypes have led to an
understanding of the physiologic responses to exogenous and endogenous adminis-
tration of catecholamines. The a1 subtype is a postsynaptic receptor that mediates
vascular and smooth muscle contraction; stimulation causes vasoconstriction and
increased blood pressure. The a2 receptors are located on presynaptic sympathetic
nerve endings and, when activated, inhibit release of norepinephrine; stimulation
causes suppression in central sympathetic outflow and decreased blood pressure.
There are three major β-receptor subtypes:

• β1 receptor mediates cardiac effects and is more responsive to isoproterenol than
to epinephrine or norepinephrine; β1 receptor stimulation causes positive inotro-
pic and chronotropic effects in the heart, increased renin secretion in the kidney,
and lipolysis in adipocytes.

• β2 receptor mediates bronchial, vascular, and uterine smooth muscle relaxation;
stimulation causes bronchodilatation, vasodilatation in skeletal muscle, glycogen-
olysis, and increased release of norepinephrine from sympathetic nerve terminals.

• β3 receptor regulates energy expenditure and lipolysis, especially in adipocytes.

Most cells in the body have adrenergic receptors. The pharmacologic develop-
ment of selective α- and β-adrenergic agonists and antagonists has advanced the
pharmacotherapy for various clinical disorders. For example, β1-antagonists (e.g.,
atenolol and metoprolol) are considered standard therapies for angina pectoris,
hypertension, and cardiac arrhythmias. Administration of β2-agonists causes bron-
chial smooth muscle relaxation and is commonly prescribed in inhaled formulations
for the treatment of asthma.

Catecholamine Synthesis

Catecholamines are synthesized from tyrosine by a process of hydroxylation and
decarboxylation (see Fig. 10). Tyrosine is derived from ingested food or synthesized

Fig. 10 Biosynthetic pathway for catecholamines
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from phenylalanine in the liver, and it enters neurons and chromaffin cells by active
transport. Tyrosine is converted to dopa by tyrosine hydroxylase, the first step of
synthesis. Increased intracellular levels of catechols downregulate the activity of
tyrosine hydroxylase; as catecholamines are released from secretory granules in
response to a stimulus, cytoplasmic catecholamines are depleted and the feedback
inhibition of tyrosine hydroxylase is released. Transcription of tyrosine hydroxylase
is stimulated by glucocorticoids (cortisol also is a cofactor of phenylethanolamine
N-methyltransferase PNMT, explaining that epinephrine-secreting pheochromocy-
tomas are almost exclusively localized to the adrenal medulla), cAMP-dependent
protein kinases, calcium-/phospholipid-dependent protein kinase, and calcium-/cal-
modulin-dependent protein kinase. α-Methyl-para-tyrosine (metirosine) is a tyrosine
hydroxylase inhibitor that may be used therapeutically in patients with
catecholamine-secreting tumors.

Aromatic l-amino acid decarboxylase catalyzes the decarboxylation of dopa to
dopamine. Dopamine is actively transported into granulated vesicles to be hydrox-
ylated to norepinephrine by the copper-containing enzyme dopamine β-hydroxylase.
These reactions occur not only in chromaffin cells of the adrenal medulla but also in
the synaptic vesicle of adrenergic neurons in the central and peripheral nervous
system. In the adrenal medulla, norepinephrine is released from the granule into the
cytoplasm, where the cytosolic enzyme PNMT converts it to epinephrine. Epineph-
rine is then transported back into another storage vesicle. The N-methylation reac-
tion by PNMT involves S-adenosylmethionine as the methyl donor as well as
oxygen and magnesium. In normal adrenal medullary tissue, approximately 80%
of the catecholamine released is epinephrine (Eisenhofer et al. 2004).

Fig. 11 123I-MIBG of a pheochromocytoma
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Catecholamine Storage and Secretion

Catecholamines, found in the adrenal medulla and sympathetically innervated, are
stored in electron-dense granules that also contain ATP, neuropeptides (e.g.,
adrenomedullin, ACTH, vasoactive intestinal polypeptide), calcium, magnesium,
and chromogranins. Uptake into the storage vesicles is facilitated by active transport
using vesicular monoamine transporters (VMATs). The VMAT ATP-driven pump
maintains a steep electrical gradient. For every monoamine transported, ATP is
hydrolyzed and two hydrogen ions are transported from the vesicle into the cytosol.
123I- and 131I-labeled metaiodobenzylguanidine (MIBG) is imported by VMATs into
the storage vesicles in the adrenal medulla, which makes 123I-MIBG useful for
imaging localization of catecholamine-secreting tumors (Fig. 11) and 131I-MIBG
potentially useful in treating malignant catecholamine-secreting tumors (Flatmark
et al. 2002; Eisenhofer et al. 2004).

Stressful stimuli (e.g., hypoglycemia, myocardial infarction, anesthesia) are able
to trigger catecholamine secretion. Acetylcholine from preganglionic sympathetic
fibers stimulates nicotinic cholinergic receptors and causes depolarization of
adrenomedullary chromaffin cells, leading to activation of voltage-gated calcium
channels, which results in exocytosis of secretory vesicle contents. A calcium-
sensing receptor appears to be involved in the process of exocytosis. During
exocytosis, all the granular contents are released into the extracellular space. Nor-
epinephrine modulates its own release by activating the a2-receptors on the presyn-
aptic membrane. Stimulation of the presynaptic a2-receptors inhibits norepinephrine
release (the mechanism of action of some antihypertensive medications such as
clonidine). Catecholamines are among the shortest-lived signaling molecules in
plasma; the initial biologic half-life of circulating catecholamines is between
10 and 100 s; half of the catecholamines circulate in plasma associated with albumin.

Catecholamine Metabolism and Inactivation

Catecholamines are removed from the circulation either by reuptake by sympathetic
nerve terminals or by metabolism through two enzyme pathways, followed by
sulfate conjugation and renal excretion. Most of the metabolism of catecholamines
occurs in the same cell in which they are synthesized. Almost 90% of catechol-
amines released at sympathetic synapses are taken up locally by the nerve endings
(uptake-1). Uptake-1 can be blocked by cocaine, tricyclic antidepressants, and
phenothiazines. Most of these catecholamines are metabolized by catechol-O-
methyltransferase (COMT).

Although COMT is found primarily outside neural tissue, O-methylation in the
adrenal medulla is the predominant source of metanephrine (COMT converts epi-
nephrine to metanephrine) and a major source of normetanephrine (COMT converts
norepinephrine to normetanephrine) by methylating the 3-hydroxy group (also in
this reaction, S-adenosylmethionine is used as the methyl donor). Metanephrine and
normetanephrine are oxidized by monoamine oxidase (MAO) to vanillylmandelic
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acid (VMA) by oxidative deamination. MAO may also oxidize epinephrine and
norepinephrine to 3,4-dihydroxymandelic acid, which is then converted by COMT
to VMA. MAO is located on the outer membrane of mitochondria (Flatmark et al.
2002; Eisenhofer et al. 2004) (Fig. 12).

There is compelling evidence that measurements of plasma free or urinary
fractionated metanephrines (especially by mass spectrometry) are superior to other
tests of catecholamine excess for diagnosis of pheochromocytoma; the theoretical
basis for this is provided by improved understanding of catecholamine metabolism.
Metanephrines are produced within adrenal chromaffin cells (or the tumors derived
from these cells) by membrane-bound COMT: the lack of this enzyme in sympa-
thetic nerves, the major site of initial norepinephrine metabolism, means that the
O-methylated metabolites are relatively specific markers of chromaffin tumors. Most
importantly, these metabolites are produced continuously within tumors by a process
that is independent of exocytotic release.

Summary

In the present chapter, we have illustrated some general notions regarding adrenal
physiology.

Adrenal cortex, through steroidogenesis, produces and secretes glucocorticoids
(cortisol), mineralocorticoids (aldosterone) and sex steroids (mainly androgens). The
inner part of adrenals, the medulla, secretes catecholamines.
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Summary
The testis is the most important organ for reproductive and sexual function. Male
fetal sexual differentiation of the genitalia is driven by Leydig cell-secreted
androgens and Sertoli cell (SC)-secreted anti-Müllerian hormone. The hormone
insulin-like factor 3 (INSL3) is produced by testicular Leydig cells (LCs)
depending on the state of LC differentiation and is stimulated by the long-term
trophic effects of luteinizing hormone (see testicular descent). INSL3 is, along
with the other major Leydig cell hormone testosterone (Te), essential for testicular
descent, which in humans should be completed before birth. The absence of
androgen receptor expression in SCs underlies a physiological stage of androgen
insensitivity within the male gonad in the fetal and early postnatal periods. From
fetal life to adulthood, the testis evolves through maturational phases showing
specific morphologic and functional features in its different compartments. The
seminiferous cords contain Sertoli and germ cells, surrounded by peritubular
cells, and the interstitial tissue contains LCs and connective tissue. During
infancy and childhood, LCs regress and Te secretion declines dramatically. SCs
remain immature and spermatogenesis is arrested at the premeiotic stage. At
puberty, LCs differentiate again, and Te concentration increases and provokes
SC maturation and germ cells undergo meiosis, the hallmark of adult spermato-
genesis driving to sperm production (see Interstitial compartment). During adult-
hood androgen receptors became expressed and spermatogenesis occurs, while in
aging, despite that sperm cell production remains partially affected, the secretion
rate of Te declines depending on the presence of comorbidities and drugs
affecting its production by LC (see aging).

Keywords
Leydig cell • Sertoli cell • Testosterone • Sperm cell

Functional Organization of the Testis

The male reproductive system (Fig. 1) is essential for the maintenance of the species
through two essential functions: gametogenesis and sexual function. The testes
produce the male gametes and the male sexual hormones (androgens). The term
spermatogenesis describes and includes all the processes involved in the production
of gametes, whereas steroidogenesis refers to the enzymatic reactions leading to the
production of male steroid hormones. Spermatogenesis and steroidogenesis take
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place in two compartments morphologically and functionally distinguishable from
each other. These are the tubular compartment, consisting of the seminiferous
tubules and the interstitial compartment between the seminiferous tubules (Fig. 2).
Although anatomically separate, both compartments are closely connected with each
other. The integrity of both compartments is necessary for quantitative and qualita-
tive production of sperm cells. The function of the testis and thereby also the
function of its compartments are regulated by the hypothalamus and the pituitary
gland (endocrine regulation). These endocrine effects are mediated and modulated at
the testicular level by local control mechanisms (paracrine and autocrine factors)
(Basciani et al. 2010).

Seminiferous
tubules

Tunica albuginea

Efferent ducts

Epididymal duct

Vas deferens

Rete testis

Fig. 1 Essentials of anatomy
of the Testis
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Arteriole

INTERSTITIUM

Adluminal
compartment

Fig. 2 The Testis
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Interstitial Compartment

The most important cells of this compartment are the Leydig cells (LCs). These cells
are the source of testicular testosterone (Te) and of insulin-like factor 3 (INSL3).
Aside from LCs, the interstitial compartment also contains immune cells, blood and
lymph vessels, nerves, fibroblasts, and loose connective tissue. In experimental
animals, this compartment comprises about 2.6% of the total testicular volume. In
the human testis, the interstitial compartment represents about 12–15% of the total
testicular volume, 10–20% of which is occupied by LCs and it counts approximately
200 � 106 cells. LCs produce and secrete the most important male sexual hormone,
that is, testosterone. From the developmental, morphological, and functional
viewpoint, different types of LCs can be distinguished: stem cells, progenitor
committed stem cell, fetal differentiated cells in the fetus, and adult differentiated
cells (Ge and Hardy 2007). Fetal LCs become neonatal LCs at birth and degenerate
thereafter or regress into immature LCs (Prince 2007). Fetal LCs produce
Te. Immature LCs that mainly produce androstane-3-α,17-β-diol instead of T have
also been described.

Adult LCs are rich in smooth endoplasmic reticulum and mitochondria with
tubular cristae. Other important cytoplasmic components are lipofuscin granules,
the final product of endocytosis and lysosomal degradation, and lipid droplets in
which the preliminary stages of Te synthesis take place and special formations,
called Reinke’s crystals, are often found in the adult LCs. These are probably
subunits of globular proteins whose functional meaning is not known. The prolifer-
ation rate of the LCs in the adult testis is rather low and is influenced by LH. The
ontogeny of LCs is not entirely clear and mesonephros, neural crest, and coelomic
sources have been involved. In the adult testis, LCs develop from perivascular and
peritubular mesenchymal-like cells, and the differentiation of these cells into LCs is
induced by LH but also by growth and differentiation factors derived from Sertoli
cell (SC).

Tubular Compartment

Spermatogenesis takes place in the tubular compartment. This compartment repre-
sents about 60–80% of the total testicular volume. It contains the germ cells and two
different types of somatic cells, the peritubular cells and the SC. The testis is divided
by septa of connective tissue into about 250–300 lobules, each one containing one to
three highly convoluted seminiferous tubules. Overall, the human testis contains
about 600 seminiferous tubules. The length of individual seminiferous tubules is
about 30–80 cm. Considering an average number of about 600 seminiferous tubules
per testis and an average length of the tubuli seminiferi of about 60 cm each, the total
length of the tubuli seminiferi is about 360 m per testis, i.e., 720 m of seminiferous
epithelium per man. The seminiferous tubules are covered by a lamina propria,
which consists of a basal membrane, a layer of collagen, and the peritubular cells
(myofibroblasts). These cells are stratified around the tubulus and form concentrical
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layers that are separated by collagen layers. These characteristics differentiate the
human testicle from the majority of the other mammals, whose seminiferous tubules
are surrounded only by two to four layers of myofibroblasts. Mature sperm cells are
transported toward the exit of the seminiferous tubules by spontaneous contraction
of myofibroblast, and several regulators of cell contractions are reported, e.g.,
oxytocin, oxytocin-like substances, prostaglandins, androgenic steroids, and endo-
thelins. Peritubular contractility is mediated by endothelin and this effect is modu-
lated by the relaxant peptide adrenomedullin produced by SCs. Androgens may
regulate contractility of peritubular cells toward their action on contractility-related
genes, e.g., endothelin-1 and endothelin receptors A and B, adrenomedullin receptor,
and vasopressin receptor 1a (Zhang et al. 2006). In adulthood testis, SCs are somatic
cells, mitotically inactive, located within the germinal epithelium, on the basal
membrane, extend to the lumen of the tubulus seminiferous, and, in a broad sense,
can be considered as the supporting structure of the germinal epithelium; then they
are responsible for final testicular volume and sperm production in the adult. The SC
has several distinct functions that facilitate the maturation of the germ cells. First, it
provides a physical scaffold upon which the germ cells develop and migrate toward
the lumen of the tubule. Second, the SCs form the blood�testis barrier with
specialized tight junctions that exist between these cells. Third, SCs create the
focused microenvironment essential for germ cell maturation. These distinctive
functions also encompass phagocytosis, fluid secretion, and production of a variety
of molecules. Through the production and secretion of 90% of tubular fluid, SCs
create and maintain the patency of the tubulus lumen. Special structural elements of
the blood-testis barrier prevent reabsorption of the secreted fluid, resulting in
pressurized compartment that maintains the patency of the lumen. The tubular
fluid contains a higher concentration of potassium ions and a lower concentration
of sodium ions. Other constituents are bicarbonate, magnesium and chloride ions,
inositol, glucose, carnitine, glycerophosphorylcholine, amino acids, and several
proteins. Therefore, the germ cells are immersed in a fluid of unique composition.
The basolateral aspect of neighboring SCs comprises membrane specializations
forming a band sealing the cells to each other and obliterating the intracellular
space (occluding tight junctions). Through the blood–testis barrier, the seminiferous
epithelium is divided into two regions, which are anatomically and functionally
completely different from each other. Early germ cells (preleptotene, zygotene) are
located in the basal region and the later stages of maturing germ cells in the
adluminal region. During their development, germ cells are displaced from the
basal to the adluminal compartment. This is accomplished by a synchronized
dissolution and reassembly of the tight junctions above and below the migrating
germ cells. Two important functions are postulated for the blood–testis barrier: the
physical isolation of haploid and thereby antigenic germ cells to prevent recognition
by the immune system (prevention of autoimmune orchitis) and the preparation of a
special milieu for the meiotic process and sperm development. Along the cell body,
extending over the entire height of the germinal epithelium, all morphological and
physiological differentiation and maturation of the germinal cell up to the mature
sperm cell take place.
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Germ Cells (See ▶Hormonal Regulation of Spermatogenesis)

Hormonal Control of Testicular Function

The endocrine regulation of testicular function, i.e., the production of sperm and of
androgens is well investigated. Understanding the hormonal interactions has impor-
tant clinical consequences, presented in the following paragraphs. Figure 3 offers an
overview of the hormonal regulation of testicular function and physiological Te
actions in different target organs.
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Fig. 3 Hormonal regulation of the testicular function and effects of androgens
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Functional Organization of the Hypothalamic–Pituitary System

The gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) are produced and secreted by the gonadotropic cells of the anterior pituitary.
Their designation is derived from the function exerted in females. In males, they
control steroidogenesis and gametogenesis in the testis. Pituitary gonadotropins are
the central structure controlling gonadal function and, in turn, are regulated by the
hypothalamic gonadotropin-releasing hormone (GnRH). Since GnRH secretion is
pulsatile, gonadotropin release also occurs in discrete peaks, more evident in the case
of LH, due to its shorter half-life in circulation compared to FSH. In turn, GnRH
secretion depends on the activation of the GPR54 receptor, located on the surface of
the GnRH neurons and stimulated by the peptide kisspeptin (Fig. 4). The pituitary
function is also under the control of gonadal steroids and peptides that influence its
activity both directly and through the hypothalamus. Due to their very strict ana-
tomical and functional connection, the hypothalamus and pituitary gland have to be
considered as a unique functional unit. The hypothalamus is the rostral extension of
the brain stem reticular formation. It contains the cellular bodies of neurons that
project their axon terminals toward the median eminence (ME), a specialized region
located at the floor of the third ventricle from which the pituitary stalk originates.
The hypothalamus is classically subdivided into three longitudinal zones: peri-
ventricular, medial, and lateral, the latter functioning as the connecting area between
limbic and brain stem regions, whereas the former two contain most of the nuclei
controlling neuroendocrine and visceral functions. The ME is the ventral bulge of the
hypothalamus and is the site where the axon terminals of the neurosecretory neurons
make contact with the capillary plexus, giving rise to the hypophyseal portal
circulation. The nerve terminals form buttons on the capillaries and release the
neurohormones into the portal blood by diffusion through the basal membrane.
The ME is outside the blood–brain barrier and thereby freely accessible to the
regulatory influences of hormones and substances present in the systemic circulation
and mediating the release of neurohormones in portal blood. The superior hypophy-
seal arteries provide the blood supply of the ME. The long portal hypophyseal
vessels originate from the confluence of capillary loops, which supply the anterior
pituitary gland with the highest blood flow of any organ in the body. In humans, the

arcuate nucleus

Steroids
Leptin
Other signs

kisspeptin

GnRH receptor

portal pituitary 
circulation

GnRH

LH/FSH

Fig. 4 Current model of
regulation of gonadotropin
secretion. Role of Kisspeptin
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perikarya of neurons stained positive for GnRH are especially found in the ventral
part of the mediobasal hypothalamus, between the third ventricle and the ME,
scattered throughout the periventricular infundibular region.

The pituitary gland lies in the sella turcica, beneath the hypothalamus and optic
chiasm, covered with the sellar diaphragm. Thus, pituitary tumors can result in visual
impairment by exerting pressure on the optical nerves. Gonadotropic cells are
localized in the anterior pituitary, the most ventral part of the gland, of ectodermic
origin from Rathke’s pouch. The anterior pituitary consists of the anterior lobe
(or pars distalis, the anatomically and functionally most important part), the pars
intermedia, and pars tuberalis. The pars distalis is of pivotal importance for pituitary
function. Gonadotropin-producing cells constitute approximately 15% of the ade-
nohypophyseal cell population, are scattered in the posteromedial portion of the pars
distalis, and are basophilic and PAS positive. Although the secretion of LH and FSH
can be partially dissociated under certain circumstances, the same cell type is
believed to secrete both gonadotropins. About 80% of the gonadotropic cells in
men contain both LH and FSH. The cells have a very well-developed rough
endoplasmic reticulum and a large Golgi complex and are rich in secretory granules.
In normal men, the pituitary contains approximately 700 IU of LH and 200 IU of
FSH. Following gonadectomy or in primary hypogonadism, the cells become
vacuolated and large (castration cells). Finally, pituitary gonadotrophs are often
found in close connection with prolactin cells, suggesting a paracrine interaction
between the two cell types.

The Kisspeptin–GPR54 System

GnRH secretion is under the control of the kisspeptin–GPR54 system. Kisspeptin is
the product of the KISS1 gene, located on chromosome 1q32.1. The name of the
KISS1 gene derives from the chocolate “kisses” of Hershey, Pennsylvania, the city in
which the gene was identified. KISS1 was originally described as a human tumor
suppressor gene for its ability to inhibit the growth of melanoma and breast cancer
metastasis. Later on, it was shown that kisspeptin (also known as metastin) is the
natural ligand of the orphan receptor GPR54 and has an important role in initiating
GnRH secretion at puberty. The product of the KISS1 gene is a 145-amino-acid
peptide, which is cleaved into a 54-amino-acid peptide known as kisspeptin-54.
Shorter peptides, sharing a common C-terminal, RF-amidated motif with kisspeptin-
54, are probably degradation products. Kisspeptin-expressing neurons are located in
the anteroventral periventricular nucleus (AVPV), periventricular nucleus, ante-
rodorsal preoptic nucleus, and arcuate nucleus (ARC). Outside the nervous system,
the KISS1 gene is expressed in the placenta, testis, pancreas, liver, and intestine
(Popa et al. 2008a). When injected icv or iv to rodents and primates, kisspeptin
stimulates LH secretion, an effect mediated by the interaction with its receptor,
GPR54, an orphan G protein-coupled receptor, located on the surface of the
GnRH-secreting neurons. The GPR54 gene is located on chromosome 19p13.3. It
was discovered that loss-of-function mutations of GPR54 in the human cause failure
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to progress through puberty and hypogonadotropic hypogonadism (De Roux et al.
2003). Therefore, the kisspeptin–GPR54 system is essential to initiate gonadotropin
secretion at puberty and to maintain normal androgenization in adulthood. In fact,
kisspeptin neurons located in ARC and AVPV send projections to the medial
preoptic area, a region rich in GnRH cell bodies, providing the anatomical evidence
of a direct relationship between kisspeptin fibers and GnRH neurons which, in turn,
express GPR54. The indispensable role of the kisppeptin–GPR54 system for gonad-
otropin secretion is proven also by the hypogonadotropic hypogonadal phenotype of
mice bearing targeted null mutations of the kiss1 or gpr54 gene (Seminara et al.
2003; d’Anglemont de Tassigny et al. 2007) (Fig. 4). GPR54 signals through a Gq
type of G protein. Experimentally, kisspeptin stimulates phosphatidylinositol
(PI) turnover, calcium mobilization, and arachidonic acid release in GPR54-
expressing cells and induces phosphorylation of mitogen-activated protein kinases
(MAPK). Continuous infusion of kisspeptin results in rapid increase in LH secretion
after 2 h, followed by a decrease to the basal levels by 12 h of infusion due to
desensitization of GPR54, since GnRH is still able to elicit LH secretion under these
conditions. This suggests that endogenous, pulsatile kisspeptin release is physiolog-
ically responsible for pulsatile GnRH and LH secretion.

Kisspeptin is sensitive to steroid levels within the circulation and is the mediator
of the negative and positive feedback regulation of gonadotropin secretion. In fact,
although androgens, estrogens, and progesterone suppress gonadotropin secretion
through androgen receptor (AR)-, estrogen receptor (ER)-α-, and progesterone
receptor (PR)-dependent mechanisms, respectively, none of these sex steroids affect
GnRH secretion by direct action on GnRH neurons. On the contrary, kisspeptin
neurons in the ARC are direct targets of sex steroids in all species and should be
viewed as the site of the negative feedback control of GnRH production. In addition,
kisspeptin produced by the AVPV, a sexually dimorphic nucleus rich in steroid-
sensitive neurons in the female, mediates the positive feedback effects of estrogen on
GnRH secretion (Popa et al. 2008b). Finally, kisspeptin neurons seem to be involved
in the regulation of the reproductive axis by metabolic signals sensing the energy
balance of the organism, e.g., leptin. Reproductive hormones are inhibited during
starvation, and kisspeptin mediates some of leptin’s effects on reproduction.
According to the current model, leptin and perhaps other adiposity and satiety factors
stimulate KISS1 expression, which results in stimulation of GnRH release. When
levels of adiposity and satiety factors decrease or when such factors are not detected,
the expression of KISS1 (and presumably its secretion) decreases, thus reducing
excitatory input to GnRH neurons (Chou 2014).

GnRH

Structure of GnRH

Two forms of GnRH, termed GnRH-I (or GnRH) and GnRH-II, encoded by separate
genes have been identified, and they are structurally very similar but show a
significantly different tissue distribution and regulation of gene expression (Cheng
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and Leung 2005). GnRH-I, the peptide involved in gonadotropin regulation, is a
decapeptide produced in the GnRH neurons of the hypothalamus. They originate
from olfactory neurons and during embryonic development migrate toward the basal
forebrain along branches of the terminal and vomeronasal nerves, across the nasal
septum. This event is regulated by a number of factors that influence the migration of
different portions of the GnRH neuronal population at different steps along the route
and the formation of the olfactory bulb (Tobet and Schwarting 2006). The impor-
tance of such factors is demonstrated by mutations in the respective coding gene in
patients with Kallmann syndrome (KS). In about 10% of patients with KS and
anosmia due to a hypoplasia of the bulbus olfactorius, mutations or deletions of
the KAL1 gene on the X chromosome were detected. This gene was first implicated
in KS and encodes for anosmin-1 which is produced in the bulbus and in other
tissues and which is transiently expressed as an extracellular matrix and basal
membrane protein during organogenesis and interacts with heparan sulfate. Other
genes implicated in GnRH neuron migration and KS are those encoding the fibro-
blast growth factor receptor 1 (FGFR1) and its ligand fibroblast growth factor
8 (FGF8), as well as prokineticin 2 (PK2) and its receptor (PKR2) (Kim et al. 2008).

In primates, the main locations of GnRH neurons are the mediobasal hypothal-
amus and the ARC, but they are found also in the anterior hypothalamus, preoptic
area, septum, and other parts of the forebrain. GnRH neurons are synaptically
connected with terminals stained positive for pro-opiomelanocortin-related peptides
and enzymes involved in the metabolism of catecholamines and gamma-
aminobutyric acid (GABA). Furthermore, GnRH-positive neurons of the ARC are
connected to neuropeptide Y (NPY) neurons in the preoptical area and in the
eminentia mediana. All these substances are known to influence GnRH secretion.
The gene encoding GnRH is localized at the chromosomal site 8p21-p11.2. GnRH is
produced by successive cleavage stages from a longer precursor, called prepro-
GnRH, transported along the axons to the ME and there released into portal blood.
In the precursor with a length of 92 amino acids, GnRH is preceded by a signal
peptide consisting of 24 amino acids and followed by a stretch of 56 amino acids
forming the GnRH-associated peptide (GAP). Prepro-GnRH is processed in the
rough endoplasmic reticulum and in the Golgi complex, the first step being the
removal of the signal peptide and the cyclization of the aminoterminal Gln residue to
pyroGlu. At the junction between GnRH and GAP, a Gly-Lys-Arg sequence pro-
vides a processing signal important for the cleavage of GAP and C-terminal
amidation of the last Pro residue. Mature GnRH is therefore a single chain
decapeptide cyclized at the N terminus and amidated at the C terminus and assumes
a folded conformation as the result of a ß-II type bend involving the central
Tyr-Gly-Leu-Arg residues that brings the N- and C termini in close proximity (Millar
et al. 2008). GnRH has a very short half-life (<10 min) and is mostly retained and
degraded in the pituitary gland immediately after secretion by several peptidase
systems. As the generation of synthetic analogs of GnRH has shown, the amino acids
in position 6–10 are important for high-affinity binding of the neuropeptide, whereas
positions 1–3 are critical for biological activity and positions 5–6 and 9–10 are
involved in enzymatic degradation. The discovery of the amino acid sequence of
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GnRH permitted the design of GnRH analogs exerting agonistic or antagonistic
action relative to the endogenous GnRH.

Secretion of GnRH

GnRH is released into the portal blood in discrete pulses (Fig. 5). The frequency of
GnRH pulses and the amplitude of its secretory episodes determine the quality of LH
and FSH secretion from the pituitary gland. GnRH is the sole releasing factor for
both gonadotropins, but modulating its frequency results in preferential release of
LH or FSH (Hayes and Crowley 1998). The pulsatile nature of GnRH secretion is
partly an intrinsic characteristic of the GnRH neurons, since isolated immortalized
GnRH neurons have a spontaneous pulsatile secretory activity in vitro. However,
in vivo GnRH is under the control of the kisspeptin/GPR54 system, which mediates
the effects of the peripheral steroids on GnRH secretion and is involved in the
control of GnRH pulsatility. The pulse generator is under the continuous tonic
inhibition of peripheral steroids and, e.g., gonadectomy results in an immediate
increase of frequency and amplitude of gonadotropin secretion. Thus, in the absence
of steroids, the pulse generator becomes free-running (Lopez et al. 1998). In humans,
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Fig. 5 Importance of the pulsatile pattern of GnRH secretion for gonadotropin secretion and
testicular function
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the major hormone controlling GnRH secretion is testosterone (Te), which inhibits
gonadotropin secretion via negative feedback both at the hypothalamic and pituitary
level. Te can act as such or after metabolism to DHT or estradiol. The effects of Te
and its metabolites vary depending on the experimental model, but in general, we
can assume that both Te and DHTact mainly at the hypothalamic level by decreasing
the frequency of GnRH pulsatility, whereas estrogens suppress gonadotropin secre-
tion by reducing the amplitude of their peaks at the pituitary level. Progesterone
inhibits gonadotropin release at least in part via ARC dopaminergic and NPY
neurons. The negative feedback action of androgens and progestins is most impor-
tant for the development of a male fertility control regimen. Among the neurotrans-
mitters and neuromodulators that might influence GnRH secretion, the noradrenergic
system and NPY show stimulatory activity, whereas interleukin-1, dopaminergic,
serotoninergic and GABAergic systems are inhibitory. Opioid peptides seem to
modulate the negative feedback of gonadal steroids. Finally, also leptin has been
shown to stimulate gonadotropin secretion, as well.

Mechanism of GnRH Action

GnRH acts through interaction with a specific G-coupled receptors linked by the
typical seven-membrane domain structure. With 328 amino acids, it is the smallest G
protein-coupled receptor known up to now and possesses a rather short extracellular
domain. The intracellular C terminus is practically absent, and the signal transduc-
tion is probably carried out by the intracytoplasmic loops connecting the seven
membrane-spanning segments, especially the third one which is unusually long.
The receptor contains two glycosylation sites, projecting into the extracellular space,
of uncertain function. The conformation of the binding site is unknown. The gene
encoding the human GnRH receptor includes three exons separated by two introns.
The 50 flanking region contains multiple TATA transcription initiation sites and
several cis-acting regulatory sequences, which confer responsiveness to cAMP,
glucocorticoids, progesterone, thyroxin, PEA-3, AP-1, AP-2, and Pit-1-sensitive
sequences. The GnRH receptor is specifically expressed in the gonadotropic cells
within the pituitary. An orphan receptor, the steroidogenic factor-1 (SF-1), is
involved in the expression of human GnRH. Transcription factors such as SF-1,
Pit-1, and Pro-Pit-1 are generally needed for the development and maturation of the
hypothalamic–hypophyseal–gonadal axis. SF-1-deficient mice and patients bearing
a mutation in the Pro-Pit-1 gene exhibit pronounced alterations of gonadotropin
secretion. Recently, a second GnRH receptor gene has been identified in nonhuman
primates (type II GnRH receptor) which is structurally and functionally distinct from
the classical, type I receptor. The GnRH type II receptor, however, is not functional
in humans and many other species and its role is yet unknown. Both GnRH-I and
GnRH-II were shown to signal through the GnRH type I receptor (ligand-selective
signaling). While GnRH-I regulates gonadotropins, GnRH-II appears to be a
neuromodulator and stimulates sexual behavior. Following GnRH receptor interac-
tion, a hormone-receptor complex is formed. This results in the interaction with Gq
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protein, hydrolysis of PI, and production of diacylglycerol and inositol tri-
sphosphate, which leads to calcium mobilization from the intracellular stores and
influx of extracellular calcium into the cell. Diacylglycerol and calcium then activate
protein kinase C (PKC), inducing protein phosphorylation and further activation of
calcium channels. The increase in intracellular calcium results in prompt gonado-
tropin release by exocytosis and, with time, more sustained gonadotropin synthesis
and secretion. Thereafter, the hormone-receptor complex is internalized by endocy-
tosis and undergoes degradation in lysosomes. GnRH is capable of modulating
number and activity of its own receptors, and the effects depend on the secretory
pattern and dose of neurohormone. The receptor expression is higher when GnRH is
given in a pulsatile manner, and the withdrawal of GnRH during the interpulse
intervals leads to increase of GnRH-binding sites just before the next pulse occurs
(self priming). Conversely, continuous exposure to GnRH results in an initial rise in
response followed by desensitization. This property of the GnRH receptor is
exploited in therapy with GnRH agonists that, owing to their prolonged and
sustained stimulatory activity, cause slow receptor desensitization and decrease of
gonadotropin secretion. The molecular mechanism of receptor desensitization is not
completely understood. Owing to the lack of an intracellular domain, GnRH agonists
cannot induce phosphorylation and rapid desensitization of the receptor (Kim et al.
2008).

Gonadotropins

Structure of Gonadotropins

LH and FSH are glycoprotein hormones secreted by the pituitary gland that control
development, maturation, and function of the gonads. Like the related thyroid-
stimulating hormone (TSH) and human chorionic gonadotropin (hCG), they consist
of two polypeptide chains, α and β, bearing carbohydrate moieties N-linked to
asparagine (Asn) residues. The α-subunit is common to all members of the glyco-
protein hormone family, whereas the β-subunit, although structurally very similar,
differs in each hormone and confers specificity of action.

Separate but structurally related genes, localized on different chromosomes,
encode for the subunits. The gene encoding for the α-subunit is composed of four
exons and three introns, whereas the β genes consist of three exons separated by two
introns. The FSH-β gene is located on chromosome 11 and differs from the other
glycoprotein hormone β-subunit genes in possessing a rather long 30 untranslated
region probably involved in RNA stability. The LH-β gene belongs to an extraordi-
nary complex cluster of genes also including at least seven nonallelic hCGβ-like
genes arranged in tandem on chromosome 19. The regulation of gene expression of
LH and FSH has been extensively studied in experimental animals, especially
rodents, and involves a complex interplay between hypothalamic GnRH and gonadal
steroids and peptides acting at the hypothalamic and pituitary level (Burger et al.
2004). The common α-subunit contains two glycosylation sites, at position 52 and
78. The glycosylation sites of FSH-β are 7 and 24, whereas LH is glycosylated only

The Physiology of the Testis 13



at position 30. In mammals the α-subunit is also produced by the placenta, and
conversely, the pituitary gland has been shown to contain and secrete trace amounts
of hCG. α- and β-subunits are non-covalently linked, and the probable tertiary
structure of pituitary gonadotropins can be approximated and deduced by analogy
with its cognate hCG, whose crystal structure has been resolved. LH and hCGβ
subunits are structurally very similar and, in fact, LH and hCG act on the same
receptor. A peculiar feature of hCGβ is a carboxyl-terminal extension containing
four O-linked sugar residues that remarkably reduces the rate of metabolism and
increases the half-life of the hormone. This peculiarity of hCGß has been recently
exploited for the production of a synthetic gonadotropin hybrid containing a similar
C-terminal extension in the β-subunit, which resulted in a conspicuous increase of
the gonadotropin half-life. The oligosaccharide structure consists of a central man-
nose core, bound to an Asn residue through two residues of N-acetylglucosamine,
and terminal extensions of tetrasaccharide branches, bi- or tri-antennary, terminating
with sialic acid (FSH) or sulfate (LH) residues. These carbohydrate structures can be
more or less extended in length and are rich in sugar terminals, constituting the
molecular basis of the gonadotropin heterogeneity evident after chromatographic
separation. Having a different terminal glycosylation, LH and FSH also have a
different half-life. LH is rich in N-acetylglucosamine sulfate and is quickly removed
from the circulation after interaction with specific liver receptors that recognize
sulfate terminals. This rapid removal of sulfate LH from the blood results in rapid
clearance of a relevant amount of the LH discharged in each secretory episode and
“amplifies” the pulsatile features of LH in circulation. Conversely, FSH is predom-
inantly sialylated and thereby protected from immediate capture and metabolism
within the liver. As a result, LH and FSH half-lives are about 20 min and 2 h,
respectively. Therefore, although both gonadotropins are secreted simultaneously
from the pituitary gland following a GnRH pulse, LH appears to be highly pulsatile
and FSH much less so (Moyle and Campbell 1995). Glycosylation is fundamental
for gonadotropin secretion and bioactivity and strongly influences the half-life in
circulation and in vivo biopotency. It is well known that gonadotropin activity
depends on glycosylation, which is not critical for receptor binding but is important
for receptor activation. Furthermore, isoforms completely devoid of carbohydrates
cannot be secreted by the producing cells and behave as competitive antagonists of
the wild type. Polymorphic variants of the FSH-β gene exist as well and are
associated with serum FSH levels in men (Grigorova et al. 2008). Such a variant
was found to be associated with a significant reduction in free Te and testes volume,
but, on the contrary, in an increase of semen volume, sex hormone-binding globulin,
serum Te, and estradiol.

Secretion of Gonadotropins

After the synthetic process is completed, LH and FSH are stored in different
secretion granules, ready to be released upon stimulation with GnRH. A portion of
molecules, however, is not stored in
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secretory granules, i.e., does not enter the regulated pathway of secretion and is,
instead, constitutively secreted. FSH especially follows the latter route. Storage in
separate granules and the natural propensity to follow one of the two secretory
pathways are the main reasons why the same GnRH stimulus can, under certain
conditions, preferentially release one of the two gonadotropins. Low GnRH pulse
frequency causes preferential release of FSH probably due to differential expression
of the FSH receptor (Ferris and Shupnik 2006).

LH and FSH are measurable in the pituitary gland as early as the 10th week of
gestation and during the 12th week in peripheral blood. In fetal life and in infancy,
FSH is predominant over LH and the FSH/LH ratio is higher in females than in
males. The relative abundance of the two gonadotropins undergoes changes during
development. Te drives the initial phase of testicular migration and the development
of male external genitalia. The fetal testicle already produces Te during the 10th
week of gestation, under the stimulation of fetal LH and maternal hCG. The role of
maternal hCG in this crucial phase of gonadal development is suggested by the fact
that a mutation of the LH β chain leading to a biologically inactive gonadotropin is
associated with normal sexual differentiation. Conversely, inactivating mutations of
the LH receptor produce a clinical syndrome resembling complete androgen insen-
sitivity, with a phenotype of female external genitalia (Huhtaniemi et al. 1999;
Themmen et al. 1998).

During infancy gonadotropins in serum are very low. The pulsatile secretion of
gonadotropins becomes evident at the time of puberty, when LH and FSH pulses in
serum are detected first during nighttime and then progressively also during the day.
Before puberty, gonadotropin levels are very low and GnRH secretion appears to be
extremely limited, even in the presence of negligible steroid production by the
gonads. High sensitivity of the hypothalamus to negative steroid feedback is
believed to suppress GnRH production before puberty, but certainly other factors
such as body mass, leptin, and signals from the central nervous system are important
to maintain the hypothalamic–pituitary–gonadal axis silent before the
programmed time.

The steroid regulation of gonadotropin gene expression, synthesis, and secretion
is rather complex and shows many facets depending on the experimental model. In
general, however, it is currently accepted that gonadal steroids exert their negative
control on gonadotropins mainly at the hypothalamic level, depressing the release of
GnRH most probably via the kisspeptin/GPR54 system. The steroid effect at the
pituitary level is more complex, but there is considerable evidence that estrogens
inhibit GnRH-stimulated gonadotropin synthesis and secretion at this level. Te is the
main testicular product suppressing FSH and LH secretion in men. FSH secretion is,
obviously, also under the control of some other factor(s) related to the efficiency of
spermatogenesis, since oligozoospermia is often accompanied by selective increase
of serum FSH in the presence of normal Te levels. The mutual relationship between
FSH and inhibin secretion in man is well established: a pronounced inverse corre-
lation was found between serum concentrations of inhibin B and serum levels of
FSH, testis size, and sperm numbers. Clearly, inhibin B is the physiologically
relevant form of inhibin in men. It appears at present that the serum levels of inhibin
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B directly reflect the integrity of the germinal epithelium and of the Sertoli cells
(Boepple et al. 2008).

Mechanism of Action of Gonadotropins

LH and FSH exert their function via specific receptors. The gonadotropin receptors
also belong to the family of the G protein-coupled receptors and are characterized by
a very large extracellular domain to which the hormone binds, specifically, the usual
membrane-spanning domain including seven hydrophobic segments connected to
each other through three extracellular and three intracellular tracts and an intracel-
lular carboxyl-terminal domain (Simoni and Casarini 2014).

The genes for LH and FSH receptors are localized on chromosome 2 and consist
of 11 and 10 exons, respectively. The last exon encodes a small portion of the
extracellular domain, the entire transmembrane domain, and the intracellular C
terminus. The extracellular domain contains the high-affinity hormone-binding site
and is rich in leucine repeats. The 50-flanking region of the two genes contains no
conventional promoter and has multiple transcriptions start sites. In addition, the
human LH receptor was recently shown to contain a cryptic exon (denominated exon
6A) which plays a very important role in the intracellular processing of the mature
receptor protein and can be mutated in rare cases of LH resistance. Several alterna-
tively spliced transcripts of LH and FSH receptors have been described, lacking one
or more exons, but presently it is not known whether these RNA isoforms are
translated into proteins of any physiological function. Single nucleotide polymor-
phisms give rise to allelic variants with different biological activity in vitro and/or
in vivo.

The mature receptor proteins are glycosylated at several points, a process that
does not seem to be involved in receptor activation and signal transduction but
probably necessary for receptor folding and transport to the cell membrane.
Recently, the partially deglycosylated complex of human FSH bound to the extra-
cellular hormone-binding domain of its receptor was crystallized, showing that
binding specificity is mediated by key interaction sites involving both the common
α- and hormone-specific β-subunits. On binding, FSH undergoes a concerted con-
formational change that affects protruding loops implicated in receptor activation.
The FSH–FSHR complexes form dimers in the crystal important for transmembrane
signal transduction resulting in activation of the G protein, cAMP production, and
activation of PKA. Gonadotropins act mainly through stimulation of intracellular
cAMP. More recently it has been shown that LH and FSH can also induce an
increase of calcium influx in target cells, but the physiological importance of this
mechanism is still unknown. cAMP remains, therefore, the main signal transducer
and calcium could possibly act as a signal amplification or modulating mechanism.
Following the hormone-receptor interaction, there is an increase in cAMP concen-
trations and subsequent activation of PKs which, in turn, phosphorylate existing
proteins such as enzymes, structural and transport proteins, and transcriptional
activators. Activating and inactivating mutations of the gonadotropin receptors
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have been identified. Recent human data suggest that gonadotropins may act as cell
survival factors for spermatogonia rather than as stimulators of cell proliferation,
permitting differentiation of Ap spermatogonia into B-type spermatogonia (Simoni
and Casarini 2014; Piersma et al. 2007).

Endocrine Regulation and Relative Importance of LH and FSH
for Spermatogenesis

Spermatogenesis starts with the division of stem cells and ends with the formation of
mature sperm. The various germ cells are arranged in typical cellular associations
within the seminiferous tubules known as spermatogenic stages, and the entire
spermatogenic process can be divided into four phases and requires 16 days for
the development and differentiaton of an Ap spermatogonium into a mature sperm:

1. Mitotic proliferation and differentiation of diploid germ cells (spermatogonia)
(spermatogoniogenesis)

2. Meiotic division of tetraploid germ cells (spermatocytes) resulting in haploid
germ cells (spermatids)

3. Transformation of spermatids into testicular sperm (spermiogenesis)
4. Release of sperm from the germinal epithelium into the tubular lumen

(spermiation).

It must be pointed out, however, that a recent review recommends 74 days by
including time for spermatogonial renewal (Amann 2008).

The gamete development through several stages (from spermatogenesis to
spermiation) is regulated by the brain, e.g., the hypothalamus and pituitary via
GnRH and gonadotropins. Importantly, the hypothalamic–hypophyseal circuit is
subject to negative feedback regulation mediated by testicular factors. Te inhibits
the secretion of LH and FSH. For FSH, the protein hormone inhibin B plays an
important role.

For the interpretation of hormonal regulation and hormonal effects on spermato-
genesis, the following terminology should be remembered:

1. Initiation: First complete cycle of spermatogenesis during puberty.
2. Maintenance: Hormonal requirements of intact spermatogenesis in the adult.
3. Reinitiation: Hormonal requirements for the restimulation of gametogenesis after

transitory interruption.
4. Qualitatively normal spermatogenesis: All germ cells are present although in

subnormal numbers.
5. Quantitatively normal spermatogenesis: All germ cells are present in normal

numbers.

Considerable efforts were undertaken to unravel the relative importance of LH/Te
and FSH for qualitative and quantitative initiation, maintenance, and reinitiation of
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spermatogenesis (Fig. 6). It is generally assumed that either Te or FSH alone is able
to initiate, maintain, and reinitiate spermatogenesis but only to a qualitative extent.
In order to achieve quantitative effects on germ cell production and sperm numbers,
at least under physiological conditions, both LH and FSH activities are needed
(Weinbauer et al. 2004).

These assertions are based upon controlled studies in nonhuman primate models
and volunteers and on studies in patient populations and case reports. The latter has
provided interesting information but can also confound interpretation of findings
owing to the variable endocrine and medical history of the patients. Complete
spermatogenesis is seen in the vicinity of Te-producing LC tumors and in patients
with activating mutations of the LH receptor, suggesting that pharmacologically high
local Te concentrations induce sperm formation. The aim of treatment is to obtain
sufficiently high intratesticular Te concentrations, which are crucial. This is normally
pursued clinically by giving hCG, which contains high LH activity, together with
FSH. On the other hand, patients bearing a defective FSH-β subunit, presented with
azoospermia. One of these patients was normally virilized, suggesting the need of
FSH for complete initiation of spermatogenesis in man (Lindstedt et al. 1998);
conversely, patients with selective LH deficiency can have complete spermatogen-
esis, indicating the ability of FSH to initiate the entire male germ cell development
cascade.

Exogenous provision of supranormal doses of Te or of gestagenic compounds
suppresses gonadotropin secretion through the negative feedback mechanism and
leads to a drastic decrease of sperm numbers in the ejaculate. In primates it is
essential that complete suppression of FSH secretion be achieved despite inhibition
of LH secretion. In the latter study, albeit LH bioactivity had been completely
eliminated, a slight and transient rebound of FSH secretion provoked an escape of
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spermatogenic suppression. In gonadotropin-suppressed men, either FSH or LH
maintained spermatogenesis. The importance of FSH is also evident from a hypoph-
ysectomized patient in whom an activating mutation of the FSH receptor coexisted
with normal spermatogenesis in the absence of LH. Conversely, inactivating muta-
tions of FSH action do not necessarily lead to a complete block of spermatogenesis.
Although either hormone on its own has the potential to elicit the entire spermato-
genic process, this is not always the case in patients receiving androgen/hCG
therapies. In case of failure of hCG, however, the addition of FSH has been shown
to permit completion of spermatogenesis in hypogonadotropic men with azoosper-
mia. Finally, in primates, both gonadotropins are necessary for spermatogenesis. The
biological meaning of this dual regulation system is not clear yet. From a clinical
viewpoint it is concluded that the synergistic action of LH/Te and FSH is necessary
for the initiation, maintenance and also for reinitiation of normal spermatogenesis
(Tobet and Schwarting 2006). The regulation of testicular function is primarily
controlled by central structures, but the complexity of the testicular cell types and
architecture also mandates a variety of local control and regulatory mechanisms. The
categories of local interactions and communication can be classified as paracrine,
autocrine, and intracrine. In addition, the interplay between the different testicular
compartments is also subsumed under local interactions. It is evident that the
endocrine mechanisms play the central role in the regulation of testicular function
and factors produced locally are important for the modulation of hormone activity
and local factors could thus be seen as mediators of hormone action and intra-/
intercellular communication. Moreover, it can be reasonably assumed that other still
unidentified protein factors mediate the communication between interstitial and
tubular compartments, between SC and germ cells and between germ cells
(Weinbauer and Wessels 1999). Growth factors bind to surface receptors and induce
cell-specific differentiation events via specific signal transduction cascades. Among
those factors participating in the local regulation of spermatogenesis are trans-
forming growth factor (TGF)-α and TGF-β, inhibin and activin, nerve growth factor
(NGF), insulin-like growth factor I (IGF-I), fibroblast growth factor (FGF), and
epidermal growth factor (EGF) (Laron and Klinger 1998).

Insulin-Like Factor 3 (INSL3)

INSL3 is a member of the relaxin-like peptide family, and it is emerging as a key
factor in the regulation of a variety of developmental processes related to reproduc-
tion (Foresta et al. 2004). The binding of the hormone to its specific receptor LGR8
(also known as leucine-rich repeat-containing G protein-coupled receptor) activates
adenylate cyclase and cAMP production through Gs proteins, although alternative
mechanisms have been proposed (Kumagai et al. 2002). INSL3 is expressed in pre-
and postnatal LC of the testis. The major known endocrine role of INSL3 is related to
the regulation of the transabdominal phase of testicular descent by action on the
gubernaculum. As a consequence, Insl3 and Rxfp2 knockout mice have bilateral
cryptorchid testes, and mutations in the INSL3 and RXFP2 genes have been
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associated with testis maldescent also in humans (Ferlin et al. 2003). In addition to
the prenatal role for INSL3, further possible endocrine and paracrine actions in adult
males have recently gained particular attention based on several observations. First,
in adults, INSL3 is produced constitutively but in a differentiation-dependent man-
ner by the LC under the effect of luteinizing hormone (LH), and substantial circu-
lating INSL3 levels are present in adult men. Reduced plasma concentrations are
seen in situations of undifferentiated or altered LC status (such as hypogonadism),
and INSL3 has been suggested to be even more sensitive than Te to impaired LC
function (Ferlin et al. 2006). Second, RXFP2 is expressed in many tissues besides
the gubernaculum, including the kidney, skeletal muscle, thyroid, pituitary gland,
brain, and bone marrow, and paracrine roles for INSL3 have been suggested in the
testis, ovary, thyroid, and mammary gland (Fig. 7).

Steroid Hormones

Te is the main secretory product of the testis, along with 5α-dihydrotestosterone
(DHT), androsterone, androstenedione, 17-hydroxyprogesterone (17-OH-Pg), pro-
gesterone (Pg), and pregnenolone. The role of androsterone, 17-OH-Pg, and Pg in
the testis is unknown, but progesterone receptors have been found in some peri-
tubular cells and on spermatozoa. For Te, a classic endocrine factor, compelling
evidence is available as a pivotal local regulator of spermatogenesis. Rodent data
demonstrated that selective elimination of LC, interruption of testicular Te transport,

Fig. 7 Hormonal control of testicular descent
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and specific SC androgen receptor knockout models provoked profound alterations
of germ cell maturation (Takaimya et al. 1998). Selective peritubular cell androgen
receptor knockout mice exhibited specific SC and peritubular cell defects. Sper-
matogenesis was present in boys with Te-producing LC tumors but only in seminif-
erous tubules adjacent to the tumor and not in tumor-free areas. Similarly, activating
mutations of the LH receptor prematurely induced qualitatively normal
spermatogenesis.

In fertile men, testicular Te concentrations exceed that of SHBG/ABP by about
200-fold, indicating a substantial surplus of Te in the testis. Testicular Te concen-
trations are >80-fold higher than those in plasma (Coviello et al. 2005). Te is
metabolized to DHT by testicular 5α-reductase activity and to estradiol by testicular
aromatase activity. To what extent these metabolic activities are essential for sper-
matogenesis besides Te itself is not entirely clear.

Although it is established beyond doubt that Te is an essential local regulator of
spermatogenesis, it has been surprisingly difficult to demonstrate a clear-cut rela-
tionship between testicular Te concentrations and germ cell production. In non-
human primates, no correlation between testicular androgen levels and germ cell
production/spermatozoa number was observed. Similarly, contraceptive studies in
volunteers failed to demonstrate a correlation between intratesticular steroids and
germ cell numbers (Matthiesson et al. 2005b). In the nonhuman primate, Te induces
the formation of smooth muscle actin in the peritubular cells during prepubertal
testicular maturation. Peritubular cells express the androgen receptor. Te effect is
significantly reinforced by FSH. Since FSHR are found only in SC, it follows that
FSH influences androgen action indirectly through factors arising in the SC. This
indicates that as an endocrine factor, FSH can also induce the formation of physi-
ologically relevant, locally acting factors in the primate testis. Interestingly, recom-
binant FSH stimulates Te production in men (Levalle et al. 1998) and in patients with
selective FSH deficiency, lending further support to the importance of local interac-
tions between SCs, LCs, and peritubular cells in connection with the actions of
androgens and gonadotropins (Lofrano-Porto et al. 2008).

Testicular Descent

The incidence of positional anomalies of the testis is over 3% and ranges among the
most common congenital defects. These defects are associated with spermatogenic
disturbances such as fewer spermatogonial stem cells at birth compared with normal
boys and increased risk of testicular tumor development. Testicular descent is
multifactorial with two distinct phases. The first is descending phase from the
lower kidney pole to the pelvic cavity (transabdominal phase of descent) controlled
by the swelling of the gubernaculum. The shortening of the gubernacular cord and
the outgrowth of the gubernacular bulb controlled by the genitofemoral nerve are
independent of androgens. The gubernaculum deposits extracellular matrix, rich in
glycosaminoglycans and hyaluronic acid, and forms a cone-like structure at the
caudal end of the gonad, anchoring the developing testis close to the inguinal region
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during fetal growth. In the second phase, the descent into the scrotum (inguino-
scrotal phase of descent) is controlled by androgen action. In the 26th gestational
week, the gubernaculum begins to grow through the inguinal canal and reaches the
scrotum by gestational week 35, pulling the testis in its path before the
gubernaculum shrinks to a fibrous remnant. The intra-abdominal pressure and the
shrinkage of the gubernaculum may force the testis through the inguinal canal. At
birth, the testes reach at the bottom of the scrotum, and in 97% of boys, testicular
descent is completed within another 12 weeks (Fig. 7). The physiological and
endocrine mechanisms that govern testicular descent are not known in detail.
INSL3 is a potential regulator of testicular descent as suggested by the fact that in
gene knockout mice, maldescended testes remain located in the abdominal cavity.
INSL3 produced by the LC together with androgen induces the gubernaculum
growth and is therefore needed in the early phase, and knockout mice for INSL3
gene have their testes high in the abdominal cavity. Estrogens or environmental
endocrine disruptors have also been suspected to induce a downregulated INSL3
expression and thus disturb testicular descent. Genetic analysis in men revealed
several functionally deleterious mutations in both INSL3 and its receptor GREAT/
LGR8 gene (Boepple et al. 2008).

Vascularization, Temperature, and Regulation
of Spermatogenesis

Vascularization of the testis has two main roles: transport and mobilization of
endocrine factors and metabolites, as well as regulation of testicular temperature.
The arterial supply of the testicular parenchyma follows the lobular division of the
seminiferous tubules. Each lobule is supplied by one artery from which segmental
arteries, supplying blood to the lateral regions of the lobuli. Segmental arteries and
capillaries become branched between the LC and finally give rise to the venous
system.

In men, testicular temperature is about 3–4 �C below core body temperature and
about 1.5–2.5 �C above the temperature of scrotal skin. For the maintenance of a
physiologically lower temperature, the testis relies on two thermoregulatory systems.
Heat can be transferred to the external environment through the scrotal skin, as the
scrotal skin is very thin, possesses hardly any subcutaneous fat tissue, and has a very
large surface.

The second regulatory system is the pampiniform plexus. In this system, the
convoluted testicular artery is surrounded by several veins coiling around the artery
several times. Arterial blood arriving at the testis is thereby cooled down by the
surrounding venous blood. The usual explanation for the pampiniform plexus here is
to efficiently maintain the optimal temperature, which is below body temperature.
Recently, a new theory has been put forward hypothesizing that the process of
spermatogenesis results in a large amount of heat, which has to be regulated. Testes
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are located in the scrotum in order to maintain lower body temperatures. Some
mammals’ testes remain functional inside the body, e.g., elephants, but these animals
lack sweat glands and are closely related to aquatic ancestors which have to
compensate for the chilling effects of the heat-conducting environment, namely,
water. Human scrotal skin is devoid of subcutaneous fat and the presence of high
sweat gland density enables heat transmission. Upon exposure to cold temperatures,
the scrotal surface is minimized by contraction for preventing temperature loss, and
cremaster muscles retract the testes closer to the abdomen for temperature
maintenance.

Testicular Androgens

In men, testosterone is by far the most important and abundant androgen in blood.
More than 95% of the existing androgens derive from the testis, which synthesizes
about 6–7 mg Te per day. Apart the testes, the remaining contribution to androgen
production derives mainly from the adrenals. The site of androgen production in the
testis is the LC. Both synthesis and secretion are under regulation of pituitary LH and
local factors. The starting point for androgen synthesis is cholesterol and adult LCs
have additional requirements for cholesterol, because it is the essential precursor for
all steroid hormones. LH as the central regulatory factor controls both steroidogen-
esis and LC cholesterol homeostasis in vivo. Cholesterol can either be incorporated
by the cell through receptor-mediated endocytosis from low-density lipoproteins
(LDL) or can be synthesized de novo within the LCs starting from acetyl coenzyme
A (Sriraman et al. 2005). The conversion of cholesterol to Te goes through five
different enzymatic steps in which the side chain of cholesterol is shortened through
oxidation from 27-C to 19-C (Fig. 8). Te is the main secretory product of the testis,
along with DHT, androsterone, androstenedione, 17-OHPg, Pg, and pregnenolone.
The transformation of Te into DHT takes place principally into the target organs.
Androstenedione is important as a precursor for the production of extratesticular
estrogens. Biologically active estradiol can be produced as a result of extratesticular
aromatization of androstenedione to estrone that is subsequently reduced to estradiol
in peripheral tissues. Only a very small portion of the Te produced is stored in the
testis, and the androgen is mainly secreted in the blood.

Te concentrations in the testicular lymphatic circulation and in the venous blood
are very similar, but there are essential differences in the flow rate and velocity of
both systems. Therefore, transport of Te in the general blood circulation occurs
mainly through the spermatic vein. Androgens diffuse into interstitial fluid and then
enter testicular capillaries or enter capillaries directly from LC that is in direct
contact with the testicular microvasculature. The mechanism for Te transport from
the LC into the blood or lymphatics is not completely known. Probably lipophilic
steroids distributed within cells or small cell groups are released through passive
diffusion.
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Testosterone and Blood Transport

SHBG concentration in men is about one third to one half of the concentration found
in women. During transport in plasma, Te is mainly bound to albumin or to sex
hormone-binding globulin (SHBG), which is produced by hepatocytes. A protein,
the androgen-binding protein (ABP), with similar steroid-binding characteristics is
produced in the testis. SHBG is an α-globulin consisting of different protein sub-
units. In rats it is expressed in SC and is secreted preferentially into the seminiferous
tubules and migrates into the caput epididymis where it is internalized by epithelial
cells that regulate androgen-dependent mechanisms of sperm maturation. Testicular
SHBG isoforms are found in sperm and released from these during the capacitation
reaction. Plasma SHBG is about 95 kDa in molecular weight, 30% of which is
represented by carbohydrate, and possesses one androgen-binding site per molecule.
Human testicular SHBG transcripts are expressed in the germ cells and contain an
alternative exon 1 sequence, appearing to encode an SHBG isoform that is 4–5 kDa
smaller than plasma SHBG. Te-binding capacity is also much lower compared to the
plasma SHBG. In normal men, only 2% of total Te circulates freely in the blood,
while 44% is bound to SHBG and 54% to albumin. The binding affinity of Te to
albumin is about 100 times lower compared to SHBG. However, since albumin
concentration is much higher than that of SHBG, the binding capacity of both
proteins for Te is about the same. The ratio of Te bound to SHBG over free SHBG
is proportional to SHBG concentration. A direct measurement of free Te is imprac-
tical in routine practice, so that several equations are used to estimate the free Te
concentration in serum (Selva et al. 2005). The main dissociation of Te from binding
proteins takes place in capillaries. The interaction of binding proteins with the
endothelial glycocalyx leads to a structural modification of the hormonal binding
site and thereby to a change in affinity. As a result Te is set free and can diffuse freely
into the target cell. SHBG not only binds Te but also estradiol. The type of binding is
influenced by the different SHBG isoforms, but generally Te binds threefold higher
than estradiol to SHBG. Its concentration in serum is under hormonal regulation and
primarily regulated through opposing actions of sex steroids on hepatocytes, estro-
gen stimulation, and androgen inhibiting it. Other hormones such as thyroid hor-
mones are also potent stimulators of SHBG production. In normal, healthy men with
an intact hypothalamic–pituitary–testicular axis, an increase in plasma concentra-
tions of SHBG leads to an acute decrease of free Te and simultaneous stimulation of
Te synthesis, persisting until achievement of normal concentrations. SHBG concen-
trations can be elevated in hypogonadal men (Rolf 1997).

Extratesticular Metabolism of Testosterone

Te is a precursor of two important hormones: through 5α-reduction, as it gives rise to
the highly biologically (three- to sixfold compared to Te) active hormone 5a-
dihydrotestosterone (DHT), and through aromatization to estradiol. The half-life of
Te in plasma is only about 12 min. Reduction of Te to DHT occurs in the
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endoplasmic reticulum through the enzyme 5α-reductase which is located in cellular
microsomes. Both Te and DHT bind to the same intracellular androgen receptor to
regulate gene expression in the target tissue. Although they interact with the same
androgen receptor, Te and DHT produce distinct biological responses and the
molecular mechanisms are still under debate. Two isoforms of 5α-reductase could
be identified in humans by NADPH-dependent enzymes reducing the double bond at
the four to five positions in C-19 as well as C-21 steroids. The gene for 5α-reductase
type I is located on chromosome 5 encoding for a protein with 259 amino acids,
while the gene for the 5α-reductase type II is on chromosome 2 encoding for a
shorter protein with 254 amino acids. The two isoforms are very similar to each
other, but show different biochemical properties. One works optimally at an alkaline
pH, the other at acidic pH. Also, the tissue distribution of the two forms is different.
Type I 5α-reductase has been localized in the non-genital skin, liver, brain, prostate,
ovary, and testis, while type II is mainly active in classical androgen-dependent
tissues, such as the epididymis, genital skin, seminal vesicle, testis, and prostate but
also in the liver, uterus, breast, hair follicles, and placenta. At the cellular level, DHT
sustains differentiation and growth and is particularly important for normal sexual
development and virilization in men. It also affects the muscle mass and the
deepening of the voice. Overall, Te effects result from influences of the hormone
itself and of its metabolites estradiol and DHT. Changes in the property of type II
5α-reductase due to mutation can result in complete androgen insensitivity syn-
drome (CAIS) or partial androgen insensitivity syndrome (PAIS) (Imperato-
McGinley and Zhu 2002). In human tissues five aldo-keto reductase isoforms
(AKR) exist with varying reductase activity on the 3-, 17-, and 20-ketosteroid
position with isoform (AKR1C2) predominately converting 5α-DHT to 3α-diol.
The inactivated metabolites are excreted in the urine (Penning et al. 2000). Some
androgen metabolites are excreted in free form; others are glucuronated by the liver
before excretion. The 17-glucuronidation of the DHT to metabolite androstane-
3α,17β-diol is directly correlated with increasing of the risk factors for metabolic
syndrome (total fat mass, its distribution, intrahepatic fat, disturbed lipid profile,
insulin resistance, and diabetes) (Vandenput et al. 2007).

Mechanism of Androgen Action

Te dissociates from SHBG at the target organ and diffuses into the cells. The
conversion of Te into DHT is organ dependent. The first step in androgen action is
binding to the androgen receptor, which belongs to the family of steroid hormone
receptors. The mechanism through which the androgen receptor and other nuclear
receptors act as transcriptional factors has a general mechanism in which they bind to
their ligand in the cytosol thus inducing conformational changes, loss of chaperones,
dimerization, and nuclear translocation. Into the nucleus both (ligand and nuclear
receptor) bind to specific sequences of genomic DNA and induce stimulation of
RNA synthesis. Chromatin remodeling such as modification of histones plays a role
in gene transcription, and many nuclear receptor-interacting co-regulators perform

26 A. Ilacqua et al.



significant roles in gene transcription. Currently 48 nuclear receptors have been
identified in humans. These receptors share substantial functions and are thought to
have evolved from a single ancestral gene. Orphan nuclear receptors have also been
found for which no ligand has yet been identified. Members of this receptor family
possess an N-terminal domain, a DNA-binding domain, a hinge region, and a
hormone-binding domain (Kato et al. 2011).

Steroid receptors show high homology with the corresponding DNA-binding and
ligand-binding domains in the mineralocorticoid, glucocorticoid, and progesterone
receptors. In contrast, at the N-terminal domain, little similarity with these receptors
remains. The nuclear receptors are subdivided into two subfamilies depending on
their ligand partners’ forming homodimers such as the androgen receptor and other
steroid receptors; another subfamily forms heterodimers with only one ligand, such
as the thyroid hormone receptor. An important characteristic of the N-terminal
domain of the androgen receptor is the presence of short tandem repeats (STRs)
CAG coding for polymorphic polyglutamine, TGG repeats coding for polyproline,
and GGC repeats for polyglycine. In normal men, about 17–29 glutamine repeats
and 13–17 glycine repeats are present. Alleles of small GGC size have been
associated with esophageal cancer, while in patients with Kennedy disease, a disease
with degenerating motoneurons, up to 72 such glutamine repeats are present.
Furthermore, in the androgen receptor, long CAG and GGC alleles are associated
with decreased transactivation function and have been associated with cancers in
women. In the androgen receptor, a low-size CAG (<19 repeats) and GGC (<15
repeats) alleles result in higher receptor activity and have been associated with earlier
age of onset and a higher grade and more advanced stage of prostate cancer at the
time of diagnosis (Francomano et al. 2013a; Tirabassi et al. 2015).

The number of glutamine repeats of the androgen receptor has been associated
with azoospermia or oligozoospermia, but no clear association was found. The
mentioned subtle differences in the number of repeats, e.g., CAG or TGG and
GGC of AR gene, have also been tested for spermatogenic effects. In spite of
many efforts to demonstrate that the number of CAG triplets influences the tran-
scriptional activity of the androgen receptor, no clear relationship to disturbances of
spermatogenesis has been found in a wide variety of human ethnics. Some
oligozoospermic and azoospermic men bearing mutations in the ligand-binding
domain have also been identified. Androgen receptor defects such as deletions or
inactivating mutations can profoundly alter receptor function. The resulting pheno-
type is highly variable ranging from poor virilization to testicular feminilization.
Inactivating mutations of the androgen receptor gene in a 46 XY male with testes
resulted in a female phenotype owing to the complete lack of all androgen activity.
However, there is no uterus and only a partially formed vagina, and during puberty
pubic and axillary hair is scant or absent. This syndrome of complete androgen
insensitivity (AIS) was earlier called testicular feminization. Similar clinical conse-
quences are also typical for mutations which severely damage the function of the
androgen receptor, such as those in the DNA-binding or androgen-binding domain.
Partial AIS (PAIS) is due to mutations in the androgen receptor gene and over
800 mutations have been reported (http://www.androgendb. mcgill.ca). Furthermore,
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mutations which involve co-activators or co-repressors can also lead to PAIS of
different severity. Moreover, mutations in the N-terminal domain of the androgen
receptor, which can lead to elimination of the androgen receptor function, play a
minor role in male idiopathic infertility (Zuccarello et al. 2008).

Biological Actions of Androgens

In primates, the androgen receptor can be found not only in the classical androgen-
dependent organs, such as the muscles, prostate, seminal vesicles, epididymis, and
testes, but also in almost every tissue, e.g., the hypothalamus, pituitary, kidney,
spleen, heart, and salivary glands. Hence, Te exerts a variety of actions on many
body targets. In the testis, the androgen receptor is expressed in SCs, peritubular
cells, and LCs, while the germ cells seem not to express it. Studies in cell-specific
androgen receptor knockout mice demonstrated that the SCs require androgen for the
maintenance of complete spermatogenesis and that spermatocyte and spermatid
development depends on androgens. The peritubular myoid cells maintain their
cell contractility, ensuring normal spermatogenesis and sperm output. A functional
androgen receptor in LCs is essential to maintain spermatogenesis and Te production
and is required for normal male fertility (Xu et al. 2007). Androgens are important in
every phase of human life. During the embryonal stage, Te determines the differen-
tiation of the sexual organs and, during puberty, the further development toward the
adult male phenotype, which is then maintained along with important anabolic
functions. DHT is the main androgen acting on the epididymis, vas deferens, seminal
vesicles, and prostate, originating from Te through 5α-reductase. These tissues are
particularly dependent on continuous androgen action. In addition, Te aromatization
to estrogens plays an important role in prostate growth. Estrogen concentrations in
prostate stromal tissue are clearly increased in case of benign prostatic hyperplasia
(BPH). Estrogens, acting in synergy with androgens and the estrogen receptor ß, are
required to regulate the proliferative and antiproliferative changes that occur during
normal prostate development and differentiation. In the epididymis, the seminal
vesicles, and the vas deferens, a lack of Te can result in regression of the secretory
epithelia, eventually leading to aspermia (ejaculation failure). The androgen effects
in these organs are mediated through Te, DHT, and estradiol.

Both Te and DHT are necessary for normal penis growth, which is positively
correlated with the increasing Te concentrations during puberty. The masculinization
of Wolffian ducts is primarily caused by Te, whereas the transformation of the
external genitalia, urethra, and prostate is primarily due to DHT. However, androgen
receptors are no longer expressed in the penis of adult men, and any androgen
deficiency after puberty results in only minor decrease of penis size. Similarly, Te
administration to adults is not capable of increasing penis size. Te is the main
androgen present in muscles, which have very low 5α-reductase activity. Skeletal
muscles are capable of converting circulating dehydroepiandrosterone (DHEA) to Te
and estrogen. Te has direct anabolic effects both on smooth and striated muscles with
an increase of muscular mass and hypertrophy of the fibers. In modern sports these
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effects have led to an abuse of these steroids to increase the muscle mass in both
sexes, and loss of Te can lead to muscular atrophy. Also, androgens influence the
neuromuscular system (NM) throughout genomic and non-genomic pathways. The
genomic pathways are mainly involved in long-term effects of Te on muscle
structure and function, whereas the non-genomic pathways are responsible for
rapid effects of Te on NM metabolisms and functions and, probably, only as an
integrated step also on muscle structure. Even if scarce data exist in humans,
probably, steroids influence the nervous component of NM system (e.g., motor
behavior, neuronal activity, intracellular signaling) mainly through non-genomic
mechanisms (i.e., voltage-dependent K+ currents, Ca2+ channels, neurotransmitters,
etc.). Te replacement treatment would reduce excitability of the NM system, and it
would favor a predominant recruitment of slow-twitch motor units (Felici et al.
2016). Both androgens and estrogens induce an increase of bone density by stim-
ulating mineralization, while the lack of these steroids results in osteoporosis. The
skeleton develops distinctly in males and females, particularly at the periosteal
surface. Sex differences in skeletal morphology and physiology occur at or around
puberty, with little effect of gonadal steroids prior to puberty. At the beginning of
puberty, the increase in linear growth of bones is directly correlated with increasing
Te concentrations. It is known that gender differences, particularly with respect to
“bone quality” and architecture (i.e., predominantly bone width), are modulated by
the balance of the sex steroids estrogen and androgen. At the end of puberty,
depending on the presence of Te, epiphyseal closure occurs, an event that can be
consistently delayed in the presence of low Te concentrations. Low Te is associated
with increased risk of fracture, particularly with hip and nonvertebral fractures. It is
clear now that the androgen action on bone metabolism is mediated through estradiol
(Valimaki et al. 2004).

The effects of androgens on the skin and dependent organs vary in the different
cutaneous districts and are mediated by Te and, probably, DHT. Depending on Te,
the growth of sebaceous glands can be stimulated, and sebum production in the face,
upper part of the back, and in the skin of the chest can be induced. Te contributes to
the development of acne vulgaris, while estrogens can diminish sebum concentra-
tion. The effects of DHTand Te on the hair are influenced by the androgen sensitivity
of the hair follicle. While axillary hair and the lower part of pubic hair start growing
even in the presence of low androgen concentrations, much higher androgen levels
are necessary for the growth of the beard, upper part of the pubic hair, and chest hair.
The hairline is determined both by genetic factors and individual distribution of the
androgen receptor and depends on the androgen milieu. High 5α-reductase activity
has been observed in bald men, while in patients with 5α-reductase deficiency or
hypogonadism, there is no regression of the hair line. Since the growth of the scalp
hair is related to increased 5α-reductase activity, increased activity of this enzyme
with consequences for hair loss could be an expression of the precocious aging of the
hair follicles. Androgens stimulate hair follicles to alter hair color and size via the
hair growth cycle and seem to reduce alopecia (Randall et al. 2008).

During puberty, there is a Te-dependent growth of the length of the larynx of
about 1 cm. This size increase, together with the length and mass of the vocal cords,
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leads to a lowering of vocal register. A deep voice is directly related to androgens so
that a lower register can also be induced in women by Te treatment. The depth of
voice in a man is correlated with the duration of the pubertal phase after which the
androgen receptors are lost. Once reached, register remains unchanged and no
modification of the voice can be obtained after puberty in hypogonadal patients.
The gender-specific change of the vocal register is correlated with the degree of
mineralization in human thyroid cartilage. Few chondrocytes near the mineralization
front are positive for the androgen receptor and also for alkaline phosphatase,
suggesting an involvement in androgen-mediated thyroid cartilage mineralization
(Claassen et al. 2006).

The influence of androgens on the hematopoietic system is twice. Through the
androgen-dependent, receptor-mediated erythropoietin synthesis, there is robust
stimulation of erythrocyte production. Androgens also directly affect the hemato-
poietic stem cells and lead to increased synthesis of hemoglobin. These effects can
also be demonstrated in vitro on the granulopoietic and thrombopoietic stem cells,
although the role of androgens in this field is still unclear.

In the central nervous system (CNS), Te can be either aromatized to E2 or reduced
to DHT. The individual activities of the different enzymes and distribution of
receptors are not homogeneous in the CNS, but rather vary according to the brain
region. Recent data show that neural stem/progenitor cells (NSPCs) from the
sub-ventricular zone of male and female mice respond to principal sex hormones;
therefore circulating estradiol and Te could be prime mediators of sexually dimor-
phic NSPC regulation (Ransome and Boon 2015). During the intrauterine period, a
boy’s brain develops in the male direction induced by Te and in a girl in the female
direction through its absence. The gender identity, the sexual orientation, and other
CNS-controlled behaviors are programmed at this early period of development.
Androgens are also important for other male characteristics such as aggressive
behavior, initiative, and concentration capacities. A connection with spatial orienta-
tion and mathematical and composition skills is still under discussion. There is a
close relationship between androgen milieu and normal corporeal and spiritual
performance and activity as well as good general mood and self-confidence. The
frequency and presence of sexual fantasies, morning erections, frequency of mas-
turbation or copulation, and sexual activity are related to blood Te concentrations in
the normal-to-subnormal range. Conversely, androgen deficiency is often accompa-
nied by loss of interest, lethargy, depressive mood, loss of libido, and sexual
inactivity. Furthermore in the adult, Te in the brain is neuroprotective and may
influence motor neuron regeneration in adulthood (Zitzmann 2006). Reduced Te
level is associated with depressive disorders and depends upon the androgen recep-
tor genotype. The role of Te in the CNS is still poorly understood, but evidence
suggests that Te could be helpful in the treatment of cognitive diseases, including
dementia. Te appears to activate a distributed cortical network and addition of Te
may improve spatial cognition in younger and older hypogonadal men (Isidori et al.
2015).

30 A. Ilacqua et al.



Te plays a key role in erectile function through coordinating and facilitating such
processes by androgen receptors localized within vascular endothelium and smooth
muscle cells. Thus, arterial functions may be directly subject to T influence, and most
likely, two independent pathways of T-induced effects within the vessel wall can be
assumed (i.e., genomic and non-genomic) (Fig. 9). Androgen sensitivity could be
also modulated by a functional polymorphism of the AR that influences the strength
of the genomic signal transduced from its interaction with an androgen as a bound
ligand. One such functional AR polymorphism is the exon 1 triplet CAG (poly-
glutamine) whereby the repeat length is inversely correlated with androgen sensi-
tivity. Thus, T may directly control the expression and activity of type
5 phosphodiesterases (PDE5) in human corpus cavernosum through the existence
of a single androgen-responsive element identified in human PDE5A gene promoter
(Francomano et al. 2013b). The effects of androgens on penile tissues in experimen-
tal models demonstrated that androgen deprivation induces:

1. Smooth muscle cell degeneration (apoptosis) and adipose tissue deposition with
associated fibrosis of corpus cavernosum

2. Reduction in the expression of nitric oxide synthase (eNOS and nNOS) and
decrease of arterial

3. Inflow and increase of venous outflow in the corpus cavernosum
4. Enhanced response to mediators of vasoconstriction and smooth muscle contrac-

tion such as a-adrenergic agents
5. Decrease of NO-mediated smooth muscle relaxation during sexual stimuli
6. Downregulation of expression of PDE5

Preclinical investigations provided evidence that PDE5i are less effective in
androgen-deficient animals and that the re-administration of androgen facilitates
PDE5i action, and this was confirmed in humans (Aversa et al. 2015).

Cross Talk Between Testis, Bone Marrow, and Pancreas

Emerging data suggest that bone mass, energy metabolism, and reproduction may be
coordinately regulated. Adiponectin has been proposed as a major player with its
strong association with impaired glucose tolerance, independently of adiposity.
Adiponectin and glucose homeostasis are both regulated by osteocalcin (OSCA),
an osteoblast hormone linked to vitamin D metabolism (Lee et al. 2007). Also, the
recent animal studies by Oury et al. revealed that the bone is a positive regulator of
male fertility and that this action may be mediated through OSCA, via its binding to
a specific G-coupled receptor, GPRC6A, present on Leydig cells that favors Te
biosynthesis. OSCA-deficient mice show a decrease in testicular, epididymal, and
seminal vesicles weights and sperm count, and Leydig cell maturation appears to be
halted in the absence of OSCA (Oury et al. 2011). OSCA-stimulated Te biosynthesis
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is positively regulated by insulin signaling in osteoblasts which in turn stimulates the
bioactivation of OSCA. In a feedback loop control, undercarboxylated active OSCA
then stimulates insulin secretion by the cells of the pancreatic islets, promotes insulin
sensitivity in peripheral organs, and favors Te biosynthesis in Leydig cells of the
testis.

Te in turn favors bone growth, maintenance, and maturation (Francomano et al.
2013a). Human data shows an association between visceral fat mass, insulin sensi-
tivity, OSCA, and T levels in humans, which significantly correlate with skeletal
health. In this view, OSCA results as an important marker of metabolic and gonadal
functionality, other than its well-established function as a marker of bone remodeling
(Migliaccio et al. 2013).

Aging

In aging men stochastic damage leads to gradual impairment of the hypo-
thalamic–pituitary–testicular axis, which is manifested as an age-related decrease
of total, free, and bioavailable Te. Primary testicular changes, including decreased
numbers of LCs, increased deposits of lipofuscin, and disrupted steroidogenesis,
reduce Te synthesis and its reserve capacities. Age-associated increases in SHBG
serum levels further aggravate decreases in bio-Te and free Te compared to total
Te. Although decreased, testicular functional reserve capacity is generally sufficient
for adequate GnRH/LH feed-forward signals, which should result in fully compen-
satory Te secretion. However, inadequate amplitude of GnRH and LH synchronous
pulses due to lower numbers and insufficient synchronization of hypothalamic
neurons with aging lower testicular Te output and availability. Thus, mild secondary
hypogonadism of the hypothalamic–pituitary unit in elderly men results in the
inability to compensate for mostly mild primary testicular hypogonadism/hypo-
androgenism. This secondary hypogonadism is observed, although there may be
reduced Te feedback inhibition, maintained LH secretory capacity of gonadotropins,
increased LH metabolic half-life, and increased efficacy of suboptimal effective
GnRH pulses. Men >80 years exhibit increasing LH levels, which may also occur
in middle-aged men due to the loss of elevated opioid tone (Kaufman and Vermeulen
2005). Te deficiency (TD) is now the preferred terminology by many experts over
the traditional term, hypogonadism or late-onset hypogonadism, due to its greater
specificity. Whereas hypogonadism refers to inadequate function of the testicles with
regard to both Te and sperm production, TD refers only to inadequate Te production.
As the large majority of affected men with TD are older and unconcerned with their
fertility, the term TD is more appropriate. The Massachusetts Male Aging Study
(MMAS) investigated the relationships between age-related transitions in Te and
health or lifestyle changes and reported that a 4–5 kg/m2 increase in BMI had a
comparable negative impact on Te as 10 years of aging (Travison et al. 2007).
MMAS also reported that weight gain was associated with subsequently lower levels
of Te than remaining nonobese. In obese diabetic patients, interventional weight loss
regimes resulted in increased Te. However, it is not known whether “unsupervised”
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weight loss in the general population would have a similar impact on Te (Camacho
et al. 2013). The diagnosis of TD requires the presence of characteristic symptoms
and/or signs together with confirmatory blood tests demonstrating low Te levels
(Table 1). It is important to note that individuals with low Te levels may not have any
symptoms or signs, and there is no good evidence at this point in time that these men
deserve treatment. Conversely, men with suggestive symptoms but with entirely
normal Te levels are not considered candidates for treatment.

The clinical diagnosis of TD requires double confirmation via demonstration of
low Te levels. The most frequently used test is total Te, and most professional
societies and experts recommend this test as their primary biochemical determinant.
However, it is critical to note that there is no universally accepted biochemical
definition of T deficiency. This is reflected by the different Te thresholds suggested
by different society guidelines and expert groups, as well (Table 2). TD is an

Table 1 Sign and symptoms of testosterone deficiency

Sexual symptoms Non-sexual symptoms Signs

Low sexual desire (libido) Decreased energy, vitality, well-
being and motivation

Enlarged waist

Erectile dysfunction Depressed mood, dysthymia,
feeling sad or blue

Obesity (increased
BMI)

Infrequent morning/nocturnal
erection

Poor concentration and memory Anemia

Difficulty achieving orgasm Increased sleepiness, fatigue Reduced testis and
prostate volumes

Diminished intensity of the
experience of orgasm

Diminished physical or work
performance

Reduced muscle bulk
and strength

Diminished sexual genital
sensation

Hot flushes, sweats Gynecomastia

Impaired cognition (“brain fog”) Reduced beard growth
and body hair

Low bone mineral
density

Table 2 Proposed cut-offs for plasma testosterone by different scientific societies

Total T
Free T (calculated
or EqD)

US Endocrine Society 2010 (Boepple et al. 2008;
Penning et al. 2000)

<300 ng/dL (<10.4
nmol/L)

<50–90 pg/mL

EAA, ISA, ISSAM 2009 (Vandenput et al. 2007) <3 50 ng/dL (12.1
nmol/L)

<65 pg/mL (<225
pmol/L)

EAU 2012 Kato et al. (2011) <3 50 ng/dL (12.1
nmol/L)

< 84 pg/mL (<243
pmol/L )

80–100 pg/mL

Some experts (Francomano et al. 2013; Tirabassi
et al. 2015)

<400 ng/dL (13.9
nmol/L)

1.5 ng/dL (by RIA)
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important clinical condition that affects men of all ages. The treatment with Te
provides symptom relief for many affected men and improves general health param-
eters. There is thus great value for the practicing clinician to be aware of the
condition and to diagnose and treat it at any age, when present (Aversa and
Morgentaler 2015).
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Abstract
This chapter discusses ovarian processes starting in uterine life and subsequently
across the following phases: from birth until puberty, the pubertal period itself,
then from post puberty until menopause, and finally during menopause and the
postmenopausal phase. The ovary has three important functions: first, oocyte and
follicle formation and storage; second, oocyte and follicle development resulting
in ovulation; and third, reproductive hormone production. The hormone produc-
tion is inseparable from follicular development. The various processes are
described in each of the different phases of life.
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Forming the Gonads (Fetal Life)

During intrauterine life the ovary is formed from the gonadal (genital) ridges. The
primordial germ cells originating from the yolk sac invade the gonadal ridges from
week 6 of development. This journey is performed by amoeboid movement along
the dorsal mesentery of the hindgut arriving at the primitive gonads at the beginning
of the fifth week and invading them by the sixth week. Different genes and proteins
play an important role in this process. If the primordial germ cells fail to reach their
goal, the gonads will not develop. When arrived in the gonadal ridges, the primordial
germ cells differentiate into oogonia and start to proliferate. The process of mitosis,
meiosis, and apoptosis determine the amount of oogonia. By the sixth to seventh
week, the number of oogonia is approximately 10,000 with the highest number
around 20 weeks of gestation of approximately six to seven million. At this point, the
process of apoptosis of oogonia will be dominant, and the amount will fall to
700,000–1,000,000 at birth.

The oogonia enter the prophase of first meiosis forming the primary oocytes. This
process starts at 8th–13th weeks/at about 15 weeks of fetal life. Retinoic acid
produced in the fetal ovary and mesonephros plays a role in this process protecting
the oogonia against programmed apoptosis. Oogonia that did not enter the prophase
of the first meiosis after 7 months of gestation undergo apoptosis. The surface
epithelial cells proliferate and invade the mesenchyme surrounding the primary
oocyte with a single layer forming primordial granulosa cells (also called follicular
cells). The primary oocyte and granulosa cells develop a close interaction by gap
junctions through which intensive signaling between these cells can take place. The
granulosa cells prevent the primary oocytes from continuing the process of first
meiosis until the follicle enters ovulation. Then ovulation will disrupt gap junctions
allowing the oocyte to enter the final stage of the first meiosis. The primary oocyte
and single layer granulosa cells together form the primordial follicle.

The follicles formed in the fetal stage can show abnormalities which are not found
after birth anymore. The granulosa surrounding the oocyte can configure tails instead
of a regular circle (Peters et al. 1978). Follicles can contain more than one oocyte and
the theca layer can be hyper- or hypotrophic. It seems that the follicle selection is
targeting to keep the most healthy follicles in the resting pool since these abnormal-
ities are not seen after birth.

Gonadotrophin-releasing hormone (GnRH) is present in the hypothalamus at
9 weeks of gestation, and its storage increases until approximately 20 weeks. Also
the concentrations of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) in the pituitary increase during fetal life and stabilize from 20 weeks onward
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being detectable from the third month of gestational age and reaching a maximum
level around fifth to seventh month of gestation. Thereafter, circulatory LH and FSH
plasma serum concentrations decrease until lower levels around term. LH and FSH
do not influence mitosis of the oogonia or the progression of the oocyte until the
diplotene stage of the meiosis and formation of primordial follicles in fetal life
(Baker and Scrimgeour 1980).

Prepubertal Silence (Birth Until Puberty)

In this phase of life, the decline of the follicle pool continues. During this phase,
there is a continuous development of follicles until the pre-antral stage (1 mm, no
formation of lumen). Some follicles may develop slightly further, but in the end, all
maturing follicles become atretic (Anderson et al. 2014).

Compared to pubertal ovaries, prepubertal ovaries contain a higher proportion of
abnormal nongrowing follicles characterized by indistinct germinal vesicle mem-
brane and absent nucleolus. It is possible that these follicles will be recruited to grow
but ending eventually in apoptosis since these abnormalities are not seen in adult
ovaries (Anderson et al. 2014).

Immediately after birth, an active GnRH system is triggering pulsatile pituitary
LH and FSH secretion causing a mini puberty in the neonate. This pulsatile LH and
FSH secretion lasts longer in girls than in boys. But after some time, GnRH secretion
reduces and the period of prepubertal silence follows. Consequently, LH and FSH
levels in prepubertal girls are extremely low (Fig. 1) (Apter et al. 1989). This is why
follicle development at this age will not complete beyond the antral follicle stage. In
cord blood taken immediately after birth, high concentrations of estradiol and estriol
are found. Estradiol concentrations decrease rapidly after birth. Both estradiol and
estriol originate from mother or placenta and not from ovaries of the newborn infant
self (Kuijper et al. 2013). During the mini puberty, larger follicles are found then
after prepubertal silencing (Kuiri-Hanninen et al. 2013; Kuiri-Hanninen et al. 2011).
This mini puberty goes together with a transient increase in anti-Müllerian hormone
(AMH), inhibin B, and estrogen concentrations (Andersen et al. 2010; Hagen et al.
2010; Kuiri-Hanninen et al. 2011). Each of these hormones will be in more detail
discussed later.

The prepubertal period is characterized by a very low FSH tone which is not
necessary for the initial follicular recruitment which does take place prepubertally
(Durlinger et al. 2001; Kumar et al. 1997). It has been shown that these early stage
developing follicles from the primary until early antral stage in an FSH absent
surrounding show more abnormalities (Halpin et al. 1986; McGee et al. 1997)
explaining why more oocyte abnormalities are seen in fetal and prepubertal stage
compared with later life phases.

AMH concentrations are stably low in an individual prepubertal girl, but prior
to the onset of puberty until the onset of puberty, a subtle rise in AMH is observed
and followed by a small decline after the onset of puberty (Hagen et al. 2012a, b;
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Lashen et al. 2013). Inhibin B and estrogen concentrations are low in prepubertal
girls as well.

During childhood the ovary becomes larger and heavier by growing of the stroma
and of the amount of larger antral follicles. It should be noted that the process of
follicle maturation until the antral stage is already present in older children. How-
ever, these follicles become atretic at any time during the various developmental
phases. The presence of large antral follicles increases with age, but they never reach
the preovulatory stage yet.

Starting to Work (Puberty)

The definition of puberty is the period during which physical changes appear
resulting in being able to procreate. The onset of puberty is independent from the
gonads. However, they play an important role in endocrinal changes during puberty
resulting in physical changes. Two systems are responsible for the endocrinal
changes; first the hypothalamic, pituitary, and gonadal axis and second the adrenal
gland (adrenarche).

birth menarch menopause

FSH LH

time

LH

time

LH

time

LH

400.000 follicles < 1000 follicles 

prepubertal puberty fertile life phase

1000.000 follicles 

Fig. 1 Schematic graph of gonadotrophins throughout life. Graphical representation of concentra-
tions of follicle stimulating hormone (FSH) and luteinizing hormone (LH), throughout the life of a
women (After Naftolin et al. 1974)
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Puberty starts with an increase in pulsatile GnRH release by the hypothalamus
both elevated in pulse frequency and amplitude. The pituitary is stimulated by GnRH
and is becoming more sensitive for it resulting in increasing concentrations of LH,
FSH, and finally estradiol (Apter et al. 1989; Dickerman et al. 1976). This results
first in a nocturnal LH pulse release and secretion of FSH (Fig. 1) followed by
increased estrogen concentrations in the early morning. This elevation in estrogen
concentration is responsible for the start of breast development (thelarche).

After puberty the development of the antral follicles until the preovulatory phase
occurs in monthly cohorts controlled by gonadotrophins. The follicles can continue
to develop to Graafian preovulatory size and are able to ovulate, thereby releasing
the oocyte with conversion of remaining follicle structure into the corpus luteum that
starts to produce progesterone in large quantities. With no fertilization and preg-
nancy, the endometrium breaks down, and the menstruation will take place.

The first vaginal bleeding a girl experiences is referred to as menarche. The first
year after menarche, 55% of the cycles are anovulatory, and the bloodshed is more
the result of imbalanced estrogenic endometrial stimulation (Fraser and Baird 1972).
This is the result of the immature collaboration of the hypothalamus, pituitary, and
ovaries with as a consequence an absent positive feedback response to estrogens
which is necessary to induce ovulation (Fraser Michie et al. 1973; Sizonenko 1978;
Winter and Faiman 1973).

Less follicles in pubertal ovaries will be morphologically and functionally abnor-
mal than in the prepubertal ovary (Anderson et al. 2014). The maturing follicles
produce androgens, estrogens, and after ovulation progesterone. As already men-
tioned briefly, these endocrinological changes will be responsible for initiating
physical changes during puberty development. Estrogens among others cause further
growth of the labia minora, increase the size of the uterus, and control thelarche.
Androgens are among others responsible for pubarche, body odor, and acne. Pro-
gesterone is responsible for among others coloring of the areola of the mamma and
mamma development. Despite the fact that adrenarche precedes puberty, thelarche
but not pubarche is usually the first sign of the start of puberty in girls (Mouritsen
et al. 2013).

The adrenarche is the start of the production of the androgen dehydroepiandros-
terone sulfate (DHEAS) and androstenedione in the reticular zone of the adrenal
gland. This process starts several years before puberty but is closely linked in timing
to the onset of puberty. However, both processes take place independently from each
other. In the absence of adrenarche, puberty starts on a normal age, and patients with
gonadal deficiency will develop a normal adrenarche. The adrenergic androgen
production is supported by ovarian androgen production during and after puberty.

Fertile Life Phase (Menarche Until Menopause)

Follicles are the functional units of the ovary and are responsible for hormone
production and the development and potential release of fertile oocytes. At the
onset of puberty, 400,000 follicles are left, and only 400–500 follicles will end in
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ovulation which is less than 1%. The various developmental phases of follicles are
illustrated in Fig. 2. At any time frame, the ovary consists of follicles in various
developmental phases. The dominant follicle develops each cycle and is not present
in the beginning of the cycle and after ovulation. The functional corpus luteum is
only present in the luteal phase. The various types of follicles present in the ovary are
the primordial follicle (resting follicle), the primary follicle (pre-antral follicle), the
secondary follicle (pre-antral follicle), the tertiary follicle (the nondominant small
antral follicle), the dominant tertiary follicle (large antral follicle), and finally the
mature tertiary follicle (Graafian follicle) (Fig. 2). After ovulation, the remains of the
follicle are composed by granulosa and theca cells developing into corpus luteum.

It seems that the process of follicle development is designed to allow the
healthiest oocyte to develop to the final stage ending in ovulation. By communica-
tion with its environment via paracrine signaling, the oocyte doing this most
effectively survives. The earlier follicle phases are controlled by paracrine and
autocrine regulation mechanisms. Both inhibiting and activating pathways are
suggested to play a role in this early follicular development. The late follicle
developmental phases are controlled by an endocrine system with a dominant role
of the gonadotrophins. However, FSH is also associated with follicular development
in pre-antral follicles: earlier pre-antral follicles are gonadotrophin sensitive but not
dependent, while the late antral/preovulatory follicles are gonadotrophin dependent.
Early follicle development improves in the presence of FSH but is also present in
absent FSH conditions, whereas under these circumstances, late follicle develop-
ment will not take place (Arendsen de Wolff-Exalto 1982; Durlinger et al. 2001;
Halpin et al. 1986; Kumar et al. 1997; McGee et al. 1997). This phenomenon is also
referred to as earlier follicle development being FSH sensitive (can do without FSH)
and late follicle development being FSH dependent (cannot do without FSH)
(Dewailly et al. 2016).

Primordial Follicle Activation

The resting phase is the primordial follicle which consist of an oocyte and flattened
granulocytes (Fig. 2). While the primordial follicle is usually referred to as the
resting phase of the follicle, it has been demonstrated that the oocyte in these follicles
is metabolically active and transcribes genes responsible for follicle growth
(Gallardo et al. 2007). This suggests that there are inhibiting factors preventing the
oocyte from further maturing and keeping the follicle in a dormant phase. What
factors initiate primordial follicles to develop into the growing pool remains largely
unclear. Some factors are identified that play a role in this activation such as Kit
ligand, neurotrophins, vascular endothelial growth factor, BMP 4, BMP 7, leukemia
inhibitory factor, basic fibroblast growth factor, and keratinocyte growth factor. It
seems that there is an overkill of factors present that could activate primordial
follicles but being actively attenuated. What the physiological proportions between
the various factors is for optimal selection of a certain amount of healthy primordial
follicles is still not completely elucidated. It is also unclear why certain primordial
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35 μm
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paracrine and autocrine regulated phase
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primordial → primary follicle: 150 days
primary → secundary follicle: 120 days

primary or pre-
antral stage 
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fetal, pre-menarche, 
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secondary, or 
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progesterone
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gonadotrophin dependent (cyclic)
FSH dependent
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follicle
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Fig. 2 Follicular development
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follicles are selected over others. There are three pathways identified as important in
the recruiting of primordial follicles into the growing pool.

The first pathway being activated by the earlier mentioned different factors starts
with the tyrosine kinase receptor (RTK) (Adhikari and Liu 2009). RTK is a cell
surface receptor with an extracellular, a transmembrane, and an intracellular domain.
When activated a cascade of downstream processes takes place regulating numerous
cellular processes. Some of the earlier mentioned activation factors like, for example,
Kit ligand, is able to activate RTK with the consequence that the inhibition of the
primordial follicle development is broken and the dormant follicle becomes acti-
vated (Tarnawa et al. 2013). In mice deficient of one of the factors in the RTK
cascades results in enlarged follicle recruitment resulting in immature ovarian
insufficiency (Castrillon et al. 2003; Reddy et al. 2008).

The second pathway important for primordial follicle dormancy is suppression of
rapamycin (mTOR) that regulates cell growth and proliferation. Both RTK and
mTOR pathways are important for preserving the fertile life phase in women by
inhibiting follicle activation (Adhikari and Liu 2010). Besides the role in primordial
follicles, mTOR plays an important role in granulosa cell growth in antral follicles
(Huang et al. 2013).

The third pathway important for attenuation in follicle development is the Hippo
signaling pathway. This pathway plays an important role in organ size and manage-
ment of tumor growth when disrupted (Halder and Johnson 2011; Hergovich and
Hemmings 2012; Zhao et al. 2011). It contains a growth-inhibiting action when
active. Tissue damage will interrupt the Hippo signaling pathway resulting in tissue
proliferation. Both ovarian drilling and transplanted ovarian cortex fragments are
followed by follicle growth (Donnez et al. 2011; Farquhar et al. 2012). In both
situations, the ovarian tissue is damaged. Moreover, in human ovaries, important
genes of the Hippo pathway are found to be expressed in follicles at different
developmental phases suggesting a role in follicular development (Hsueh et al.
2015; Kawamura et al. 2013). It is suggested that ovulation disrupts the ovarian
surface and therefore interrupts the Hippo signaling pathway allowing follicles to
develop further (Hsueh et al. 2015).

The Pre-antral Primary and Secondary Follicle

When the primordial follicle is recruited into the growing pool, the granulosa cells
start to change. They will form one cuboid layer granulosa cells (early primary
follicle). The granulosa cells proliferate resulting in a mature primary follicle with a
stratified layer of granulosa cells and a zona pellucida surrounding the oocyte
(Fig. 2). They start to produce substances for the zona pellucida together with the
oocyte. The maturing phase from primordial follicle to mature primary follicle takes
150 days. From primary to secondary follicle, the granulosa cell layers increase, and
theca cell layers are formed around the granulosa cell layers and the follicle matures.
Theca cells are found around follicles with two or more granulosa cell layers (Young
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and McNeilly 2010). The change from primary to secondary phase takes 120 days.
From primordial follicle until secondary follicle takes in total nine menstrual cycles.
The fate of a follicle is determined by endocrine, paracrine, and autocrine factors.
Despite the fact that several follicles share the same morphological appearance, their
hormonal activity and development could be completely different determining their
fate. While many follicles start to ripe in a growing pool, in physiological circum-
stances, most follicles will end in atresia/apoptosis (Gougeon and Testart 1986).

The various genes expressed in follicles in the apparently same developmental
phase may explain the variation in developmental course and life span of follicles in
one growing cohort (Gougeon 1996). It is suggested that larger follicles use the
Hippo signaling pathway to suppress maturation of neighboring follicles of less
advantageous stages. It should be noted that during ovulation, the epithelial surface
of the ovary is disrupted, and the Hippo signaling pathway is interrupted allowing
follicles of lower developmental stage to develop further (Hsueh et al. 2015).

In the pre-antral phase, cell layers are formed around the granulosa cells, the theca
interna, and the theca externa. LH stimulates theca cell differentiation and androgens
production by theca cells (Figs. 3 and 4). The close connection between the theca
cells and granulosa cells facilitates collaboration of these two cell groups. Androgens
are transferred to the granulosa cells where they are converted into estrogens by
aromatase under the influence of FSH. This typical two cell principle interplay is
graphically shown in Figs. 3 and 4. This means that follicles without a theca layer are
not able to produce estrogens. Follicles are able to grow in an LH-deprived condi-
tion, while no estrogens are produced in the absence of its precursor androgens not
being synthesized in the theca cells.

The Antral Tertiary and Preovulatory (Graafian)Follicle

The period after puberty is characterized by cyclic activity governed by pituitary
gonadotrophin stimulation and ovarian hormonal feedback in comparison to fetal
life and childhood (Fig. 1). Whereas the follicles in the fetal, childhood, and postmen-
opausal phase develop until pre-antral follicle stage and become apoptotic thereafter,
FSH is responsible for follicles developing beyond and that selected follicles reaching
preovulatory status. The main action of FSH is protecting follicles from apoptosis. The
follicles are now able to develop into and beyond late secondary or antral follicle stage
into the mature tertiary follicle or Graafian follicle (Figs. 2 and 3). After the follicle has
formed a fluid compartment (the antrum), it is referred to as an antral follicle. The
maturing process of a follicle from a secondary follicle into a tertiary follicle takes
81 days. This last phase from tertiary follicle until Graafian follicle is gonadotrophin
dependent. This last phase takes 14 days and it determines the menstrual cycle.

When the antrum develops, the oocyte lies eccentric in the follicle. The granulosa
cells closely related to the oocyte are called cumulus cells. The granulosa cells in
contact with the follicle fluid are the antral cells, and the granulosa cells at the outside
in contact with the theca cells are the mural cells (Fig. 3).
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Interaction Between Oocyte and Granulosa Cells

There is a close interaction between the oocyte and first layer of granulosa cells by
gap junctions. This interaction is important for the growth of the follicle beyond
pre-antral stage and for inhibiting the completion of the first meiotic division of the
oocyte until ovulation. Furthermore, this interaction protects the oocyte from apo-
ptosis and prevents the granulosa cells to change into lutein cells. Just like between
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the oocyte and first row of granulosa cells, there are gap junctions present among
granulosa cells. They play an important role in the viability and normal development
of the oocyte.

The oocyte excretes a number of factors influencing its surrounding and regulat-
ing its survival among which R-spondin2 proteins being exclusively expressed in the
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oocyte of primary and larger follicles. R-spondin2 together with wingless (WNT)
ligands stimulates WNT signaling pathway. R-spondin2 promotes primary follicle
development into a secondary or pre-antral follicle (Cheng et al. 2013).

Other factors produced by the oocyte belong to the TGF-β superfamily of
cysteine-knot proteins like activin, growth differentiation factor-9 (GDF9), and
bone morphogenetic protein-15 (BMP15). The latter two both bind to the type II
receptor serine kinase BMP receptor resulting in stimulation of downstream signal-
ing enhancing follicle development (Juengel et al. 2004; Mazerbourg et al. 2004; Vitt
et al. 2002).

GDF9 has an effect on both theca and granulosa cells. It promotes primordial
follicle development into a primary follicle and small pre-antral follicle (Dong et al.
1996; Vitt et al. 2000). During later antral follicle development, GDF9 prevents
apoptosis of the follicle (Orisaka et al. 2006). GDF9 prevents granulosa cells form
luteinizing. Furthermore, it promotes theca cell proliferation and androgen produc-
tion (Solovyeva et al. 2000; Spicer et al. 2008).

BMP15 promotes granulosa cell proliferation (Otsuka et al. 2000). In different
species, mutations in BMP15 genes can increase ovulation rate, whereas others are
associated with ovarian insufficiency (Davis et al. 1992; Galloway et al. 2000;
Persani et al. 2014; Yan et al. 2001).

Hormone Production

Estradiol (Fig. 4)
One of the key functions of the ovary is the hormone production of androgens,
estrogens, and progesterone (Fig. 4). The production of hormone is inseparably
linked to follicle development. Granulosa cells and theca cells are the main pro-
ducers of these hormones (Fig. 4).

The precursor of steroids is cholesterol. To obtain cholesterol, the cell can
produce it de novo by 3-hydroxy-3methyl-glutaryl-CoA (HMG-CoA). However,
this will not be the main source for steroidogenesis since HMG-CoA is in low
concentrations present in theca cells (Gwynne and Strauss 1982). The main source of
cholesterol will be endocytosis of low-density lipoprotein and maintain an esterified
cholesterol store. It is possible that high-density lipoproteins are taken up by the cell
as well as providing an extra source. Stimulated by gonadotrophins, cholesterol is
taken up by the mitochondria. The steroid acute regulatory protein (StAR) plays an
important role in this transportation from outside into the mitochondria (Fig. 4). The
presence or absence of StAR is the rate-limited step in steroidogenesis (Stocco and
Clark 1996; Strauss et al. 1999).

Inside the mitochondria, side-chain cleavage enzyme desmolase (CYP11A1)
facilitates the change of cholesterol in pregnenolone (P5). In the smooth endoplas-
mic reticulum, 17α-hydroxylase/17,20 lyase (CYP17) and 3β-hydroxysteroid dehy-
drogenase (3β-HSD) convert P5 to DHEAS and androstenedione. Androstenedione
can be turned into testosterone by 17β-HSD and into estrogens by aromatase
(CYP19). Granulosa cells do not contain CYP17 and 3β-HSD and therefore are
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not able to produce androgens. They are supplied by androgens of their neighboring
theca cells.

Androgens increase FSH receptor expression in granulosa cells (Shiina et al.
2006). Androgens are essential in follicular development (Hu et al. 2004; Shiina
et al. 2006). Both FSH and androgens stimulate aromatase expression in mural
granulosa cells and therefore estrogen production. During the maturation of the
follicle, the importance of FSH declines and LH takes over. LH closes the gap
junctions between granulosa cells and between the granulosa cumulus cells and
oocyte.

Inhibins
Inhibins are heterodimeric peptides belonging to the TGF family. In the ovary,
inhibin B is produced by the granulosa cells in the follicular phase, and inhibin A
is produced in the luteal phase. Both under influence of FSH selectively suppress
pituitary FSH secretion and act albeit as an important feedback factor (Hall et al.
1999).

AMH
AMH is produced by granulosa cells of pre-antral and small antral follicles and not
by primordial follicles. When the diameter of the (pre)-antral follicle expands, the
intrafollicular AMH concentration declines (Andersen et al. 2010). From the resting
pool, a number of primordial follicles are selected and start to develop into primary
or pre-antral follicles. At this stage, AMH plays a key role. It is thought that AMH
reduces the number of follicles recruited from the resting pool by preventing
primordial follicle to develop into primary follicles (Broekmans et al. 2008). By
doing so, it prevents unnecessary follicle loss during the subsequent phase that leads
to one single dominant follicle, and the others become atretic. The larger the
originally recruited pool, the higher the number of follicles that will end up atretic.
This process is independent from the stage of life and is not influenced by pregnan-
cies, lactation, or oral contraceptive use.

While in early follicular development androgens and AMH play a more important
role, FSH and estrogens take over in late follicular development (Dewailly et al.
2016). AMH is produced in primary follicles as soon as they are recruited in the
growing pool. The AMH production is the highest in pre-antral follicles when the
estrogens production is absent. The role of FSH in this stage seems less important,
however, not insignificant (Arendsen de Wolff-Exalto 1982). It is postulated that
FSH increases AMH concentrations based on studies that in FSH-deprived condi-
tions, AMH is decreased compared to when FSH is normal (Chan and Liu 2014;
Hagen et al. 2012). The opposite has been described as well (La et al. 2004;
Weintraub et al. 2014). Furthermore, AMH reduces the sensitivity of pre-antral
follicles for FSH (Durlinger et al. 2001). Pre-antral follicles will produce androgens
when the theca cells are formed. These androgens will enhance FSH action by
increasing FSH receptor expression. Both FSH and androgens increase estrogen
production. Estrogens will inhibit AMH production making the follicle more FSH
sensitive.
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Cyclic Hormone Secretion

The first day of the cycle is defined as the first day of vaginal bleeding resulting from
shedding of the endometrium that builds the previous cycle since no pregnancy was
conceived. Estradiol, progesterone, and inhibin concentrations are low. The ovarian
negative feedback is minimal resulting in a raised pituitary secretion of FSH (Fig. 5).
FSH stimulates granulosa cell mitosis and aromatase activity and inhibin and LH
receptor production. The aromatase activity is needed for the transformation of
androgens into estrogens. The FSH stimulates inhibin B which in turn suppresses
FSH. Furthermore, FSH increases gap junction formation in the dominant follicle
increasing the contact between the oocyte and cumulus cells.

The concentration of FSH determines the amount of follicles that potentially
develop into a Graafian follicle. When the recruited follicle will develop, the
production of inhibin B will increase. This will lower FSH secretion by the pituitary
resulting in mono-follicular growth of the most FSH-sensitive follicle. A follicle
reaching dominance suppresses FSH sensitivity of other growing follicles by
unknown mechanisms. The communication of the oocyte with its environment via
paracrine signaling will probably play an important role. The oocyte communicating
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14 M.O. Verhoeven and C.B. Lambalk



most effectively with its surrounding will have the highest chance of survival. It is
hypothesized that inhibin B plays an important role in this selection. The diameter of
the follicle in this stage is 10–12 mm. While the estrogen concentrations start to
increase a few days later, FSH concentrations start to decline simultaneously with
inhibin B concentration increase (Fig. 5). It is suggested that inhibin B is a more
prominent FSH inhibitor than estrogens. This signaling that has to be blood born in
order to reach the other ovary. By maintaining and raising FSH levels as within
ovarian hyperstimulation protocols in assisted reproductive technique will not
enlarge the recruited pool but will protect follicles from apoptosis and enables
more follicle than one to develop into a Graafian follicle.

Ovulation

Ovulation completes successful follicle development. This is the process of releasing
the oocyte granulosa cumulus cells from the follicle and the granulosa cells (antral
and mural), and theca cells left behind will luteinize and form the corpus luteum.
Ovulation is put in motion by the LH surge. The interval between the start of the LH
surge and ovulation is 36–42 h. Factors and processes leading to LH surge are not
completely understood. While low estrogen and progesterone levels have an inhib-
itory effect on LH secretion, the increase in estrogens and subtle end follicular phase
progesterone increase enormously enhance pituitary sensitivity of GnRH resulting in
LH surge. Here, progesterone is an important cofactor next to the estrogen levels.
Progesterone is produced in low quantities in follicular phase under the influence of
LH in theca cells (Micevych and Sinchak 2011). So, the key feature of the timing of
the mid-cycle LH surge is the progressive increase of pituitary sensitivity to GnRH
triggered by positive feedback signals from the ovary that the follicle has reached
ovulatory status. The LH surge is accompanied by an FSH surge. The function of this
FSH surge is not clarified yet (Fig. 5).

Is there a hypothalamic neuropeptide surge at time of ovulation? Kisspeptin has
been identified as important neuropeptide in the regulation of GnRH (Millar et al.
2010; Pineda et al. 2010). It increases the concentration of LH secretion via GnRH
stimulation and in many species regulates a GnRH surge followed by the LH surge.
However, this is uncertain in humans. It should be noted that women with hypo-
gonadotropic anovulation treated with pulsatile GnRH do not need an increase in
GnRH dosage or pulse frequency to enable ovulation.

The LH surge has several important effects. It closes the gap junction between the
oocyte and the granulose cumulus cells. High concentrations of cyclic adenosine
(cAMP) in the oocyte are important for inhibiting meiosis. The LH surge reduces
cAMP levels resulting in resumption and completion of the first meiosis of the
oocyte that started in fetal life. This timing is important in order to have a fertilizable
oocyte at the moment of release.

Furthermore, the LH surge induces release of proteolytic factors that cause
follicular rupture. The process of release of the oocyte cumulus cell complex takes
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2–5 min. Inflammatory cells and proteolytic factors weaken the epithelial surface
over the follicle. Increased blood flow and edema provide the intrafollicular pressure
for the oocyte cumulus complex to leave the follicle.

Corpus Luteum

Besides luteinized granulosa and theca cells, the corpus luteum consists of endothe-
lial, immune, and fibroblast cells (Retamales et al. 1994). It is a transient endocrine
gland producing estrogens, inhibin A, and particularly progesterone.

Straight after the LH surge, progesterone strongly increases. This increase is on
account of the theca cells in which the enzymatic system for progesterone production
(StAR, CYP11A1, and 3βHSD) is already present at the time of the LH surge. The
LH surge increases StAR expression in luteal granulosa cells together with the
forming of the rest of the enzymatic system. Together with the vascularization of
the complete corpus luteum, it enables the luteal granulosa cells to produce proges-
terone as well (Figs. 4 and 5). In the end, the luteal theca cells remain to be the most
important producer of androgens which are aromatized producing estrogens in the
luteal granulosa cells. So the two cell system for estrogen production remains after
corpus luteum formation (Fig. 3). However, both the luteal theca cell and the luteal
granulosa cell are stimulated by LH.

LH is crucial for the development of the corpus luteum and its maintenance.
However, LH does not prevent corpus luteum demise. If no pregnancy is conceived
in the cycle, the corpus luteum undergoes luteolysis in the absence of placental
chorionic gonadotrophin (HCG) which encompasses the loss of structural and
functional integration (Stocco et al. 2007). This deterioration is probably due to
less responsiveness of the senescent corpus luteum on LH (Zeleznik 1998). In the
older corpus luteum, a decrease in StAR expression is seen together with a decrease
in progesterone production. This decrease in progesterone production is preceded by
cell death of the corpus luteum. When progesterone decreases, the endometrium will
not be maintained which will shed resulting in a menstruation, and the monthly cycle
will begin again (Fig. 5).

If pregnancy occurs, HCG produced by the trophoblasts preserves the corpus luteum
(Zeleznik 1998). Progesterone produced by the corpus luteum is important for endo-
metrial conditioning allowing implantation and maintenance of the intrauterine preg-
nancy until the placenta will take over by approximately 12 weeks of gestation.

Toward and Beyond Menopause

Menopause is defined as the point in time of the last vaginal bleeding from the
endometrium induced by influence of hormones produced by the ovaries. Women
experience a physiological menopause on average at the age of 51 years (McKinlay
et al. 1992). The age of menopause is largely genetically established (Stolk et al.
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2009). Certain gene variations are associated with increased decline in ovarian
reserve. After the age of 30 years, the fecundity decreases. Both the quantity and
quality of the remaining oocytes are poorer in the aging ovary than in young ovaries
resulting in lower chance of conception and implantation and higher chance of
spontaneous abortions and chromosomal aberrant offspring.

The follicle pool continues to reduce, and in the aging ovary, this results in lower
inhibin B production, as important inhibitor of FSH secretion (Sherman et al. 1976),
and furthermore AMH concentrations decline (Bentzen et al. 2013; Welt and
Schneyer 2001). Subsequently FSH concentrations increase. Both decreased AMH
and increased FSH concentrations lead to a higher percentage of growing follicles
relative to the resting pool (Gosden and Faddy 1994; Gougeon 1998; Gougeon et al.
1994). This phenomenon results in an acceleration of follicle depletion. Reduced
AMH concentrations in combination with increased FSH concentrations lead to an
increased aromatase activity resulting in increased estrogen concentrations
(di Clemente et al. 1994). Despite ovarian aging a normal menstrual pattern will
be maintained for a long period because of this increased follicle recruitment and
increased estrogen production.

The first clinical sign of aging ovaries in women is shortening of the cycle. Higher
FSH concentrations cause earlier follicle recruitment. This starts in the final stages of
the previous cycle before menstruation resulting in a virtually shorter follicular phase
of the following cycle and higher estradiol concentrations at cycle day 3 (Klein et al.
1996). Paradoxically, while the poor quantity and quality of the remaining oocytes
lead to reduced fecundity, the high FSH levels can lead to multiple follicle growth
resulting in a net higher percentage of multiple births in aging women (Beemsterboer
et al. 2006).

Approximately, 1 year prior to menopause, 60–70% of the menstrual cycles
become anovulatory or have a prolonged follicular phase. In this period, estrogen
concentrations fluctuate strongly from undetectable up to many times normal. These
irregular fluctuations are insufficient to trigger an LH surge, and persisting follicles
occur (Keye and Jaffe 1975).

When the resting pool of oocytes consists of 1,000 follicles or less, the ovary is
not able to maintain the cyclic hormonal production for regulation of the normal
menstrual cycle, menopause occurs, and the postmenopausal life starts (Richardson
1993). FSH concentrations will increase and are stable 2–8 years after menopause
(Fig. 1) (Randolph et al. 2011). Between 50 and 75 years of age, FSH gradually
declines until it reaches 30% less than its highest value (Hall 2007). After meno-
pause estrogens will decrease until they reach their lowest point 2 years after the final
menstruation (Randolph et al. 2011). LH will increase after estrogens starts to
decrease (Overlie et al. 1999). Inhibins A and B are undetectable after menopause
(Verhoeven et al. 2009). In contrast androgen production is barely changed (Sluijmer
et al. 1995, 1998). While estrogen production is dependent on follicular develop-
ment, androgens are produced by the ovarian stroma as well. These androgens are
aromatized into estrogens in the peripheral fat which is the only source for estrogen
levels in postmenopausal women.
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Summary

We discussed ovarian processes starting in the uterine life and subsequently across
the following phases: from birth until puberty, the pubertal period itself, then from
post puberty until menopause, and finally during menopause and the postmeno-
pausal phase. The ovary has three important functions: first oocyte and follicle
formation and storage, second oocyte and follicle development resulting in ovula-
tion, and third reproductive hormone production. The hormone production is insep-
arable from follicular development. The various processes were described in each of
the different phases of life.
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Abstract
The gut is the largest endocrine organ in the body, both in terms of size and
number of endocrine cells and hormones produced. More than 30 hormone genes
are currently known to be expressed in the gastrointestinal tract. In order to
overview the many hormonal peptides, it may be feasible to conceive the hor-
mones under five headings: The structural homology groups a majority of the
hormones into nine families, each of which is assumed to originate from one
ancestral gene. The individual hormone gene often has multiple phenotypes due
to alternative splicing, tandem organization, or cell-specific maturation of hor-
mone precursors. By a combination of these mechanisms, more than 100 different
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hormonally active peptides are released from the gut. Gut hormone genes,
however, are also widely expressed in cells outside the gut, some only in extra-
intestinal endocrine cells and neurons but others also in other cell types. The
extraintestinal cells may synthesize different bioactive peptide fragments of the
same prohormone due to cell-specific biosynthetic pathways. Moreover, endo-
crine cells, neurons, myocytes, cancer cells, and, for instance, spermatozoa
release the peptides differentially (autocrine, endocrine, myocrine, neurocrine,
paracrine, spermiocrine secretion, etc.), so the same peptide may act as a blood-
borne hormone, a neurotransmitter, a local growth factor, or a fertility factor. The
molecular targets of each bioactive peptide are specific receptors expressed in the
cell membranes of the target cells. Also the target cells of gut hormones occur
widespread outside the digestive tract.

Keywords
Biosynthesis • Cell biology • Digestion • Endocrine cells • Gastrointestinal tract •
Growth factors • Hormones • Hormone genes • Hormone receptors • Neuropep-
tides • Peptides

Introduction

The blood-borne regulation by specific messenger molecules was discovered early in
the previous century (Bayliss and Starling 1902). Based on the notion that acidifi-
cation in the upper small intestine stimulates pancreatic secretion, Bayliss and
Starling extracted from the duodenal mucosa a substance that released bicarbonate
from the denervated pancreas when injected into blood. They named the substance
secretin. Three years later, it was suggested that the antral mucosa contained a
stimulator of gastric acid secretion, named “gastric secretin” or simply gastrin
(Edkins 1906). Hence, the first two known blood-borne “chemical messengers,”
secretin and gastrin, were both of gastrointestinal origin. Subsequently, Starling
proposed the word hormone from Greek hormoa (“I arouse to activity”) as a general
designation for blood-borne messengers (Starling 1905). In other words, endocri-
nology as such was actually born in the gut.

In the following decades, however, other types of hormones came into focus –
steroids from the adrenals, ovaries, and testes; protein hormones from the pituitary
gland; the thyronins from the thyroid gland; and insulin from the pancreatic islets.
The often lifesaving effects of these discoveries made the interest for secretin and
gastrin fade. Subsequently, only a small priesthood of physiologists studied endo-
crine control of digestion. Among them are Ivy and his assistant, who found a
gallbladder-emptying hormone in the proximal small intestine, cholecystokinin
(CCK) (Ivy and Oldberg 1928). Harper and Raper later described a stimulator of
pancreatic enzyme secretion, pancreozymin (1943). But in the 1960s, it was shown
that CCK and pancreozymin were one and the same hormone (Jorpes and Mutt
1966) for which the acronym CCK is now used.
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Secretin, gastrin, and CCK constitute the classical troika of gut hormones, but in
the latter half of the twentieth century, many more were discovered (Fig. 1). In order
not to lose overview, this chapter summarizes the gut hormones, and their targets
major biological activities in Tables 1, 2, and 3, but otherwise presents general
principles governing structure and biogenesis of gastrointestinal hormones. Readers
interested in details about individual hormones and their effects should consult
multiauthor volumes comprising the full range of gut endocrinology (Schultz et al.
1989; Walsh and Dockray 1994; Taché et al. 2002).

It should be added that gut endocrinology is also worth considering in general
from an evolutionary point of view. Thus, life in multicellular organisms began as a
small tube with one opening, as illustrated by coelenterates (Fig. 2). They live in
water that runs into their lumen, from which nutrients are absorbed into the epithelial
cell lining. Coelenterates have no blood vessels, but a delicate regulatory system of
primitive neurons spread out on the luminal wall. Apparently, these neurons release
small peptides. Thus, multicellular life began as an isolated “gut” whose function
was controlled by hormone-like peptides. Consequently, phylogenetically speaking,
endocrine organs are all derivatives of the primordial gut.

General Features of Gut Hormones

The Structural Homology

The gut expresses a large number of hormones, neuropeptides, and growth factors.
Not only have new hormones been found in gut extracts, but also peptides from the
central nervous system and hormones first identified in other endocrine organs have
been found in endocrine cells and/or neurons in the gut. Moreover, peptides origi-
nally believed to be classical hormones but later shown to be neurotransmitters have
been isolated from gut extracts. The complexity is high, also because several genes
for gut peptides encode different peptides released in a cell-specific manner.

In addition, there are still hormonal activities in the gut that are not yet structurally
identified. Some of the activities can be explained by already identified peptides.
Hence, the stimulation of insulin secretion from the gut, originally called “incretin,”
is today explained by two hormones – glucose-dependent insulinotropic peptide
(GIP) and glucagon-like peptide-1 (GLP-1) – probably in combination with other gut
hormones such as gastrin and CCK (Rehfeld 2011), whereas intestinal inhibition of
gastric secretion, the gastrone effect, may be explained by combinations of CCK,
somatostatin, and GIP. However, activities named villikinin, duocrinin, enterocrinin,
and gastrocalcin still await structural identification. The complexity of hormones
may jeopardize an overview of the endocrine gut. Fortunately, however, structural
identifications have shown striking homologies between groups of peptides. Conse-
quently, many of the biologically active gut peptides can now be classified into nine
families (Table 1). The expression of several hormone genes both in the gut and
pancreas reflects the intestinal origin of the pancreas. The nature of the homology
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varies. It may be an overall similarity in the primary structure as, for example, the
PP-fold family (Glover et al. 1984). Another type of homology is that of the gastrin
family which, in addition to mammalian gastrin and CCK, also consists of the
protochordean neuropeptide cionin (Johnsen and Rehfeld 1990) and frog skin
peptide cerulein (Anastasi et al. 1968). The decisive homology of this family is
concentrated to the structure of the active site, the C-terminal tetrapeptide sequence.
Comparison between propeptide and gene structures also reveals some similarity,
but the family is still defined primarily by the conserved active site sequence.

The frequent occurrence of homology among hormones, neuropeptides, and
growth factors is not specific for peptides in the gut. It is a common feature among
all kinds of hormonal peptides, enzymes, and other proteins in the organism (Doo-
little et al. 1996). Each family is assumed to reflect the phylogenetic evolution by
duplication and subsequent mutations of an ancestral gene. The phylogenetic story
shows that gut hormones are indeed very old, maybe several hundred million years.
So far, the data also support the idea that each hormone family has evolved from a
single ancestor. An associated trait is that gut hormones have preserved their tissue-
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Fig. 1 Discovery and identification of regulatory peptides in the gastrointestinal tract 1900–2000.
Discovery is indicated by year of first report. Solid circles indicated structural identification, and
open circles indicated hormonal activities that still require structural identification. Some of the
unidentified hormonal activities are explained by later identified hormones. For instance, the
incretin activity is partly due to gastric inhibitory polypeptide (GIP) and glucagon-like peptide I
(GLP-I). Commonly used acronyms are indicated in brackets after full name, except for PACAP,
which is an acronym for pituitary adenylate cyclase-activating peptide
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Table 1 Peptide hormone, neuropeptide, and growth factor families in the gastrointestinal tract
and the pancreas

Families and members Major regulatory activity

Secretin family

Secretin Stimulates pancreatic bicarbonate secretion

Glucagon Increases glucose production and amino acid metabolism

Glucagon-like peptide 1 (GLP-1) Stimulates insulin and inhibits glucagon secretion and
gastric emptying

Glucagon-like peptide 2 (GLP-2) Stimulates mucosal cell growth in intestinal crypts

Gastric inhibitory polypeptide
(GIP)

Enhances glucose-stimulated insulin secretion and inhibits
gastric secretion

Vasoactive intestinal polypeptide
(VIP)

Inhibits gastrointestinal motility and stimulates fluid
secretion

Peptide histidine isoleucine (PHI) VIP-like actions

Growth hormone-releasing
hormone

Stimulates growth hormone secretion

Pituitary adenylyl cyclase-
activating peptide (PACAP)

Contributes to the regulation of gastric acid secretion and
gastrointestinal motor function

Gastrin family

Gastrin Stimulates gastric acid secretion and gastric mucosal cell
growth

Cholecystokinin (CCK) Stimulates pancreatic enzyme secretion, cell growth, and
gallbladder emptying, but inhibits gastric acid secretion

Caerulein
Cionin

Not expressed
in mammals

Cholecystokinin-like activities

Tachykinin family

Substance P Stimulates motility

Neurokinin A Stimulates motility

Neurokinin B Stimulates motility

Ghrelin family

Ghrelin Stimulates appetite and growth hormone secretion

Obestatin Suppresses food intake (?)

Motilin Contracts gastrointestinal smooth muscles to stimulate
motility

PP-fold family

Pancreatic polypeptide (PP) Involved in feeding behavior (?)

Peptide YY (PYY) Reduces gastric emptying and pancreatic exocrine
secretion and delays intestinal transit

Neuropeptide Y (NPY) Modulates the contractility in smooth muscle cells

Somatostatin family

Somatostatin Inhibits gastric acid, gastrin secretion, and other gut
functions through endocrine, paracrine, and neurocrine
release

Cortistatin Somatostatin-like activities

Insulin family

Insulin Establishes energy resources in fat, liver, and muscle cells

(continued)
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specific sites of expression during evolution (Rourke et al. 1997). Accordingly,
evolution emphasizes the general significance of gut hormones as intercellular
messenger molecules. At present, a few hormonal peptides in the gut have no
relatives or family (Table 2). Time will show whether gut hormones still awaiting
discovery will be related to these peptides.

Table 1 (continued)

Families and members Major regulatory activity

Insulin-like growth factor I (IGF-I) Stimulates growth and differentiation in interaction with
other growth factors

Insulin-like growth factor II
(IGF-II)

Stimulates growth and differentiation in interaction with
other growth factors

Relaxin Function in the gastrointestinal tract uncertain

EGF family

Epidermal growth factor (EGF) Stimulates growth of epithelial cells and inhibition of
gastric acid secretion

Transforming growth factor α
(TGFα)

EGF-like activities

Amphiregulin Growth regulation of epithelial cells

Heparin-binding EGF-like growth
factor

EGF-like activities

Opioid peptide family

Enkephalins Modulates transmitter activity from nerveplexes

β-endorphins Modulates transmitter activity from nerveplexes

Dynorphins Modulates transmitter activity from nerveplexes

Table 2 Singular peptide hormones, neuropeptides, and growth hormones in the gastrointestinal
tract

Hormones and growth factors Major regulatory activity

Apelin Stimulates gastric mucosal growth and
cholecystokinin secretion

Bradykinin Contributes to control alkaline secretion in the
duodenal mucosa

Calcitonin gene-related peptide (CGRP) Modulates blood flow, secretion, and motility

Cocaine and amphetamine-regulated
transcript (CART)

Increases satiety

Galanin Stimulates motility and luminal secretion

Gastrin-releasing peptide (GRP) Stimulates antral gastrin secretion

Neurotensin Increases the ileal brake

Orexin Stimulates gut motility (?)

Transforming growth factor β (TGFβ) Growth, differentiation, and inflammation

Thyrotropin-releasing hormone (TRH) Releases TSH from epithelial cells in the gut
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The Multiple Phenotypes

Three decades ago, one gene was believed to encode one hormonal peptide in
accordance with what we have learned about the master hormone, insulin. However,
more intricate dimensions were added when it became obvious that a hormone gene
often expresses different bioactive peptides. Today, we know three ways in which a
gut hormone gene can vary its expression into peptides.

1. Alternative splicing of transcripts.
Alternative splicing was discovered when it was shown that the calcitonin gene
generates mRNAs encoding either calcitonin peptides or calcitonin gene-related
peptides (CGRPs) (Amara et al. 1982). CGRPs are now known also to be
abundantly expressed in intestinal neurons. Moreover, a tachykinin gene tran-
script (Nawa et al. 1984) and the transcript encoded by the secretin gene (Kopin
et al. 1991) are also spliced alternatively in the gut.

2. Multiple products of prohormones with one active sequence.
The somatostatin and gastrin families represent peptide systems in which the gene
encodes only one prohormone that contains only one active site, but where the
prohormone is processed in a way to release peptides of different lengths with the
same active C-terminus. Although the different products of the same precursor
are bound to the same receptor, their varying clearances from circulation affect

Table 3 Receptors and receptor subtypes for some gastrointestinal hormones

Hormones Receptors and subtypes

Atrial natriuretic peptide (ANP) NPA, NPB, NPC
Brain natriuretic peptide (BNP) NPA, NPB, NPC
C-type natriuretic peptide (CNP) NPA, NPB, NPC
Calcitonin Calcitonin-R

Calcitonin gene-related peptide (CGRP) CGRP1, CGRP2
Cholecystokinin (CCK) CCKA, CCKB

Gastric inhibitory polypeptide (GIP) GIP-R

Gastrin Gastrin/CCKB

Gastrin-releasing peptide (GRP) GRP-R

Ghrelin Ghrelin-R

Glucagon-like peptide-1 (GLP-1) GLP-1-R

Motilin Motilin-R

Neurotensin NTR1, NTR2, NTR3

Parathyroid hormone-related protein (PTHrP) PTH-R

Pituitary adenylate cyclase-activating peptide (PACAP) PAC1

Peptide tyrosine tyrosine (PYY) Y1, Y2, Y3, Y4, Y5

Secretin Secretin-R

Somatostatin sst1, sst2A, sst2B, sst3, sst4, sst5
Substance P NK1, NK2, NK3

Vasoactive intestinal polypeptide (VIP) VPAC1, VPAC2
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their hormonal significance. Hence, it matters whether proCCK is processed
mainly to CCK-58 or to CCK-8 (Fig. 3), or whether prosomatostatin is processed
to somatostatin-28 or somatostatin-14. So far, the biosynthesis of gastrin in antral
G cells has been examined particularly thoroughly. It is, therefore, a useful
illustration of the second way in which one hormone gene can encode different
bioactive peptides (Rehfeld 1998).

3. Differential processing of prohormones containing two or more active sequences.
A third way in which one gene can express different bioactive peptides occurs
when the gene encodes a propeptide containing different but often homologous
peptide hormones or neuropeptides. Gut hormones and neuropeptides comprise
many examples of such genes of which the opioid peptide genes, some of the
tachykinin genes, the VIP gene, and the glucagon gene amply illustrate the
phenomenon. Some of the genes not only encode a peptide precursor containing
different bioactive peptides, which is then subjected to tissue-specific processing,
but the primary transcripts of these gene(s) may also undergo tissue-specific
alternative splicing.

Proglucagon is an example of a polyprotein precursor that contains three similar
peptide sequences in mammals (Fig. 3, Bell et al. 1983). In pancreatic α-cells,
proglucagon is processed to release the well-known pancreatic glucagon, whereas
the C-terminal part of proglucagon remains silent. The L cells of the gut also express
proglucagon but process it in a different way to release GLP-I and GLP-II (Holst

Te

M

Ga

EnEk

Stl

Fp

Fig. 2 Scheme of the
structure of coelenterates with
endoderm (En), ectoderm
(Ek), footplate (Fp), gaster
(stomach Ga), mouth (M ),
and tentacles (Te)
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et al. 1987; Mojsov et al. 1987). Although glucagon and, for instance, GLP-I are
highly homologous and both glucoregulatory, they have separate activities and
receptors. Proglucagon also tells another story, namely, that bioactive peptide struc-
tures cannot be predicted from cDNA and protein precursor sequences. Identification
requires exact examination of amino acid sequence and derivatizations of the
released peptides and studies of their activities.

Widespread Gene Expression

The expression cascade for gut hormones involves many processing steps. Each step
may control whether the initial gene transcription results in a bioactive peptide.
Transcription can occur without the translation of the transcript, and the lack of
parallelism between mRNA, propeptide, and the mature bioactive peptide has also
been encountered.

preprocholecystokinin

115

132

cck-8
cck-22
cck-33

cck-39

cck-53

cck-83

preprosecretin

secretin-27

secretin-28
secretin-30

secretin-71

preproglucagon

Glucagon GLP-I GLP-II

179
GLP-1 (1-30)

Fig. 3 Multiple phenotypes of three gut hormone genes. The cholecystokinin (CCK) gene encodes
a prepropeptide which is processed to six CCK peptides varying in length from 83 to 8 amino acid
residues through differentiated endoproteolytic cleavage. The six peptides have the same C-terminal
bioactive octapeptide sequence. The secretin gene encodes a prepropeptide that through endo-
proteolytic cleavages and variable C-terminal trimming is processed to three bioactive secretin
peptides of almost similar size (secretin-27, secretin-28, and secretin-30). In addition, bioactive
secretion-71 is produced by splicing out RNA, encoding the midsequence of preprosecretin (i.e.,
broken line of secretin-71). The glucagon gene encodes a prepropeptide that through cell-specific
endoproteolytic cleavages is processed to either genuine pancreatic glucagon (in pancreatic α-cells)
or to glucagon-like peptides I and II (GLP-I, GLP-II) (Rehfeld 1998)
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All gut hormones are expressed in tissues outside the gastrointestinal tract, some
mainly in neurons and endocrine cells. However, several gut hormones are also
expressed in other cell types and tissues. The literature on extraintestinal expression
of gut hormones has become overwhelming. Therefore, the phenomenon will be
described for a single hormonal system only.

The gastrin gene is expressed in several other cells than the gastric G cells.
Quantitatively, these other cells release only little gastrin to the blood in the normal
adult organisms because the extra-antral secretion may serve local purposes. Besides
that, biosynthetic processing is often so different that bioactive gastrins may not even
be synthesized. So far, extra-gastric expression of the gastrin gene has been encoun-
tered in the distal small intestinal and colorectal mucosa, endocrine cells in the
neonatal pancreas, pituitary corticotrophs and melanotrophs, hypothalamo-pituitary
and vagal neurons, and spermatozoes (for review, see Rehfeld 1998).

The meaning of extraintestinal synthesis of gut hormones is often unknown, but
local growth stimulation is a possibility. It is also possible that the low concentration
is without significant function in the adult, but is a relic of a more comprehensive
fetal synthesis. A third possibility is that low cellular concentration reflects consti-
tutive secretion where the peptides are not stored in secretory granules.

Cell-Specific Prohormone Processing

Gut prohormone processing is so elaborate that the result of gene expression is
unpredictable. Hence, the cellular equipment with processing enzymes and their
cofactors determine the structure of the particular hormone. This cell-specific pro-
cessing of prohormones applies to all gut hormones. But again, gastrin is also one of
the most extensively studied hormones in this respect.

Almost every tissue in which progastrin is expressed has its own processing
pattern. Four different patterns are shown in Fig. 4. For members of the gastrin
family, the processing varies with respect to endoproteolytic processing and amino
acid derivatizations such as tyrosyl sulfations and phenylalanyl amidations. In this
context it is worth realizing that the different types of processing may influence each
other. Thus, tyrosyl sulfation, the earliest posttranslational modification for the
gastrin family of prohormones, increases endoproteolytic cleavage efficiency
(Bundgaard et al. 1995).

Cell-Specific Peptide Release

To understand the specific effects of gut hormones, it is necessary to realize that the
different types of cells that express the genes also release the peptides in different
ways. Secretion of gut hormones was supposed to be endocrine only, until 40 years
ago. But today, three alternative routes of secretion to neighboring cells and one to
the secretory cell itself have been discovered (Fig. 5). Firstly, the peptides synthe-
sized in neurons are released from synaptosomal vesicles in the nerve terminals to
the receptors of adjacent target cells as neurotransmitters. It is also possible that some
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peptidergic neurons expressing gut hormonal peptides, such as hypothalamo-
pituitary neurons, release the peptides directly to blood vessels as neurocrine secre-
tion. Secondly, it has been shown that there are specific paracrine cells that release,
for instance, somatostatin in the gastrointestinal mucosa (Larsson et al. 1979). These
cells carry peptidergic granules through cytoplasmic extensions to specific target
cells in the neighborhood.

Cells stimulate their own growth through autocrine secretion. Trophic peptides
bind to specific receptors in the membranes of cells in which they are also synthe-
sized (Fig. 5). Autocrine secretion is supposed to play a decisive role in tumor and
cancer development (Sporn and Roberts 1985).

Cellular release of gastrointestinal peptides also occurs in a fifth way (Fig. 5):
spermatozoes in mammals express gastrin, CCK, and pituitary adenylate cyclase-
activating peptide (PACAP) genes (Li et al. 2000; Persson et al. 1989). The peptides
are concentrated in the acrosome. In accordance with the acrosomal reaction, the
peptides are released from the spermatozoon by contact with the jelly coat of the egg
and subsequently bound to receptors in the egg membrane. Defects of the reproduc-
tive functions have now been found in PACAP-deficient mice (Shintani et al. 2002).
The release of bioactive peptides from acrosomal granules could be termed
spermiocrine release (Fig. 5).

General Features of Gut Hormone Targets

Target Cells

The molecular targets of gut hormones are specific G protein-coupled receptors
expressed on a variety of cell membranes in the body. Many of the target cells are
located in the gut: neurons (including the coordinating myenteric and submucosal

preprogastrin

gastrin-71

colon

pituitary

pancreas

antrum

101

gastrin-34

gastrin-17

gastrin-6

gastrin-17

gastrin-71

gastrin-17 gly

gastrin-34

progastrin

progastrin

Fig. 4 Schematic illustration
of cell-specific processing of
preprogastrin in antral G cells,
G cells in fetal and neonatal
pancreas, in pituitary
corticotrophic cells, and in
unidentified cells in the
colorectal mucosa (Rehfeld
1998)
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nerveplexes); other endocrine gut cells; smooth muscles; secretory cells that release
enzymes, amines, acid, and bicarbonate; etc. The hormonal control of intestinal cells
ensures that digestion, growth, and motility of the gut occur in a coordinated manner
in order to optimize the utilization of food and the subsequent energy delivery to the
body. However, cells of many extraintestinal organs in the body also express
receptors for gut hormones, which teleologically may explain why hormonal pep-
tides from the gut are released to the general circulation. The extraintestinal organs
include endocrine glands (the pituitary, thyroid C cells, parathyroid glands, islets of
Langerhans, etc.), the liver, the gallbladder, the pancreas, the cardiovascular system,
and the lungs. At low level most other tissues in the body also express gut hormone
receptors, the significance of which is still unknown. Finally, many gastrointestinal
and extraintestinal cancers express both gut hormones and their receptors whereby
these cancers are equipped with their own autocrine and/or paracrine growth
machine (Reubi 2003). The functions of each gut hormone are outlined in Tables 1
and 2.

Fig. 5 Different types of cell-specific release of regulatory gut peptides: (1) endocrine release to
capillaries from classic endocrine cells in the gastrointestinal mucosa, (2) neurotransmitter release
from central or peripheral neurons to the synaptic cleft, (3) paracrine release to neighboring cells
through short cellular processes, (4) autocrine release to receptors on membrane of the same cell that
synthesizes and releases the peptides, and (5) spermiocrine release from acrosomal granule of
spermatozoa to receptors on egg cell membranes (Rehfeld 1998)
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Receptors

The receptors for gut hormones are as mentioned of the G protein-coupled type. The
protein chain is often heavily derivatized by, for instance, phosphorylations and
glycosylations sites. Receptors structurally identified so far are listed in Table 3 in
relation to their hormonal ligand. The relationship is often complex because a
specific ligand may bind several different receptors.

Detection of G protein-coupled receptors in normal tissues is difficult since the
number of receptors on normal target cells is small, compared, for instance, to the
amount of hormones synthesized in comparable sites. Therefore, the detection
methods for receptors are limited. Several different in vitro techniques have been
used to detect G protein-coupled receptors: measurement of receptor mRNA by PCR
techniques is widely used with the limitations, however, that it is not the receptor
protein that is detected and that the morphological correlate is missing (except for
in vitro hybridization techniques). The lack of morphology and the high sensitivity
of mRNAmeasurement by PCR imply that small amounts of normal cells expressing
the receptors may erroneously suggest that they are the main target. Since most tissue
samples are highly heterogeneous from a cellular point of view, it is better to use a
morphological method for receptor analysis. It is also preferable to detect the
receptor protein itself and, if possible, the receptor-binding sites in these proteins,
since the binding sites represent the functional molecular basis for peptide hormones.
A “gold standard” example is in vitro quantitative somatostatin receptor autoradi-
ography on frozen tissue sections that combines morphology, binding site detection,
and receptor quantification. Because of limited cellular resolution, receptor autora-
diography is optimal for the detection of receptors in larger cell groups. An attractive
alternative is immunohistochemical analysis of the receptors on formalin-fixed
tissues with the limitations that quantification is not possible and that an epitope
that may be different from the binding site is identified. The existence of subtypes for
G protein-coupled receptors has made the evaluation of receptors more complex.

Perspective

The endocrine gut was developed and also recognized before the so-called classic
endocrine organs. It was the discovery of secretin by Bayliss and Starling that
founded the concept of endocrinology and hormones. Nevertheless, gut endocrinol-
ogy has for decades been considered only an appendix to general endocrinology.
Today, however, we know that the gut releases more than 100 hormone-like peptides
expressed in a cell-specific manner all over the body. The peptides participate in
intercellular regulation from the local control of growth and cell differentiation to
acute systemic effects on metabolism all over the body. Thus, a revolution has
changed the fundamental concepts over the last decades and opened wide perspec-
tives for therapy with gut hormone analogues in human diseases.

Gut hormones must be viewed as evolutionarily conserved intercellular messen-
gers of general significance. There are no obvious boundaries between their role in
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food intake and digestion and their function in other bodily regulations. Most
regulatory peptides (cytokines, growth factors, hormones, myokines, and neuropep-
tides) are probably expressed in the gut, at least at some stage in the phylogenetic or
ontogenetic development. Hence, gut endocrinology may continue to grow. On the
other hand, such extension almost deprives the concept of gut endocrinology of its
meaning. And that is exactly what it is about: gut hormones should be viewed not
only as local hormones of specific interest to digestive physiologists and clinical
gastroenterologists. They are chemical messengers integrated in the coordination
and regulation of many or most bodily functions. Thus, it is not surprising that today
gut hormones are studied not only in physiology and cell biology but also by
microbiologists, psychiatrists, zoologists, cardiologists, diabetologists, and others.

Summary

This chapter emphasizes that the gastrointestinal tract is the largest and oldest
endocrine organ in the body. It enlists individual gut hormones, their defining
activities and their receptors, but it also describes general biological features of the
hormones such as the structural homology, multiple phenotypes, extraintestinal
expression, cell-specific prohormone processing and differentiated secretion. The
concluding message is that gut hormonal peptides should be viewed as general
intercellular messengers rather than just local regulators confined to the gut.
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Abstract
Mammalian hearts express and secrete natriuretic peptides. Atrial natriuretic
peptide (ANP) was the first to be identified in atria of rodents, and today the
cardiac peptides consist of also the structurally related B-type natriuretic peptide
– or BNP. Both peptide hormones have important hemodynamic properties
including regulation of blood pressure and intravascular fluid hemostasis. As
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biomarkers, biosynthetic precursor fragments have gained a robust function in the
assessment of human heart failure, where the markers are used primarily as
exclusion markers. As drugs, both ANP and BNP, and derivatives of these
peptides, seem promising as therapy in heart failure patients and in hypertension.
Moreover, the cardiac peptide hormones may also possess organ-protective
effects, where kidney function and cardiac remodeling seem in particular
relevant.

Keywords
ANP • BNP • Heart • Heart failure • Natriuretic peptide • Regulatory peptide

Looking Back on Atrial Natriuretic Factor

Electron microscopic observations on cardiomyocytes of the atria of the mammalian
heart during the early 1960s revealed cellular features additional to those earlier
associated by light microscopy with classical striated cardiac muscle cell properties
including excitation, conduction, and contraction. These additional features evident
at the structural level included an abundant amount of rough endoplasmic reticulum,
a highly developed Golgi complex, and storage granules, named specific atrial
granules (Kisch 1963; Jamieson and Palade 1964) (Fig. 1). Morphologists associated
these differentiations with a secretory function based on similarities with ultrastruc-
tural features found in cell types known to produce polypeptide hormones. However,
the actual functional meaning of these cytological features in atrial cardiomyocytes
remained a mystery for many years. That the heart produces polypeptide hormones
that are secreted from atrial cardiomyocytes displaying bona fide morphological
differentiations associated with polypeptide hormone-producing cells became
established beginning with several findings based on new investigative techniques
and the discovery of the natriuretic activity associated with atrial muscle extracts and
the characterization of the natriuretic peptide (NP) family of hormones (de Bold
1978, 1979; de Bold et al. 1978, 1981; de Bold and Bencosme 1973, 1975a, b).

The four premises that led to the discovery of the natriuretic activity of atrial (rat)
myocardium extracts obtained by injecting such extracts into bioassay rats were as
follows: (1) Histochemical and radioautographic investigations suggested that the
specific atrial granules contained a basic polypeptide with a random coil conforma-
tion, sulfur amino acids, and tryptophan (de Bold et al. 1978; de Bold and Bencosme
1975a, b). (2) An unbiased morphometric technique (de Bold 1978) showed that the
number of specific atrial granules changed with manipulations of the water and
electrolyte balance in rats (de Bold 1979). (3) The hypothesis that, because the
specific number of granules changed with water and electrolyte balance, a hypothet-
ical hormone contained in the granules might be related to kidney function given the
pivotal role of this organ in the homeostatic control of such balance. (4) Extracts of
the ventricles, which display no granules in the bulk of cardiomyocytes, would
provide for a control injection into the bioassay rats.
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The renal response to an injection of atrial extract into bioassay rats was nothing
short of spectacular in terms of diuresis and natriuresis, while little or no response
was seen after injection of ventricular extracts (de Bold et al. 1981). It was quite
obvious that an atrial natriuretic factor (ANF) was found. The potential importance
of ANF resulted in a flurry of research on the physiological, pharmacological,

Fig. 1 Transmission electron
microscopy of a portion of a
mouse atrial cardiomyocyte
showing a portion of the
nucleus (Nuc) as well as
mitochondria (Mit),
myofibrils (Myo), Golgi
complex (Golgi), and specific
atrial granules (Gran).
Original magnification:
5,000�

Table 1 The principal
biological actions of ANP
and BNP

Kidney Glomerular filtration "
Collecting duct sodium reabsorption #
Diuresis and natriuresis "

Nervous system Sympathetic nerve activity #
Salt and water appetite #

Vasopressin #
Heart Cardiomyocyte hypertrophy #

Cardiac fibrosis #
Vascular Vascular smooth muscle proliferation #

Vascular smooth muscle tone #
Vascular regeneration "

RAASa RAAS #
Adipose tissue Lipolysis "
Immune system Pro-inflammatory cytokines#

aRAAS renin angiotensin aldosterone system
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biochemical, and other aspects of the discovery, resulting in an enormous amount of
literature (Table 1). Also, the efforts to impose names on the new substance were
numerous, but at present perhaps the most commonly used name is ANP even
though the nomenclature agreed upon the designated name ANF as the official one
(Dzau et al. 1987a, b).

In 1983, ANP – a 28-amino acid peptide that is the circulating form of this
hormone – was isolated, purified, and sequenced from rat atrial tissue (de Bold and
Flynn 1983; Flynn et al. 1983; Kennedy et al. 1984). The following year, ANP was
isolated from human atria (Kangawa and Matsuo 1984). Tissue fractionation studies
and immunocytochemistry demonstrated that ANP was associated with the specific
atrial granules, thus confirming the view that these organelles contained a polypep-
tide hormone (de Bold 1982; de Bold and de Bold 1985). Following the discovery of
ANP, structurally related peptides, including brain natriuretic peptide (BNP)
(Sudoh et al. 1988) and C-type natriuretic peptide (CNP) (Kojima et al. 1990),
were identified, thus establishing a natriuretic peptide (NP) family. NPs form a
family of hormones based on the shared presence of a 17-amino acid ring structure
formed by an intramolecular disulfide linkage. CNP is mainly expressed in the
central nervous system and the endothelium. Even though these peptides are referred
to as NPs, CNP lacks natriuretic activity due to the lack of a C-terminal sequence that
is required for such activity to be present. CNP is also considered to be an autocrine
or paracrine acting hormone. On the other hand, ANP and BNP are true cardiac
(atrial in mammals) hormones. However, some degree of NP expression is found in
virtually all cell types. Curiously, in the specific atrial granules, ANP is stored as the
28-amino acid-circulating hormone, while BNP is stored as its prohormone (pro-
BNP). The circulating form of ANP is highly homologous among different mam-
malian species. Circulating BNPs from different species have a relatively lower
degree of evolutionary homology. CNP displays the highest degree of homology
among mammalian species (Table 2) and is considered to be the ancestor gene.

By northern blot analysis, immunocytochemistry, in situ hybridization, radioim-
munoassay, and oligonucleotide array, ANP and BNP are far more abundant in the
atria than the ventricles. Within the atria, ANP is by order of magnitude more
abundant than BNP. The expression of NP in the ventricles is significant in the
mammalian fetal heart and in the hypertrophic ventricles. However, the level of
expression in the latter is still below that of the atria. BNP is sometimes characterized
as a ventricular hormone, while ANP is viewed as an atrial hormone. This is an
erroneous concept. The ANP concentration in normal subjects in atrium and ventri-
cle is 9,600 and 37 pmol/g, respectively, whereas the BNP concentration in the atria
and ventricles is 250 and 18 pmol/g, respectively (Mukoyama et al. 1991). Even
taking into account the differences in mass between atria and ventricles, it is not
possible to conclude that BNP is a ventricular hormone. Transcript abundance for
atrial and ventricular ANP and BNP closely mirrors peptide abundance (Bianciotti
and de Bold 2001; Yokota et al. 1995).

Humans with left ventricular (LV) hypertrophy show that the abnormal circulat-
ing levels of ANP and BNP are significantly derived from atrial sources (Murakami
et al. 2002). Lastly, replacement of the failing ventricle in orthotropic heart
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Table 2 Primary structure of various mammalian natriuretic peptides

Name Sequence of mature hormones Ref.

rANF99-126, rat
(rodent)

Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-Gly-
Arg-Ile-Asp-Arg-Ile-Gly-Ala-Gln-Ser-Gly-Leu-
Gly-Cys-Asn-Ser-Phe-Arg-Tyr

Burnett et al. (1986)

hANF99-126
human, canine,
bovine

Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-Gly-
Arg-Met-Asp-Arg-Ile-Gly-Ala-Gln-Ser-Gly-
Leu-Gly-Cys-Asn-Ser-Phe- Arg-Tyr

Canaff et al. (1996)

BNP 45, rat =
rBNP51–95

Ser-Gln-Asp-Ser-Ala-Phe-Arg-Ile-Gln-Glu-Arg-
Leu-Arg-Asn-Ser-Lys-Met-Ala-His-Ser-Ser-Ser-
Cys-Phe-Gly-Gln-Lys-Ile-Asp-Arg-Ile-Gly-Ala-
Val-Ser-Arg-Leu-Gly-Cys-Asp-Gly-Leu-Arg-
Leu-Phe

Dschietzig et al.
(2001)

BNP 32, human
= hBNP77–108

Ser-Pro-Lys-Met-Val-Gln-Gly-Ser-Gly-Cys-Phe-
Gly-Arg-Lys-Met-Asp-Arg-Ile-Ser-Ser-Ser-Ser-
Gly-Leu-Gly-Cys-Lys-Val-Leu-Arg-Arg-His

Dzau et al. (1987a, b)

BNP 32 canine=
cBNP74–105

Ser-Pro-Lys-Met-Met-His-Lys-Ser-Gly-Cys-Phe-
Gly-Arg-Arg-Leu-Asp-Arg-Ile-Gly-Ser-Leu-Ser-
Gly-Leu-Gly-Cys-Asn-Val-Leu-Arg-Lys-Tyr

Dzau et al. (1987b)

BNP 45, mouse
= mBNP77–121

Ser-Gln-Gly-Ser-Thr-Leu-Arg-Val-Gln-Gln-Arg-
Pro-Gln-Asn-Ser-Lys-Val-Thr-His-Ile-Ser-Ser-
Cys-Phe-Gly-His-Lys-Ile-Asp-Arg-Ile-Gly-Ser-
Val-Ser-Arg-Leu-Gly-Cys-Asn-Ala-Leu-Lys-
Leu-Leu

Edwards et al. (1988)

Porcine
BNP75–106

Ser-Pro-Lys-Thr-Met-Arg-Asp-Ser-Gly-Cys-
Phe-Gly-Arg-Arg-Leu-Asp-Arg-Ile-Gly-Ser-
Leu-Ser-Gly-Leu-Gly-Cys-Asn-Val-Leu-Arg-
Arg-Tyr

Cataliotti et al. (2008)

CNP 22, h, r, p=
CNP82–103

Gly-Leu-Ser-Lys-Gly-Cys-Phe-Gly-Leu-Lys-
Leu-Asp-Arg-Ile-Gly-Ser-Met-Ser-Gly-Leu-Gly-
Cys

Cataliotti et al. (2011)
and Flynn et al. (1983)

c canine, h human, m mouse, p porcine, r rat
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transplantation in humans does not result in normalization of either ANP or BNP
even after other endocrine and cardiovascular parameters return to normal (Masters
et al. 1993). These findings underscore that while there may be a good correlation
between parameters such as ventricular hypertrophy, systolic failure, or ischemic
events and ANP or BNP secretion, this secretion may not be considered of solely
ventricular origin. In addition, physiopathologically ascribing increases of circulat-
ing ANP or BNP to increases in cardiac pressure or stretch are likely to be an
oversimplification, as pressure without stretch does not result in increases in cardiac
NP secretion as shown by investigations on cardiac tamponade (Klopfenstein et al.
1990; Vierhapper et al. 1989; Stokhof et al. 1994). Also, pathologies such as heart
failure are well known to be associated with profound changes in the neuroendocrine
environment that confound a hemodynamic-only interpretation of changes in NP
concentrations in circulation during disease. Indeed, it can be demonstrated that
there is a load-dependent and a load-independent component to the increase in NP
gene expression in the hypertrophic heart (Ogawa et al. 1996) and that the correla-
tion of NP blood levels with intracardiac pressures break down in advanced heart
failure (Ogawa et al. 2005).

The ample spectrum of physiological effects of NP correlates well with the
presence of their receptors in virtually all tissues (Kuhn 2003, 2004). The biologi-
cally active NP receptors are membrane-bound guanylyl cyclases-denominated
“NPR-A” and “NPR-B.” An NPR-C receptor appears to function as a clearance
receptor (Ogawa et al. 1996; Ogawa and de Bold 2014). Oddly, the membrane-
bound guanylyl cyclase was an orphan receptor until ANP was discovered (Chinkers
et al. 1989). The NPR-A receptor binds both ANP and BNP, while the NPR-B
receptor binds CNP. Activation of these receptors by their ligands induces produc-
tion of intracellular cyclic GMP (cGMP), which, in turn, regulates the activity of
various cGMP-sensitive effectors including ion channels, phosphodiesterases, and
protein kinases. An increase in circulating cGMP, which is the result of cellular
spillover of NP-receptor interaction in target cells, is thus a hallmark of such an
interaction.

It is still an unsolved curiosity that ANP and BNP that share biological properties
as well as storage site also share the same receptor type. It is, however, possible that a
differentiation between these two NPs is made at the level of secretory stimuli as
follows. Both ANP and BNP secretions are stimulated by regulatory peptides that
signal through Gq-coupled receptors (e.g., endothelin, angiotensin II) and by muscle
stretch, which is transduced by mechanisms involving Gi/o signaling (Ogawa et al.
1999; Bensimon et al. 2004). Unlike ANP, however, BNP secretion is also stimu-
lated by some cytokines. This secretion is p38 MAPK inhibition sensitive (Ogawa
and de Bold 2012; Ma et al. 2004; Meirovich et al. 2008). Striking examples of the
differential secretory response of BNP vs ANP to cytokine stimulation may be seen
in inflammatory states such as during human cardiac allograft rejection, lipopoly-
saccharide treatment, and in autoimmune myocarditis (Ogawa et al. 2005, 2008;
Ogawa and de Bold 2012; Ma et al. 2004). These differences should possibly be of
interest to those working on therapeutic applications of NP as well as those using NP
blood levels as biomarkers of cardiovascular health (Ramos and de Bold 2006).
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Circulating ANP and BNP in Heart Failure: The Birth of Heart
Failure Biomarkers

Following de Bold’s discovery of the heart as an endocrine organ and the production
of atrial natriuretic peptide (ANP) with its natriuretic properties, our group at Mayo
Clinic sought to first define circulating ANP in human heart failure (HF) (de Bold
et al. 1981). Initially, studies in a hamster model of dilated cardiomyopathy
suggested that ANP was deficient in HF with reduced atrial granules in the failing
heart, which was mistakenly interpreted as reduced ANP production (Chimoskey
et al. 1984). Specifically, our group developed a highly sensitive radioimmunoassay
to measure circulating ANP concentrations and performed key studies in normal
humans and in humans with mild, moderate, and severe HF including determining
atrial pressures using cardiac catheterization (Burnett et al. 1986). In this seminal
work, the progressive increase in circulating ANP associated with increasing atrial
pressures and atrial stretch was reported (Fig. 2). These studies established the
activation of the ANP hormonal system in human HF, followed by multiple studies
by independent groups that B-type natriuretic peptide (BNP) is also increased in
human HF plasma, including increased production in the ventricular myocardium in
contrast to ANP (Muriokaya et al. 1992; (Edwards et al. 1988; Wei et al. 1993).
Unlike ANP and BNP, circulating CNP is not increased in human HF (Wei et al.
1993).

The elevation of ANP and BNP in HF raised the question of the role of natriuretic
peptide (NP) activation in a disease syndrome characterized by sodium and water
retention and congestion. Physiological studies were thus performed in large animal
models of HF that were designed to induce reductions in cardiac output but also to
inhibit or impair the release of ANP (Lee et al. 1989; Stevens et al. 1995). When
cardiac output was reduced in a canine model of HF, and atrial stretch and ANP
release were prevented, impaired renal function with sodium retention with
activation of aldosterone was noted. When ANP was infused into the model of
low ANP to produce circulating levels of ANP observed in HF, sodium retention and

Fig. 2 Circulating ANP in
normal humans and in humans
with increasing severity of
heart failure
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increases in aldosterone were reversed. In a second study in experimental HF,
surgically removed atrial appendages of the heart, in order to limit the release of
ANP, were examined (Stevens et al. 1995). When chronic HF was induced, the onset
of sodium retention was more rapid with greater activation of both renin release by
the kidney and aldosterone release by the adrenal glands in the ANP-deficient model.
Furthermore, infusion of an NP receptor antagonist blocking the ANP receptor
(NPR-A) in the atrial appendage also resulted in sodium retention and RAAS
activation. Taken together, early activation of ANP in the evolution of HF has a
compensatory role to maintain renal function and sodium homeostasis and retard
RAAS despite reductions in cardiac output. During the transition to overt and severe
experimental HF, the kidney, with more chronic reductions in renal perfusion
pressure, right ventricular failure, and high venous pressure and gradual activation
of the RAAS, is characterized by a relative renal resistance to ANP through impaired
second messenger production (i.e., cGMP) in the kidney (Margulies et al. 1991;
Supaporn et al. 1996). Thus, in end-stage HF, there is a relative renal escape from the
renoprotective actions of ANP.

Altered Processing and Molecular Forms of Natriuretic Peptides
in Heart Failure

The elevations of circulating ANP and BNP, including their precursor structures
proANP and proBNP in HF, have contributed to their development as biomarkers in
the diagnosis and prognosis of HF. Yet, contributing to an impaired compensatory
role in maintaining overall cardiorenal function in HF has been the release of altered
molecular forms of the NPs in advanced human HF with reduced biological activity
contributing to a concept of the “natriuretic peptide endocrine paradox” (Goetze
et al. 2003).

One of the first insights into altered processing as well as degradation of the NPs
in HF was the key study of Hawkridge (Hawkridge et al. 2005). Here, mass
spectrometry was used to characterize the presence or absence of mature BNP in
plasma of patients with advanced HF with a high circulating BNP concentration by
the use of conventional assays, the latter of which are insensitive to altered molecular
forms of BNP. We reported the absence of mature BNP in human HF. This led to the
conclusion that commonly used diagnostic assays to measure BNP must cross-react
with precursor molecular forms such as proBNP. Indeed, studies have clearly
established that proBNP is the predominant molecular form of the NPs that circulate
in HF (Liang et al. 2007). Further, repeated studies have established that proBNP has
markedly reduced NP receptor-activating properties when compared to mature BNP,
underscoring that in HF altered molecular forms of BNP with reduced biological
activity may be a mechanism for impaired renal function and RAAS activation
(Heublein et al. 2007; Huntley et al. 2015). Studies are ongoing to better define
proANP in human HF. Most importantly, proANP in contrast to proBNP is a robust
activator of the NPR-Awhich may have both diagnostic and therapeutic implications
in HF (Ichiki et al. 2015). Nonetheless, the altered processing and degradation of

8 A.J. de Bold et al.



molecular forms of the NPs in HF support the rational for the therapeutic use of
either native NPs or the development of novel new generation designer NPs.

Therapeutic Use of ANP and BNP in Heart Failure

Recombinant ANP and BNP are, respectively, carperitide and nesiritide that have
been approved for the treatment of acute HF. Based on initial studies from large
clinical trials such as the VMAC Trial (Intravenous nesiritide, J Am Med Assoc
2002), BNP (nesiritide) was approved in the USA and widely used as an acute
intravenous agent for acute HF. Approval of recombinant BNP (nesiritide) was based
upon an improvement of dyspnea and a reduction in cardiac filling pressure com-
pared to the vasodilator nitroglycerine that also acts through the second messenger
cyclic GMP. Further clinical trials – especially the ASCEND trials which consisted
of 7,000 subjects worldwide with acute HF who were randomized to either nesiritide
or conventional therapy – reported there were no safety issues with nesiritide but that
nesiritide therapy was neither superior to conventional therapy with a major adverse
effect of hypotension (O’Connor et al. 2011).

A strategic advancement, however, in the further development of BNP as an
NPR-A activator in HF was the realization that chronic BNP delivered locally to the
heart or systemically through subcutaneous administration resulted in structural and
functional improvements in the setting of experimental or human HF. In experimen-
tal hypertensive heart disease, which is present in the spontaneously hypertensive
rat, novel gene delivery of proBNP which was processed then to mature BNP using
an AAV9 cardiotropic gene delivery vector overexpressed BNP production in the
rodent heart for 9 months following one injection systemically (Cataliotti et al.
2011). Chronic overexpression of BNP in the heart improved myocardial structure
and function and also improved survival in this genetic model of hypertension. A
seminal advance was in human HF in which Chen et al. treated patients with stable
chronic HF with subcutaneous injection of BNP twice daily for 8 weeks (Chen et al.
2012). Endpoints were safety, clinical status, renal function, and myocardial function
and structure. In this placebo controlled, randomized clinical study, chronic subcu-
taneous BNP improved LV mass by MRI and improved cardiac volumes in both
systole and diastole. Symptoms were improved, renal function was preserved, and
there was suppression of the renin angiotensin system. Most recently, studies have
reported that 3 months of subcutaneous BNP to patients with preclinical systolic and
diastolic dysfunction improved renal function and cardiorenal response to intravas-
cular volume overload (McKie et al. 2016). Thus, chronic stimulation of NPR-A
with native NPs have a therapeutic potential in the treatment of preclinical and
symptomatic HF changing the paradigm of peptide therapeutics for human HF.

A key feature and requirement for successful NP therapeutics is the delivery of
the peptide especially to facilitate chronic delivery. While still in early stages, in key
studies by Cataliotti, the development of orally administered BNP by novel
pegylation technology has been reported in experimental models (Cataliotti et al.
2007). A novel formation of pegylated BNP was readily absorbed and activated

The Endocrine Heart 9



NPR-A with increases in plasma and urinary cyclic GMP and reductions in blood
pressure. Further studies demonstrated that oral delivery of BNP could also have
therapeutic potential in cardiovascular disease states such as experimental hyperten-
sion (Cataliotti et al. 2008). Natriuretic effects complimented enhancing actions on
cyclic GMP and blood pressure.

Designer Natriuretic Peptides for Heart Failure

Advances in peptide engineering have provided strategies and technologies to
modify native peptides to enhance receptor activation and/or to produce enhance-
ments in pharmacokinetics or unique biological actions not present in native pep-
tides. Cenderitide (CDNP) represents the most clinically advanced designer NP
currently under clinical development for HF (Lisy et al. 2008; (Lee et al. 2009).
Designed at the Mayo Clinic, Cenderitide was engineered to coactivate the NPR-A
receptor but also the NPR-B receptor, the latter that is the target of the endothelial
derived peptide C-type natriuretic peptide (CNP) (Dickey et al. 2009). A major goal
was to produce a peptide that was less hypotensive than BNP or ANP that are more
potent activators of NPR-A compared to Cenderitide as it is also well known that
CNP is less hypotensive than ANP or BNP. Limiting hypotension in the treatment of
HF would have more favorable renal actions, as marked reductions in renal perfusion
pressure may impair renal function. Further, the design of Cenderitide also recog-
nized that CNP lacks renal natriuretic actions (Clavell et al. 1993). Furthermore, as
NPR-A activation also has aldosterone suppressing actions while NPR-B activation
has endothelium enhancing and anti-fibrotic properties, Cenderitide represents a
transformational advance in NP engineering.

The structure of Cenderitide (Fig. 3) fuses the mature 22-amino acid CNP with
the 15-amino acid C-terminus of DNP which is derived from the mature peptide
DNP isolated from the green mamba snake and a potent NPR-A activator (Schweitz
et al. 1992). Extensive modeling and production of CDNP mutants demonstrated the
superiority of CDNP to other novel CDNP like peptides establishing the structural
requirement of the full mature CNP with the 15-amino acid sequence of DNP as a
prerequisite for co-receptor activation (Lee et al. 2016). Further, this recent study
demonstrated that Cenderitide activates cyclic GMP in isolated glomeruli and
possesses potent GFR enhancing and natriuretic effects in addition to suppression
of aldosterone, unlike CNP via NPR-B. These properties were clearly demonstrated
in the first-in-human study of Cenderitide in normal human volunteers (Lee et al.
2009).

In experimental studies in human failing myocardium, the rational for CDNP in
HF is strengthened by the upregulation of the NPR-B receptor and reduced produc-
tion of CNP as recently reported by Ichiki et al. (2015). Further, Cenderitide
compared to either BNP or CNP was also superior in inhibiting collagen production
in human cardiac fibroblasts. In the model of mild left ventricular diastolic dysfunc-
tion with early mild cardiac fibrosis, chronic Cenderitide suppressed the develop-
ment of both cardiac fibrosis and diastolic dysfunction (Martin et al. 2012). Several
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clinical studies are underway related to Cenderitide in HF. These include the
targeting of patients with post-acute HF and impaired renal function to preserve
renal function and delay the progression of HF. Studies are also underway to
administer Cenderitide to patients with acute myocardial infarction to preserve LV
systolic function and prevent the development of post-acute HF. Finally, it is now
recognized that left ventricular assist mechanical devices (LVADs) while improving
cardiac hemodynamics may induce further cardiac fibrosis and remodeling. There-
fore, studies are also underway to assess the therapeutic potential of Cenderitide as a
co-therapy with LVAD therapy to reduce the development of cardiac fibrosis and
remodeling as well as to facilitate possible myocardial recovery.

Like oral delivery of BNP, novel delivery systems are being developed for
Cenderitide. In current clinical trials, the OmniPod insulin delivery system is
being employed to chronically administer subcutaneous Cenderitide in patients
with HF. In experimental models of cardiovascular disease, novel nanoparticle gel
polymer strategies are being tested (Lim et al. 2013). Further, novel film delivery
system in which Cenderitide is released from a patch-like device around the heart is
also being tested (XW et al. 2013). With the advent of highly innovative delivery
systems, chronic delivery of Cenderitide or designer NPs will continue to emerge.

MANP for the Prevention of Heart Failure

Hypertension remains the leading cause of HF, and strategies to reduce HF are a high
health care priority. The newest generation designer NP currently entering clinical
trials is MANP which is a best-in-class NPR-A activator. The goal in the develop-
ment of MANP was to engineer a designer NP to prevent HF by targeting high-risk

Fig. 3 Structure of Cenderitide (CDNP). Fusion of mature 22-amino acid CNP with the
C-terminus of DNP resulting in a novel designer peptide which coactivates NPR-A and NPR-B
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populations who are at increased risk of future HF (McKie et al. 2012). MANP
recently completed a first-in-human study in resistant-like hypertensive subjects.
This initial trial recognizes resistant hypertension as the leading risk for the devel-
opment of future HF, far exceeding other comorbidities (Calhoun et al. 2008).

Based upon genomic insights, MANP was engineered as a 40-amino acid peptide
with the structure of the mature 28-amino acid ANP fused to a novel 12-amino acid
carboxyl terminal extension (McKie et al. 2009). This novel C-terminal extension
renders MANP highly resistant to degradation by neprilysin and thus represents an
alternative to a nonspecific neprilysin enzyme inhibitor strategy (Dickey et al. 2009).
MANP has the attractive biological properties of both resistance to neprilysin
degradation with specific and direct ligand activation of NPR-A. MANP also has
more sustained natriuretic, aldosterone suppressing, and blood pressure-lowering
actions than native ANP (McKie et al. 2009). MANP markedly increases circulating
and urinary cyclic GMP and is highly effective in reducing blood pressure in
experimental hypertension (McKie et al. 2010). Both experimental and first-in-
human studies suggest that MANP is a potent aldosterone inhibitor reducing the
secretion of aldosterone. Experimental studies with native ANP and its interaction
with the mineralocorticoid receptor (MR) would also suggest that MANP might also
have direct actions to inhibit the MR (Nakagawa et al. 2014). Further, in a model of
acute HF in the setting of hypertension, MANP is more effective than nitroglycerine
in augmenting sodium excretion and preserving GFR, unloading the heart and
suppressing aldosterone (McKie et al. 2014, 2016).

As important to peptide therapeutics as peptide design is the need to develop
novel peptide delivery platforms (Fosgerau and Hoffmann 2015). Studies are under-
way to develop novel strategies to chronically deliver MANP in a formulation which
results in sustained delivery. Like antidiabetic drugs such as GLP1 analogs, fatty
acids can be linked to MANP, resulting in sustained delivery and prolonged activa-
tion of cyclic GMP. Ongoing studies also suggest that advanced peptide engineering
can also result in gain of function of MANP to the NPR-A (Buglioni et al. 2016).
Thus, in these exciting days of biotechnology, engineering peptides such as MANP
provide potentially greater clinical efficacy in the treatment of human disease and yet
retain highly specific receptor-mediated actions that contribute to safety as well as
efficacy.

From Prohormone to Natriuretic Peptide

Human atrial (ANP) and B-type natriuretic peptide (BNP) are encoded by two genes
colocated on chromosome 1 (Yang-Feng et al. 1985; Arden et al. 1995). The overall
gene structure resembles other peptide hormone genes in size and composition with
three exons separated by two introns. For both ANP and BNP, the major part of the
coding sequence is located in exon 2. Genetic polymorphism has been reported in
both genes as well as in the corresponding receptor genes (Lanfear 2010). Although
the impact of genetic variation in the natriuretic peptide systems remains to be fully
explored, it seems that it affects plasma concentrations in a heritable manner, which
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has been demonstrated in the general population (Wang et al. 2003). A common
polymorphism in the BNP promoter region has also been associated to the preva-
lence of type 2 diabetes (Meirhaeghe et al. 2007). Conversely, diabetes mellitus
induces increased risk for the development of cardiovascular disease with concom-
itant changes in cardiac natriuretic peptide expression (Christoffersen et al. 2007). A
frameshift mutation in the ANP gene has been noted in heritable atrial fibrillation,
where the frameshift introduces a C-terminally extended ANP peptide (Hodgson-
Zingman et al. 2008).

Human proBNP comprises 108-amino acid residues. Mammalian precursor
sequences have been deduced from cDNA sequences that encode the entire pre-
prostructure (Sudoh et al. 1989; Steinhelper 1993; (Asano et al. 1999; Liu et al.
2002). Amino acid homology between species is confined to the amino- and
carboxy-terminal regions, whereas the remaining prostructure varies considerably
between animals (which as earlier noted is in contrast to a well-conserved primary
structure of proANP). In addition to proBNP, human preproBNP contains an
N-terminal hydrophobic signal peptide of 26-amino acid residues. As with most
regulatory peptides, this sequence is removed during translation before the synthesis
of the C-terminal part of the precursor is completed. PreproBNP does, therefore, not
circulate as a separate entity but is only a theoretical structure. On the other hand,
proBNP is an existing polypeptide, which has been indicated by chromatographic
profiling and sequence-specific immunoassays (Hunt et al. 1995; Schulz et al. 2001;
(Goetze et al. 2002; Giuliani et al. 2006; Seferian et al. 2007; Liang et al. 2007). The
precursor molecule still remains to be purified together with the processing interme-
diates thereof – apart from the C-terminal cleavage product, i.e., BNP 32, and the
N-terminal region of the precursor (Hino et al. 1990; Minamino et al. 1988; Flynn
et al. 1989; Aburaya et al. 1989; Kambayashi et al. 1990).

The posttranslational phase of proBNP expression has become a subject of
renewed interest. Recent advances through mass spectrometry combined with the
development of sequence-specific antibodies have revealed a surprisingly complex
cardiac biosynthesis of natriuretic peptides. The human proBNP structure, for
instance, appears simple at first glance. It is divided into two principal regions by
a cleavage site in position 73–76 (Arg-Ala-Pro-Arg) (Fig. 4). One region thus
comprises the N-terminal fragment proBNP 1–76, and the second region is the
bioactive part, e.g., the C-terminal BNP 32 (proBNP 77–108). The C-terminal region
contains a ring structure formed by a disulfide bond between the cystyl residues in
position 86 and 102, respectively. This modification in both ANP and BNP syntheses
takes place in the endoplasmic reticulum and may be considered the first step in
posttranslational processing, apart from the cleavage of the signal peptide, which
happens during translation. The protein disulfide isomerase family and thiol-
disulfide oxidoreductases are candidate enzymes involved in this disulfide bond
formation, where cardiac expression of the isomerase transcript has been reported
to be upregulated in cardiac disease (Severino et al. 2007). Cellular experiments also
suggest a direct cardioprotective effect of this regulation, which may relate to
natriuretic peptide synthesis. Regulation of protein disulfide isomerase has been
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classified as “endoplasmic reticulum stress,” which is a hallmark of several patho-
logical disorders including ischemic heart disease (Azfer et al. 2006).

Larger forms of BNP (big big BNP) than the purified BNP 32 were first noted in
gel filtration studies of tissue and plasma from patients with cardiac disease (Hunt
et al. 1995; Schulz et al. 2001; Goetze et al. 2002; Shimizu et al. 2002, 2003). Some
data also suggested forms larger than the predicted precursor. A singular report
suggested that proANP and proBNP can oligomerize through a leucine zipper-like
motif in the mid-region (Seidler et al. 1999). Whether the odd elution patterns were
mere artifacts or represented peptide binding to other molecules was nevertheless put
aside when it was demonstrated that proBNP is an O-linked glycoprotein
(Schellenberger et al. 2006). In the precursor structure, the mid-region (proBNP
36–71) contains seven seryl and threonyl residues, where O-linked glycosylation
occurs either fully or partially (Fig. 5). This major modification of a polypeptide does
apparently not affect the overall structure of the precursor (Crimmins and Kao 2008).
No specific immunoassay has yet been developed against the glycosylated forms,
and the ratio between glycosylated and non-glycosylated proBNP products can only
be deduced from assays that specifically measure the non-glycosylated forms or
cross-react with both forms. It should also be noted that the ANP precursor may be
subject for glycosylation, albeit no report has so far documented such events.

The next step in posttranslational processing is endoproteolysis. Human proBNP
was first suggested to be cleaved by the ubiquitous endoprotease furin (Sawada et al.
1995, Sawada et al. 1997b). The Arg-Ala-Pro-Arg motif in position 73–76 in human
proBNP has been shown to be a target for furin-mediated cleavage. In fact, endo-
proteolytical processing can be blocked in vitro by inhibition of furin, and furin has
been shown to be essential for maturation of the structurally related CNP (Wu et al.
2003). A novel protease named corin has been identified in human heart cDNA (Yan
et al. 1999; Hooper et al. 2000). Corin is a serine protease that can cleave both
proANP and proBNP in vitro, presumably at a similar cleavage site (Yan et al. 2000;
Wu et al. 2002). Corin contains a transmembrane domain anchored in the cell
membrane and is thought to cleave the precursors upon secretion. The enzymatic
activity does apparently not require the transmembrane domain, as a mutant soluble
form is also capable of processing proANP (Knappe et al. 2003). A role of corin in

Fig. 4 Immunoassay for the
detection of unprocessed
human proBNP. The assay
utilizes antibody recognition
of an epitope spanning the
Arg-Ala-Pro-Arg site
(proBNP 74–76) thought to be
cleaved by Corin Giuliani
et al. (2006)
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the biosynthesis of cardiac natriuretic peptides in vivo has been further substantiated
by genetic coupling of corin mutations to clinical phenotypes that can be explained
by reduced ANP and BNP bioactivity in circulation, i.e., hypertension (Dries et al.
2005; Wang et al. 2008). Corin thus seems to be a relevant candidate for cardiac
biosynthesis of natriuretic peptides generating N-terminal processing fragments and
C-terminal bioactive peptides (Wu 2007). Of note, no study has yet demonstrated
exactly where corin cleaves the proBNP structure. Moreover, atrial posttranslational
processing of proANP and proBNP is likely to differ from ventricular processing, as
isolated atrial granules have been reported to contain both unprocessed proANP and
mature BNP 32 (Yokota et al. 1995). Corin activity alone can therefore not fully
explain the endoproteolytical maturation of cardiac natriuretic propeptides.

Other processing enzymes deeply involved in prohormone maturation are the
proprotein/prohormone convertases (PCs). In addition to furin, the subtilisin-like

Fig. 5 The upper panel
shows a chromatographic
profile of proBNP
immunoreactivity in human
atrial tissue. Cardiac tissue
extract was subjected to size-
exclusion HPLC. Molecular
size calibrators were eluted in
a separate run. The proBNP
immunoreactivity eluted in
positions approximately three
times higher than the
theoretical molecular weight
of intact proBNP. The lower
panel displays western
blotting of recombinant (left)
and patient (right (proBNP) in
buffer (B) or after
deglycosylation (G). The
incubation time is also listed
(Modified from
Schellenberger et al. 2006)
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endoproteases PC1/3 and PC2 are expressed in the mammalian heart (Bloomquist
et al. 1991; Beaubien et al. 1995), and PC1/3 expression has been demonstrated both
in normal and pathological human cardiac tissue (Dschietzig et al. 2001). Atrial
myocytes transfected with an adenoviral vector expressing PC1/3 process proANP
to both mature ANP and a truncated form (Marx and Mains 1997). Although the
precise cleavage site was not established and the processing capacity was somewhat
inefficient, this report underscores that other proteases than furin and corin may be
involved in the posttranslational endoproteolysis of proANP and proBNP. PC1/3 is
active in secretory granules and could therefore be an important regulator of atrial
proBNP processing. Cardiac PC1/3 expression has been reported to be upregulated
at the transcriptional level in heart disease (Jin et al. 2004). Unfortunately, there are
no data yet on other proBNP-derived fragments stemming from endoproteolytical
processing. The precursor sequence contains several basic amino acid residues that
potentially could represent cleavage sites for the PCs, and the molecular character-
ization may not be complete when it comes to processing intermediates from the
natriuretic peptide precursors.

N-Terminal trimming of proBNP-derived peptides seems to be a biological
feature, as both the N-terminus of the biosynthetic precursor and the C-terminal
bioactive BNP product contain motifs for aminopeptidase cleavage. Both the
N-terminus of proBNP and BNP 32 (proBNP 77–108) contain a prolyl residue in
position 2 (His-Pro and Ser-Pro, respectively). While prolyl residues are important
for peptide structure and folding, they can also be involved in exoproteolytic
trimming if located near the N-terminus (Vanhoof et al. 1995). N-terminal trimming
has been demonstrated for BNP in vitro (Brandt et al. 2006). Synthetic BNP
32 (proBNP 77–108) incubated with dipeptidyl peptidase (DPP)-IV removes the
N-terminal Ser-Pro residues. DPP-IV is, however, an enzyme located mainly on
endothelial cells and in the circulation with a preference for cleaving N-termini with
either prolyl or alanyl residues in the second position (Ahrén 2007). Thus, this
DPP-IV cleavage is not a part of the biosynthesis but rather related to the elimination
phase from the circulation. An N-terminally trimmed form of proBNP lacking the
His-Pro residues in position 1–2 has also been reported in heart failure patients (Lam
et al. 2007). This report demonstrated that a truncated proBNP 3–108 form circulates
in increased concentrations in heart failure patients. In extension, an initial report on
glycosylated proBNP in a recombinant expression system (CHO cells) also identi-
fied a truncated proBNP 3–108 form in cellular extracts (Schellenberger et al. 2006).
While this finding may be explained by experimental handling of extracts and
medium, it could also imply that N-terminal exoproteolysis is a biosynthetic event.
In mammalian cells, intracellular aminopeptidase activity has been reported in
compartments different from the lysosomes suggesting N-terminal trimming as a
possible part of the biosynthetic peptide maturation (Underwood et al. 1999;
Chiravuri et al. 2000). Whether trimming of natriuretic peptides and their precursors
serves an actual regulatory function in cardiac physiology remains a question for
future molecular research.

As stated earlier in this chapter, BNP gene expression is a feature of both atrial
and ventricular myocytes. In the normal heart, the main site of BNP expression is in
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the atrial myocardium (Luchner et al. 1998; (Christoffersen et al. 2002). Ventricular
BNP gene expression increases markedly in disease that affects the ventricles, i.e.,
congestive heart failure (Mukoyama et al. 1991). Atrial and ventricular myocytes,
however, differ considerably with respect to their endocrine phenotypes, and it is
reasonable to expect major differences in both peptide storage and secretion
(Doyama et al. 1998; Goetze et al. 2006). Atrial granules contain both intact pre-
cursors and biosynthetic end products, i.e., bioactive ANP-28 and proBNP. In
contrast, normal ventricular myocytes do not seem to express such granules, and
ventricular myocytes do not contain proBNP-derived peptides (Christoffersen et al.
2002). A few reports have observed granules and proBNP-derived peptides in
ventricular myocytes sampled from pathological hearts (Hasegawa et al. 1993;
Nicolau et al. 1997; Takemura et al. 1998). Thus, ventricular myocytes not only
regulate the BNP gene at the transcriptional and posttranslational level but also seem
to differentiate with respect to the biosynthetic apparatus per se. One report even
suggests the presence of different classes of granules, where one class contains only
ANP-related products and the other class contains both ANP and BNP peptides
(Hasegawa et al. 1991). The proANP structure has also been implicated in granule
formation through calcium-mediated aggregation in the trans-Golgi network, where
substitution of the acidic residues in the N-terminal region changes both the size and
the shape of intracellular vesicles and their ability to dock with the plasma membrane
(Canaff et al. 1996; Baertschi et al. 2001). In extension to these findings, it should be
noted that atrial myocytes from ANP gene-deficient mice do not contain secretory
granules on electron microscopy (John et al. 1995). Cardiac BNP expression in
ANP-deficient mice is also affected with decreased BNP mRNA contents in the atria
and increased expression in the ventricles (Tse et al. 2001). BNP peptide contents in
these tissues paralleled the mRNA findings with no peptide in atrial regions and
borderline detectable contents in ventricular samples. The formation of granules in
atrial and ventricular myocytes consequently differs and may be dependent on the
two cardiac natriuretic peptide systems. Finally, other cells within the heart also
express the BNP gene. For instance, cardiac fibroblasts have been shown to produce
and secrete cardiac natriuretic peptides (Tsuruda et al. 2002), and the coronary
vasculature expresses all three natriuretic peptide genes, at least in coronary athero-
sclerosis (Casco et al. 2002). The biosynthesis of natriuretic peptides in these cells
still remains to be elucidated.

ProBNP-derived peptides are secreted by cardiac myocytes and circulate in
plasma. Their heterogeneity has primarily been characterized by chromatography
and sequence-specific immunoassays. Much of our present conception of the cellular
synthesis is still derived from the plasma phase, which represents the sum of both
secretion and metabolism. The picomolar concentrations in plasma limit the possi-
bilities for full biochemical identification and underscore a careful understanding of
epitope recognition by the immunoassays. With this in mind, it is established that
bioactive BNP is secreted from the heart and circulates without binding to plasma
proteins (Hawkridge et al. 2008). Synthetic BNP 32 (proBNP 77–108) is trimmed
when incubated in whole blood generating a BNP form lacking the two N-terminal
amino acid residues (Shimizu et al. 2002; Hawkridge et al. 2005). As mentioned
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earlier, this form can also be generated by enzymatic trimming by DPP-IV (Brandt
et al. 2006) and possibly other aminopeptidases. Further processing of plasma BNP
seems to involve degradation with a loss of bioactivity though the disruption of the
ring structure is mediated by neutral endopeptidase (NEP 24.11) – or by receptor-
mediated uptake. The metabolic fate of BNP 32 has been reported to be 13–20 min
(Richards et al. 1993; Smith et al. 2000). Immunoreactive BNP is also excreted in
urine, but the precise contribution of renal excretion to renal metabolism is probably
of minor relevance. A small degree of hepatic clearance has also been shown, which
is not significantly altered in patients with liver failure (Henriksen et al. 2003).

In addition to bioactive BNP, other proBNP-derived fragments circulate in
plasma (Goetze 2004, 2012). These fragments are commonly referred to as “N-
terminal proBNP,” but the molecular heterogeneity also includes the intact precursor,
in particular in heart failure patients (Fig. 4) (Hunt et al. 1995, 1997a, b; Goetze et al.
2005). Cardiac secretion of proBNP and its N-terminal fragments has been demon-
strated by blood sampling from the coronary sinus. The molar ratio of secreted
proBNP 1–76 to intact proBNP is likely to depend on cardiac status, i.e., more
unprocessed precursor compared to biosynthetic cleavage products in severe heart
failure. On the metabolic phase, there are still discrepancies in the suggested half-life
of N-terminal precursor fragments, which at least partially reflects the epitope
recognition in the assays. Theoretically, the half-life of proBNP 1–76 in circulation
should be around 25 min (Kroll et al. 2007) and should thus not differ greatly from
the established metabolism of BNP 32 (proBNP 77–108). One report, however,
suggested a considerably longer half-life (~90 min after cardiac pacing), which
would explain the higher plasma concentrations of N-terminal proBNP fragments
compared to bioactive BNP (Pemberton et al. 2000).

Summary

Cardiac natriuretic peptides and their molecular precursor structures have gained a
robust role in clinical assessment of chronic heart failure. At first, the ANP gene
attracted most interest, where BNP (and proBNP) measurement dominated the early
2000s. As of today, renewed interest in the ANP gene and the ANP physiology has
been raised, where new peptide-based drugs may soon play an important therapeutic
role in maintaining normal blood pressure and preservation of organ function at a
local level.
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Abstract
Significant discoveries made within the past 15 years have revealed that bone, as
an organ, is not only a target of several endocrine signals but by itself acts as an
unpredicted but nevertheless important endocrine tissue. Indeed, bone cells are
secreting at least two hormones, FGF23 and osteocalcin, which are implicated in
the regulation of phosphate homeostasis and of energy metabolism, respectively.
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FGF23 is secreted specifically by the cells of the osteoblast-osteocyte lineage and
inhibits phosphate reabsorption in the kidney proximal tubule mainly by reducing
the expression of sodium-phosphate co-transporters. FGF23 also suppresses
1,25-dihydroxyvitamin D3 synthesis in the proximal tubule and thereby impacts
calcium and phosphate absorption as well. Osteocalcin is expressed and secreted
by differentiated osteoblasts in bone and acts as a blood glucose-lowering
hormone by stimulating insulin secretion by β-cells and by favoring insulin
sensitivity in muscle, liver, and white adipose tissue. As we shall see in this
chapter, the discovery that bone, like many other organs, possesses endocrine
functions has opened new and exciting areas of research.

Keywords
Bone • Osteoblast • Osteoclast • Osteocyte • FGF23 • Osteocalcin • Fibroblast
growth factor 23 • BGLAP • Insulin • Phosphate • Glucose • Insulin sensitivity •
Energy metabolism

FGF23, an Osteocyte-Derived Hormone Regulating Phosphate
Homeostasis

Fibroblast growth factor 23 (FGF23), as indicated by his name, is a member of the
fibroblast growth factors family. This is a relatively large class of secreted proteins,
which include 18 members (FGF1–FGF10 and FGF16–FGF23). FGF11–FGF14
have been originally classified as FGFs based on sequence homology; however,
they are not considered as genuine FGFs because they lack the residues implicated in
the binding to the FGF receptors and, more importantly, they are intracellular pro-
teins (Ornitz and Itoh 2015).

The secreted FGFs have pleiotropic functions during human development and in
regulating metabolism postnatally (Ornitz and Marie 2015), but all FGFs signal to
their target cells through the binding and activation of either one of the four FGF
receptor tyrosine kinases (FGFR1-4; see chapter “▶Tyrosine Kinase Receptors”).
Of the 18 FGFs, 15 have been grouped into 5 subfamilies of paracrine-acting FGFs:
the so-called FGF1, FGF7, FGF4, FGF8, and FGF9 subfamilies. The remaining
three other FGFs, i.e., FGF19, FGF21, and FGF23, are members of the endocrine-
acting FGF subfamily, which is also called the FGF19 subfamily (Itoh et al. 2015).

A unique feature of the endocrine FGFs is that they lack the strong affinity for
heparan sulfates characterizing the paracrine FGFs. As a result, endocrine FGFs can
diffuse freely in the extracellular matrix that is rich in heparan sulfates and reach
blood circulation. The differences in the heparan sulfate-binding domain of the
endocrine FGFs also reduce considerably the binding affinity for the FGFRs. As a
result of this particularity and as explained with more details later in this chapter (see
section “FGF23 Receptor and Co-receptor”), members of the FGF19 subfamily
require specific co-receptors, named α and βklotho, in order to bind and activate
FGFRs. Hence, we can consider endocrine FGFs as true humoral factors, i.e.,
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hormones, as they circulate and act on distant organs through the activation of
specific receptor complexes.

FGF19, called FGF15 in mice, is produced by the ileum in response to bile acid
absorption and regulates new bile acid synthesis through an FGFR4/βklotho
receptor complex in the liver. FGF21 secretion from the liver rises in fasting
conditions and modulates glucose uptake in adipocytes via signaling through an
FGFR1/βklotho receptor complex. Finally, FGF23, which we will review in details
in the first half of this chapter, is secreted by osteocytes in the bone in response to
high concentrations of calcitriol (1,25-dihydroxyvitamin D3) and probably by
increased serum phosphate and acts on the kidney to reduce reabsorption and
thereby increases excretion of phosphate. The FGF23 receptor complex is com-
posed of FGFR1c and of αklotho.

Identification of FGF23

In humans, phosphate represents about 1% of the entire body weight, 85% of
which is stored in bones, while 14% is in cells and merely 1% is available in the
serum. The serum phosphate levels have to be tightly regulated and maintained in a
normal range in order to allow normal bone mineralization without causing ectopic
phosphate deposition in arteries or other non-osseous tissues. Three factors deter-
mine the serum phosphate concentration: the absorption of phosphate from the diet
in the intestine, its storage in the bone as hydroxyapatite mineral, and its urinary
excretion. It is the proximal tubule of the nephron that is responsible for
reabsorbing the phosphate in the urine and hence is the principal regulator of
phosphate homeostasis in the organism. In steady-state conditions, approximately
85% of the phosphate filtered by the glomerulus is reabsorbed through sodium-
phosphate co-transporters (NaPi2a and NiPi2c) localized in the proximal tubule
basolateral membrane.

Prader and his colleagues were the first to predict the existence of one or several
circulating factors actively promoting phosphate wasting in 1959 (Prader et al.
1959). Following the observation that a young girl with rickets, a disease charac-
terized by defective bone mineralization, was cured after a giant cell granuloma in
the rib was removed; they postulated that the tumor was producing a substance
acting like an antagonist of vitamin D and/or as a phosphoric agent. This substance
was termed “phosphatonin,” and evidence for its existence was further provided in
animals when it was shown that the hypophosphatemia observed in the Hypmutant
mice could be “transmitted” to wild-type mice through parabiosis but not through
kidney transplantation (Meyer 1989). FGF23 was finally identified as a
phosphatonin when mutations in this gene were found to be responsible for
autosomal dominant hypophosphatemic rickets (ADHR) in humans
(ADHRConsortium 2000). As we shall see in more detail in this chapter, FGF23
was later found to be implicated in other human pathologies of phosphate metab-
olism besides ADHR.

Endocrine Functions of Bone 3



Actions of FGF23 as a Phosphatonin

FGF23’s physiological action is to control phosphate metabolism. Although
FGF1Rc, the receptor of FGF23, is expressed in several cell types, the main target
tissues of FGF23 are the kidney and the parathyroid gland (Ben-Dov et al. 2007;
Quarles 2008). This specificity of action is explained by the restricted expression
pattern of αklotho, the obligatory co-receptor of FGF23.

The most important physiological target of FGF23 is the kidney and more
precisely the cells of the proximal tubule of the nephron. On these cells, binding
of FGF23 to αklotho/FGFR1 complexes inhibits the transcription of Slc34a1 and
Slc34a3 the genes encoding NaPi2a and NaPi2c sodium-phosphate co-transporters.
Consequently, excess of active FGF23 results in decreased phosphate reuptake in the
kidney proximal tubule causing phosphate wasting and hypophosphatemia (Fig. 1).

Another critical action of FGF23 on the kidney is the suppression of the produc-
tion of vitamin D. The active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25
(OH)2D), is produced in the kidney from an inactive precursor, 25-hydroxyvitamin
D3. This conversion is accomplished by the 1α-hydroxylase enzyme (CYP27B1).
On the other hand, the vitamin D 24-hydroxylase encoded by the Cyp24a1 gene is
expressed in the proximal tubule and inactivates 1,25(OH)2D. FGF23 suppresses the
expression of Cyp27b1 and at the same time increases Cyp24a1 expression, leading
to a net decrease in 1,25(OH)2D production and concentration. One important action
of 1,25(OH)2D is to increase phosphate and calcium absorption in the small intes-
tine. Hence, the suppression of 1,25(OH)2D production by FGF23 also results in a
reduction of intestinal phosphate absorption (Fig. 1).

In accordance with these molecular outputs of FGF23 action on the kidney, Fgf23
deficiency in mice results in increased serum levels of phosphate and 1,25(OH)2D,
extra-osseous calcifications, growth retardation, anomalies in bone mineralization,
and a reduced life span (Shimada et al. 2004). In contrast, transgenic mice over-
expressing FGF23 in the osteoblast lineage are characterized by osteomalacia and
disturbed phosphate homeostasis (Larsson et al. 2004). At the moment, it is still not
clear whether the effect of FGF23 on life span is dependent on its action on
phosphate metabolism or whether FGF23 influences longevity through another yet
to be identified pathway, but there is evidence that the reduced longevity of the
FGF23 deficient mice is mediated by vitamin D (Razzaque et al. 2006).

The exact role of FGF23 signaling in the parathyroid gland remains somehow
uncertain since some studies found that it increases parathyroid hormone (PTH)
secretion, while others found the opposite effect (Ben-Dov et al. 2007; Brownstein
et al. 2008).

FGF23 Receptor and Co-receptor

FGF23 is 32 kDa protein characterized in its N-terminal region by an
FGF-homology domain and in C-terminus by a novel 71-amino acid motif.
According to in vitro experiments, FGF23 can bind and activate FGFR1, FGFR3,
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and FGFR4 at physiological concentrations only in the presence of the αklotho
protein. αklotho which is encoded by the KL gene is a type I membrane
β-glycosidase-like protein, which acts as an essential cofactor for the binding and
activation of FGFRs by FGF23 (Urakawa et al. 2006). Although in vitro experiments
suggest that FGF23 can bind FGFR1, FGFR3, and FGFR4, FGFR1c appears to be
the bona fide FGFR responsible for FGF23 signaling in vitro. Supporting this
includes the observation that FGF23 can still induce its phosphaturic effects in
mice lacking FGFR3 or FGFR4 (Liu et al. 2008).

Mechanistically, the N-terminal FGF domain of FGF23 binds to canonical
FGFRs, while its C-terminus interacts with αklotho, which also bind the FGFR,
creating this unique and specific FGF23 receptor complex. As mentioned previously,

FGF23

Bone Kidney

Proximal tubule

aaklotho FGFR1c
FGF23

Slc34a1
Slc34a3

Pi

NaPi2a/2c
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Pi Cyp27b1 Cyp24a1

1,25(OH)2D

-

+ +
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+
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Fig. 1 FGF23 action on the kidney. FGF23 produced by osteocytes in bones acts principally on the
kidney to modulate phosphate metabolism. In the proximal tubule of the nephron, FGF23 binds and
activates its receptor complex composed of αklotho and FGFR1c. This activation leads to the
repression of the expression of Slc34a1 and Slc34a3, which encode two sodium-phosphate
co-transporters (NaPi2a and NiPi2c) responsible for the reuptake of phosphate. Hence, the net
effect of FGF23 action on the kidney is increased phosphate excretion in the urine. In addition,
FGF23 reduces the production of 1,25-dihydroxyvitamin D (1,25(OH)2D) in the same organ. This
occurs through the repression of the expression of CYP27B1, which is responsible for the
production of 1,25(OH)2D and the increase expression of CYP24A1, which convert 1,25(OH)2D
to its inactive form. 1,25(OH)2D promotes Ca2+ and phosphate absorption in the intestine. Finally,
closing this bone-kidney endocrine loop, 1,25(OH)2D is promoting FGF23 production
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this mechanism of activation of FGFR by FGF23 is different from the classical FGFs
that require extracellular acidic glycosaminoglycans for receptor activation. Impor-
tantly, the ablation of Kl gene in mice results in FGF23 insensitivity in all organs and
particularly in the kidney. Consequently, the Kl�/� mice display hyper-
phosphatemia, elevated 1,25(OH)2D levels, early mortality, and soft tissue calcifi-
cation (Kuro-o et al. 1997). These phenotypes are highly reminiscent of the ones
observed in the Fgf23�/�mice and therefore add genetic credence to the conclusion
that αklotho is absolutely required for FGF23-dependent signaling in vivo.

Regulation of FGF23

Although low levels of expression of Fgf23 have been reported in other tissues like
bone marrow, brain, and thymus, the main source of circulating FGF23 is widely
accepted as being osteocytes. FGF23 production and secretion by osteocytes are
controlled both at the transcriptional and posttranslational levels (Fig. 2).

At the transcriptional level, 1,25(OH)2D stimulates directly the expression of
Fgf23 in osteocytes through a vitamin D response element (VDRE) present in the
Fgf23 promoter (Liu et al. 2006a). Because FGF23 suppresses 1,25(OH)2D produc-
tion in the kidney, the induction of FGF23 directly by 1,25(OH)2D effectively closes
this bone-kidney endocrine feedback loop (Figs. 1 and 2). A possible regulation by
phosphate and/or calcium of FGF23 production by osteocytes was speculated based
on the premise that, since FGF23 is a phosphaturic hormone, phosphate levels
should regulate its levels. However, the clinical and experimental evidence
supporting a direct regulation of this hormone by phosphate and calcium are
conflicting. Notably, neither extracellular phosphate nor calcium is able to stimulate
FGF23 production by osteocytes or osteoblasts in culture, suggesting that if a
regulation of FGF23 by these ions exists, it is most likely indirect.

FGF23 protein is also regulated posttranslationally through three important
mechanisms (Fig. 2). The first and most characterized one is an inactivating prote-
olysis by a subtilisin-like proprotein convertase at a conserved Arg-His-Thr-Arg/Ser-
Ala-Glu dibasic motif located between amino acids 176 and 179 in human FGF23.
Cleavage of FGF23 at this specific site by a furin-like proprotein convertase gener-
ates inactive N- and C-terminal fragments of this hormone. Autosomal dominant
hypophosphatemic rickets (ADHR) is caused by missense mutations, which substi-
tute R176 or R179 for unrelated amino acid resulting in non-cleavable or stabilized
FGF23. Therefore, cleavage of FGF23 by one or more proprotein convertases in
osteocytes represents an important mechanism regulating the bioactivity of this
hormone. In vitro assays using osteosarcoma cell lines suggest that furin may be
the proprotein convertase responsible for FGF23 cleavage, but it remains
undetermined whether this is also the case in vivo in osteocytes (Tagliabracci et al.
2014).

O-Glycosylation is another posttranslational modification regulating FGF23 bio-
logical activity (Fig. 2). Familial tumoral calcinosis, a syndrome characterized by
hyperphosphatemia and severe ectopic calcification, can be caused by loss-of-
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function mutation in polypeptide N-acetylgalactosaminyltransferase 3 (GalNAc-T3
or GALNT3), a glycosyltransferase that O-glycosylates FGF23 at Thr178 within the
proprotein convertase cleavage site. In the absence of GalNAc-T3, O-glycosylation
of FGF23 is prevented, and this results in a hormone more easily cleaved by
proprotein convertases (Kato et al. 2006). Hence, when FGF23 fails to be produced
in its O-glycosylated form, it is mainly secreted as inactive cleaved fragments.

Finally, phosphorylation of FGF23 by a specific kinase located within the secre-
tory pathway also appears to play an important role in the regulation of this hormone
(Fig. 2). Family with sequence similarity 20, member C (Fam20C) is a kinase that
phosphorylates secreted proteins on Ser-X-Glu motifs. Raine syndrome is a severe
and often lethal osteosclerotic bone dysplasia caused by loss-of-function mutations
in human FAM20C gene. Interestingly, a subset of patients with Raine syndrome
survives through adulthood and develops hypophosphatemia due to elevated levels
of active intact FGF23. Similarly, mice lacking Fam20c are characterized by
increased circulating active FGF23, renal phosphate wasting, and hypo-
phosphatemic rickets. It appears that Fam20c phosphorylates FGF23 directly on
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Fgf23 VDR/RXR 

+ P 
- 

PHEX 

? 

Nucleus 

FGF23 

GalNAc-T3 

FGF23 

FGF23 

Secretory pathway 

Fam20c 

PC  PC 

Cleaved-inactive 
FGF23 
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Active intact 
FGF23 
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Fig. 2 Regulation of FGF23 production and activity in osteocytes. Fgf23 gene transcription is
promoted by 1,25-dihydroxyvitamin D (1,25(OH)2D) through the activation of the vitamin D
nuclear receptor (VDR) that functions in heterodimer with RXR. PHEX inhibit Fgf23 transcription
through an unknown mechanism. The FGF23 protein is regulated through a series of posttransla-
tional mechanisms in the secretory pathway. O-Glycosylation by GalNAc-T3 prevents FGF23
cleavage and inactivation by a proprotein convertase (PC). In contrast, phosphorylation by
Fam20c prevents FGF23 O-glycosylation and therefore favors its inactivation through proprotein
convertase cleavage
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Ser120, which is located next to the proprotein convertase cleavage site. Phosphor-
ylation of FGF23 prevents its O-glycosylation by GalNAc-T3, hence making it more
susceptible to proteolysis by proprotein convertases (Tagliabracci et al. 2014).
Therefore, in the absence of Fam20c, as it is the case in Raine syndrome, FGF23
is more efficiently O-glycosylated, less sensitive to cleavage, and therefore more
active.

FGF23 in Human Diseases

FGF23 is implicated in several human pathologies, all linked to phosphate homeo-
stasis disturbance. Although most of these diseases are rare genetically inherited
syndrome, FGF23 may also be implicated in more common pathologies such as
chronic kidney disease.

As we have seen earlier, gain-of-function mutation in FGF23 is responsible for
autosomal dominant hypophosphatemic rickets (ADHR), a hereditary disease char-
acterized by excessive loss of phosphate in the urine, which leads to rickets, i.e.,
poorly mineralized bones. As expected from the action of FGF23 on the kidney,
patients suffering from ADHR show low levels of serum phosphate combined with
inappropriate serum levels of 1,25(OH)2D.

Hyperphosphatemic familial tumoral calcinosis (HFTC), or familial tumoral
calcinosis, is another uncommon recessive disorder, which is characterized by
hyperphosphatemia and the progressive deposition of calcium phosphate crystals
in periarticular and soft tissues. Hence, even though they are called tumoral calci-
nosis, these lesions are not true neoplasms, as they do not include dividing cells.
Genetic studies have established that HFTC is caused by loss-of-function mutation
in FGF23, KL, or GALNT3, with most cases being associated with mutation in the
later (Ichikawa et al. 2007a, b). As will be expected from a FGF23 or a αklotho
deficiency, patients suffering HFTC have elevated serum phosphorus and 1,25
(OH)2D levels. As we have seen earlier, loss-of-function mutations in GALNT3
results in HFTC because FGF23 is inactivated by proteolysis by proprotein
convertases when it is not O-glycosylated by GalNAc-T3.

Tumor-induced osteomalacia or oncogenic hypophosphatemic osteomalacia is
another rare disease resulting in excessive renal phosphate wasting, hypo-
phosphatemia, and osteomalacia. This disorder is characterized by low serum
phosphate and phosphaturia, i.e., high urine phosphate. Although the exact patho-
physiology of tumor-induced osteomalacia is not fully understood, it appears that at
least in some instances this paraneoplastic syndrome is secondary to the presence of
a tumor of mesenchymal origin producing FGF23 (White et al. 2001).

X-linked hypophosphatemia (XLH), the most frequent genetic form of rickets or
osteomalacia, is caused by loss-of-function mutations in PHEX gene, which encodes
phosphate-regulating gene with homologies to endopeptidases on the X chromo-
some. Patients or mice with mutations in the PHEX gene are both characterized by
hypophosphatemia, abnormal vitamin D metabolism, and rickets or osteomalacia.
Interestingly, serum FGF23 is markedly increased in patients suffering from XLH
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and in the Hyp mice, which lack Phex. Moreover, deletion of Fgf23 in the Hyp mice
is sufficient to correct their phenotypes, suggesting that FGF23 is indeed implicated
in the pathology of XLH (Liu et al. 2006b). PHEX being an endopeptidase highly
expressed in osteoblasts and osteocytes, it was initially speculated that it might be
responsible of cleaving and inactivating FGF23. However, this could not be dem-
onstrated and it remains unclear how PHEX regulates FGF23 production. Based on
these observations, FGF23-blocking antibodies have been developed with the objec-
tive of treating XLH and have shown some efficacy in normalizing serum phosphate
levels in a clinical trial (Carpenter et al. 2014).

Secondary or adaptive increases in FGF23 have been proposed to be involved in
the pathophysiology of other human disorders. For instance, serum FGF23 rises in
the early stages of chronic kidney diseases. In this setting, the increase in FGF23
results in diminished 1,25(OH)2D production and ultimately may contribute to the
development of secondary hyperparathyroidism (see chapter “The parathyroids by
Kovacs, C”). Increased serum FGF23 levels have been associated with increased
mortality in patients suffering from end-stage renal disease (Gutierrez et al. 2005,
2008).

Osteocalcin, an Osteoblast-Derived Hormone Regulating Energy
Metabolism

The discovery of an endocrine regulation of phosphate homeostasis by bone was
retrospectively and at a certain level expected given the importance of phosphate for
bone structure. As explained with more details below, osteoblasts produce another
hormone, osteocalcin, which promotes insulin secretion by the pancreas, insulin
sensitivity in peripheral organs, and overall energy expenditure. The subsequent
uncovering of a bone endocrine action on glucose and energy metabolism was at a
first sight more surprising.

Clinical and Experimental Observations Support the Existence of an
Endocrine Link Between Bone and Energy Metabolism

When put in perspective with some clinical observations and the biology of bone
itself, the existence of a regulation of energy metabolism by a bone-derived hormone
could in fact be predicted.

One can assume that bone remodeling, the process by which bone tissue is
renewed through subsequent cycles of bone resorption by osteoclasts and bone
formation by osteoblasts, is costly in terms of energy for the rest of the body. This
implies that the process of bone remodeling is extremely dependent on the energetic
status of the organism. This hypothesis is supported by clinical observations:
patients suffering from anorexia nervosa and insulin-dependent diabetes mellitus
are often characterized by osteoporosis and/or by an increased risk of fracture, while
in contrast an increased bone mass is observed in people with a higher body mass
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index (BMI) (Kemink et al. 2000; Legroux-Gerot et al. 2005; Misra and Klibanski
2011; Ravn et al. 1999; Tremollieres et al. 1993). Also supporting a link between
energy metabolism and bone turnover is the finding that impairing glucose uptake in
osteoblasts through the deletion of the gene encoding the glucose transporter
GLUT1 results in delayed bone formation during development and severe osteopo-
rosis in adult mice (Wei et al. 2015). Similarly, reduced glycolysis or fatty acid
oxidation in osteoblasts through the inactivation of the WNT signaling pathway also
results in markedly reduced bone acquisition and low bone mass in mice (Esen et al.
2013; Frey et al. 2015).

Together, these observations suggested the existence of hormones or systemic
factors regulating bone and energy metabolism in a coordinated manner. Such
factors have been identified and included two fat-derived adipokines, leptin and
adiponectin, which are both implicated in the regulation of bone remodeling and of
energy metabolism (Ducy et al. 2000; Kajimura et al. 2013). Insulin is also known to
influence bone formation in addition to its important role on glucose metabolism
(Ferron et al. 2010; Fulzele et al. 2010; Riddle et al. 2014) (see also chapter
“▶Endocrine Pancreas”). Finally, gut-derived hormones and factor such as
glucagon-like peptides 1 and 2 (GLP-1 and GLP-2) and serotonin are also known
to influence both bone and energy metabolism (Henriksen et al. 2009; Ma et al.
2013; Sumara et al. 2012; Yadav et al. 2009).

The existence of an endocrine regulation of bone mass by circulating factors
originally characterized for their role in energy metabolism, combined with the
notion of endocrine feedback loops, suggested an intriguing hypothesis: bone itself
may produce hormone(s) affecting some aspect of glucose homeostasis. Pursuing
this hypothesis a group of researchers were able to demonstrate that osteocalcin, a
protein produced exclusively by osteoblasts, was a bona fide bone-derived hormone
implicated in the control of energy metabolism.

Osteocalcin Is a Bone-Derived Hormone Modulating Glucose
Homeostasis

Osteocalcin is a secreted protein expressed exclusively by fully differentiated oste-
oblasts. Although initially identified as a bone extracellular matrix protein, both loss-
and gain-of-function in vivo experiments have failed to demonstrate a critical
function for osteocalcin in extracellular matrix mineralization (Ducy et al. 1996;
Murshed et al. 2004). While it is detected at high concentration in the bone
extracellular matrix (ECM), osteocalcin also possesses several characteristics of a
hormone: it is a short protein (46 and 49 amino acids in mouse and human,
respectively), it is produced as a prepro-protein, and, more importantly, its mature
form is present in the blood in fair amounts (between 10 and 40 ng/ml in humans).

The phenotypic characterization of mice lacking osteocalcin (Ocn�/� mice)
revealed that the absence of this gene results in a marked reduction in glucose
tolerance, which can be ascribed to a decrease both in insulin sensitivity and in
insulin secretion. These mutant mice also accumulate more fat and have reduced
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whole-body energy expenditure. Hence, the deletion of a gene expressed only in
osteoblasts and encoding for a protein present in the circulation resulted in glucose
metabolism abnormalities, suggesting that osteocalcin may possess endocrine func-
tions. Conversely, animals later characterized as a gain-of-function model of this
hormone, the Esp�/� mice, or mice treated with recombinant osteocalcin displayed
improved glucose tolerance, insulin sensitivity and secretion, reduced fat mass and
protection against diet-induced obesity and insulin resistance (Lee et al. 2007).

Before it is secreted by osteoblasts, the osteocalcin precursor is γ-carboxylated on
three specific glutamic acid residues (Glu 17, Glu 21, and Glu 24 in human
osteocalcin) converting them into γ-carboxyglutamic acid (Gla). This process is
dependent on vitamin K, since the enzyme responsible for γ-carboxylation, the
γ-glutamyl carboxylase, requires reduced vitamin K as a cofactor (Fig. 3a). This
posttranslational modification increases the affinity of osteocalcin for hydroxyapa-
tite, the mineral component of bone, and consequently the γ-carboxylated form of
osteocalcin is extremely abundant in the bone extracellular matrix. For this reason,
osteocalcin is also named “bone Gla protein” (BGP or BGLAP). In the blood,
uncarboxylated, undercarboxylated, as well as fully carboxylated forms of
osteocalcin are present. Several studies in vivo and in vitro have shown that
undercarboxylated osteocalcin and the uncarboxylated osteocalcin represent truly
active forms of this hormone with regard to glucose metabolism (see Ferron and
Lacombe 2014 for a review). In support of this conclusion, mice in which Ggcx, the
gene encoding the γ-glutamyl carboxylase, was inactivated specifically in osteo-
blasts displayed increased levels of uncarboxylated osteocalcin in the serum and
improved glucose tolerance (Ferron et al. 2015). As we will see later (section
“Regulation of Osteocalcin Activity by Bone Resorption and Other Factors”), in
physiological conditions, bone resorption by osteoclasts appears to be responsible
for the generation and release of undercarboxylated active osteocalcin from the bone
matrix.

Effects of Osteocalcin on Insulin Secretion

As mentioned previously, in vivo studies suggested that osteocalcin favors insulin
secretion. In fact, osteocalcin has multiple independent biological effects on pancre-
atic β-cells, which result altogether in a net increase in insulin secretion in response
to glucose. Indeed, osteocalcin promotes β-cell proliferation and thereby increases
the β-cell pool, but it also promotes insulin synthesis and secretion directly, as well as
indirectly through GLP-1 (Fig. 4).

Osteocalcin stimulates β-cell proliferation by stimulating the expression of crit-
ical genes implicated in β-cell division, including cyclin D1, cyclin D2, and Cdk4
(Ferron et al. 2008). Osteocalcin’s effect on β-cell proliferation can be observed in
adult mice treated with daily injections of the recombinant undercarboxylated form
of this protein for 4 months, which are characterized by a 50% increase in β-cell mass
and an improved insulin secretion in response to glucose (Ferron et al. 2012).
Osteocalcin also appears to play an important role in the perinatal expansion of the
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β-cell pool. Interestingly, serum levels of active undercarboxylated osteocalcin rise
sharply between embryonic day 17.5 and postnatal day 10 in mice, a period during
which the β-cell pool undergoes a massive expansion. In addition, the absence of
osteocalcin or of its receptor GPRC6A (see section “Regulation of Osteocalcin
Activity by Bone Resorption and Other Factors”) impaired the proliferation index
of pancreatic β-cells in mouse embryos and neonates and resulted in a reduced β-cell
mass and glucose intolerance in adults (Wei et al. 2014).

Osteocalcin also promotes insulin secretion and production from β-cells. This
occurs through two distinct signaling pathways. First, osteocalcin stimulates directly,
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Fig. 3 Osteocalcin γ-carboxylation and structure. (a) γ-Carboxylation is the addition of a carboxyl
group to the glutamic acid (GLU) residue of a protein to generate a γ-carboxyglutamic acid (GLA)
residue. This reaction relies on GGCX and requires vitamin K. The oxidized vitamin K epoxide
generated by this reaction can be reduced by VKORC1 to allow another γ-carboxylation cycle to
take place. (b) Comparative 3D structure of bovine 3 Glu-OCN (left two panels) and porcine 3 Gla
Ca2+-OCN (right). On the left end image, we can see the relative orientation of the main helices
(H1–H3) as well as the disulfide bridge (C23–C29, yellow bond) and the hydrophobic side-chain
interactions within the hydrophobic core (pink). In the structural comparison between bovine
3 Glu-OCN (left) and porcine 3 Gla Ca2+-OCN (right), the Glu and Gla side chains are colored
cyan. The calcium ions complexed by the Gla osteocalcin are shown as green spheres (Courtesy of
Dr. Terry L. Dowd, Brooklyn College of the City University of New York)
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within minutes, insulin secretion by β-cells. Second, osteocalcin promotes within a
few hours the expression at the mRNA levels of the two genes encoding insulin in
mice, Ins1 and Ins2 (Ferron et al. 2008; Wei et al. 2014). Both of these effects are
dependent on the presence of a functional GPRC6A at the surface of β-cells, since
osteocalcin is unable to induce insulin secretion or insulin gene expression in
pancreatic islets lacking Gprc6a (Pi et al. 2011; Wei et al. 2014). Mechanistically,
the acute effect of osteocalcin on insulin secretion appears to be mediated through
the generation of cAMP in the cells following activation of GPRC6A. This increased
cAMP levels in turn may promote an increase in the cytosolic content of Ca2+ which
is known to promote the release of insulin granules from β-cells (Hinoi et al. 2008).
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Fig. 4 Endocrine functions of osteocalcin. Once released in the blood stream, undercarboxylated
osteocalcin affects glucose metabolism mainly in two ways. First, osteocalcin directly affects β-cell
function by binding to the receptor GPRC6A and increasing their capacity to proliferate as well as to
synthetize and secrete insulin. Second, osteocalcin improves insulin sensitivity and energy expen-
diture through multiple mechanisms. Osteocalcin stimulates energy expenditure by increasing
mitochondrial biogenesis in the muscle and by regulating the expression of genes implicated in
energy consumption in brown adipose tissue and skeletal muscle. Osteocalcin also affects insulin
sensitivity possibly by increasing adiponectin expression in white fat and decreasing lipid accu-
mulation and inflammation in steatotic liver. A direct impact of osteocalcin as an insulin-sensitizing
hormone is speculative and remains to be established
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Finally, there is evidence that osteocalcin promotes insulin secretion indirectly
through glucagon-like peptide-1 (GLP-1). GLP-1 is a member of the incretin family,
a group of intestinal hormones which promotes insulin secretion by β-cells in
conditions of high glucose only (see also chapter 11 “▶Endocrine Pancreas”). The
stimulation of an intestinal endocrine cell line with osteocalcin promotes GLP-1
secretion, and administration of recombinant osteocalcin by repeated injections in
mice caused a surge in serum GLP-1 levels (Mizokami et al. 2013). Interestingly, this
effect of osteocalcin can also be observed when this hormone is administered orally,
suggesting that osteocalcin is bioavailable through the oral route. Of note, the
osteocalcin receptor GPRC6A was detected in intestinal endocrine cells expressing
GLP-1 (Mizokami et al. 2014).

Effects of Osteocalcin on Fat Metabolism, Energy Expenditure
and Insulin Sensitivity

In addition to its effect on β-cells, osteocalcin also affect fat accumulation, energy
expenditure and insulin sensitivity (Fig. 4). Absence of osteocalcin in mice results in
increased fat mass, adipocyte numbers and serum triglyceride levels. On the con-
trary, a gain-of-function of osteocalcin, Esp�/� mice (see section “Regulation of
Osteocalcin Activity by Bone Resorption and Other Factors”) causes a reduction of
fat mass, adipocyte numbers and serum triglycerides (Lee et al. 2007). Likewise,
infusion or injections of osteocalcin in WTmice is associated with a decrease in their
fat mass, their serum triglyceride levels and the expression of genes implicated in
lipolysis (Tgl and Perilipin) in fat (Ferron et al. 2008). It is currently unknown by
which mechanism osteocalcin influences fat mass. Nonetheless, there is evidence
that osteocalcin can directly induce expression of adiponectin in cultured adipocyte,
suggesting the presence of a functional osteocalcin receptor on these cells.
Adiponectin is an adipokine potentially implicated in the regulation of systemic
insulin sensitivity (Yamauchi et al. 2001), hence it was suggested that osteocalcin
might be improving insulin sensitivity through the induction of adiponectin in
adipocytes.

In parallel to these effects on fat metabolism, osteocalcin can also directly
increase glucose transport in adipocytes and can suppress the secretion of
pro-inflammatory cytokines and induce the secretion of anti-inflammatory cytokines
as well as adiponectin (Hill et al. 2014). Although the absence of a functional
GPRC6A in mice and humans also results in an increased fat mass (Oury et al.
2013a; Pi et al. 2008), it still needs to be determined if GPRC6A is the osteocalcin
receptor in adipocytes.

Another possibility is that the effect of osteocalcin on fat metabolism is indirect
and secondary to alternative physiological functions of this hormone. Indeed, two
gain-of-function models of osteocalcin (Esp�/� mice and Ggcx-osteoblast specific
knockout mice) are characterized by increased energy expenditure, whereas the
Ocn�/� mice displayed the opposite phenotype. Moreover, wild-type mice fed a
high fat diet and injected daily with osteocalcin have increased energy expenditure,
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but normal food intake. At the mechanistic level, it appears that osteocalcin pro-
motes energy expenditure in part by stimulating mitochondria biogenesis in mus-
cle. Indeed, the number of mitochondria is increased in muscles isolated from
Esp�/� mice or from WT mice fed a high fat diet and injected with osteocalcin
(Ferron et al. 2011). Furthermore, osteocalcin induces the expression of Pgc1α,
Nrf1 and Mcad, three genes implicated in mitochondrial biogenesis in the muscle.
Osteocalcin infusion in mice also increases, in brown adipose tissue, the expres-
sion of Pgc1α and Ucp1, two genes involved in thermogenesis. Osteocalcin might
also be affecting insulin-dependent glucose uptake in skeletal muscle (Tsuka et al.
2015). Altogether, these observations suggested that the protective effect of
osteocalcin on obesity and insulin resistance might be, at least in part, due to its
capacity to increase energy expenditure in brown adipose tissue and skeletal
muscle.

High-fat diet induces insulin resistance, but also liver steatosis, a condition
characterized by an abnormal accumulation of lipids in this organ. This condition
is also known as nonalcoholic fatty liver disease (NAFLD) in human and can
progress to hepatocellular carcinoma in some cases. Interestingly, osteocalcin injec-
tion in mice protected their liver from steatosis. More precisely, limited amount of
lipids were detected in livers from osteocalcin-treated mice, and the expression of the
gene encoding tumor necrosis factor alpha (Tnfa) was rescued back to normal levels
by osteocalcin treatment suggesting that the inflammatory state habitually associated
with liver steatosis was not present in these mice (Ferron et al. 2012). The exact
mechanism through which lipid accumulation in the liver is prevented by osteocalcin
is still unknown. Nonetheless, we can speculate that it is dependent on the receptor
GPRC6A since Gprc6a�/� mice also exhibit features of hepatic steatosis. More-
over, osteocalcin affects the expression of genes implicated in glucose metabolism in
the liver (Foxa2, Pepck) consistent with a role for osteocalcin as an insulin-
sensitizing hormone. Of note, cross-sectional studies in humans found an inverse
relationship between serum osteocalcin levels and the presence of NAFLD (Luo
et al. 2015; Sinn et al. 2015).

Overall, these studies using mouse models support the concept that osteocalcin
regulates fat mass, insulin secretion, and energy expenditure through multiple
mechanisms (Fig. 4). The main targets of osteocalcin appear to be pancreatic
β-cells through the activation of GPRC6A and adipose tissues, skeletal muscles,
and the liver through unidentified receptor(s).

Other Endocrine Functions of Osteocalcin

Like many other hormones, it appears that osteocalcin affects a number of physio-
logical functions. Indeed, further phenotypic characterization of the Ocn�/� mice
has uncovered two additional roles for osteocalcin in male reproductive function and
in brain development.

The importance of gonad-derived sex steroid in bone homeostasis is well
established (see chapters ▶The Testis and ▶The ovary). It is therefore not so
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surprising that a bone-derived hormone can in turn modulate reproductive function.
Indeed, it appears that osteocalcin promotes testosterone production by Leydig cells
from the testis. This occurs through the transcriptional induction of several genes
involved in testosterone synthesis including the steroidogenic acute regulatory
protein (StAR), cholesterol side-chain cleavage enzyme (Cyp11a), cytochrome
P-450 17 alpha (Cyp17), 3-β-hydroxysteroid dehydrogenase (3β-HSD), aromatase
enzyme (Cyp19), and 17-β-hydroxysteroid dehydrogenase (HSD-17). Consequently,
Ocn�/� male mice have reduced testosterone levels, decreased spermatozoid
counts, and are subfertile (Oury et al. 2011).

Osteocalcin has also some effects on brain function and development. In adults,
this hormone crosses the blood-brain barrier; binds to neurons of the brainstem,
midbrain, and hippocampus; increases the synthesis of monoamine neurotransmit-
ters; blocks GABA synthesis; prevents anxiety and depression; and at the same time
promotes learning and memory. Interestingly, osteocalcin also seems to play an
important role during brain development. Maternally derived osteocalcin crosses
the placenta during pregnancy and inhibits neuronal apoptosis before embryos begin
to synthesize this hormone themselves (Oury et al. 2013b).

The discovery of these new functions for osteocalcin in the brain and testis
suggests that this hormone potentially may have other still unknown and unexpected
functions.

Gprc6a Is an Osteocalcin Receptor in b-Cells and in Leydig Cells

Originally described as a cation and amino acid-sensing receptor, the G protein-
coupled receptor GPRC6A is expressed in many tissues including the liver, skeletal
muscle, brain, testis, bone, and pancreatic β-cells. Remarkably, mice lacking
GPRC6A (Gprc6a�/�mice) are characterized by an increased mass of white adipose
tissue compared to WT animals, are glucose intolerant, are insulin resistant, and
exhibit histological features of liver steatosis and declining testosterone levels
(Pi et al. 2008). Because Gprc6a�/� mice phenocopied Ocn�/� mice with regard
to their metabolic abnormalities, it suggested that GPRC6A might mediate
osteocalcin function, at least in pancreatic islets. Supporting this contention, the
inactivation of Gprc6a specifically in pancreatic tissue caused glucose intolerance in
mice due to an impaired capacity of β-cells to secrete insulin in response to glucose.
It was also established that osteocalcin effect on pancreatic islets depends solely on
GPRC6A since the capacity of this hormone to promote insulin secretion was
abolished inGprc6a�/� islets (Pi et al. 2016; Wei et al. 2014).Gprc6a�/� pancreases
have decreased β-cell area and β-cell mass similarly to Ocn�/� pancreases. Other
experiments have established that GPRC6A is the receptor mediating the function of
osteocalcin in Leydig cells, where osteocalcin promotes testosterone production and
male fertility (Oury et al. 2011). Intriguingly, additional genetic manipulations in
mice have shown that GPRC6A is not responsible for mediating osteocalcin action
on the brain, suggesting that a different osteocalcin receptor(s) is present in this
organ (Oury et al. 2013b).
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Regulation of Osteocalcin Activity by Bone Resorption and Other
Factors

As mentioned earlier (see section “Osteocalcin is a Bone-Derived Hormone Modu-
lating Glucose Homeostasis”), γ-carboxylation of osteocalcin appears to be an
important mechanism through which the biological activity of this hormone is
regulated (Fig. 3a). The structures of fully carboxylated osteocalcin (GLA) and of
undercarboxylated osteocalcin (GLU) were both determined using X-ray crystallog-
raphy (Hoang et al. 2003; Malashkevich et al. 2013). It appears that there are
resemblances but also dissimilarities between the structural regulations of these
two forms. GLU and GLA osteocalcin structures are related, consisting of three
α-helices surrounding a hydrophobic core with a disulfide bond between two of the
helices (Fig. 3b). Nonetheless, in contrast to GLA osteocalcin, the
undercarboxylated form of this protein does not bind Ca2+ and does not require
high Ca2+ concentration to fold into a helical structure, while GLA osteocalcin
requires 5 mM Ca2+ to be fully folded (Dowd et al. 2001; Hauschka and Carr
1982). These observations suggest that at Ca2+ concentration of approximately
1 mM as usually found in cell culture media or in vivo in blood and interstitial
fluid, only GLU osteocalcin will exhibit a helical conformation and presumably be
able to activate its receptor(s). These data provide a structural elucidation for the lack
of biological activity of GLA osteocalcin in energy metabolism.

One critical regulator of osteocalcin carboxylation levels is the osteotesticular
protein tyrosine phosphatase (OST-PTP also called ESP or PTPRV), a receptor-type
tyrosine phosphatase expressed mainly in osteoblasts and in the Sertoli cells of the
testis. Remarkably, the deletion of Esp, the gene encoding for OST-PTP in mice,
does not cause any obvious bone defect but rather resulted in abnormal glucose
metabolism (Lee et al. 2007). Indeed, Esp�/� mice are characterized by improved
glucose tolerance, increased insulin sensitivity, and augmented insulin secretion in
response to glucose. Moreover, these mutant animals are protected from obesity and
glucose intolerance normally induced by a high-fat and high-sucrose diet. Notably,
these phenotypes were detected both in a global knockout and in an osteoblast-
specific knockout of OST-PTP, demonstrating that this protein affects energy metab-
olism essentially through its expression in osteoblast (Lee et al. 2007). These
phenotypes parallel the ones of mice lacking osteocalcin, and molecular analyses
revealed that osteocalcin carboxylation levels are decreased in Esp�/� mice com-
pared to wild-type mice, implying that the inactivation of OST-PTP resulted in a
gain-of-function mouse model of osteocalcin. This conclusion was further supported
by a genetic experiment where deletion of one allele of Ocn in Esp�/� mice was
shown to be sufficient to correct their metabolic abnormalities (Lee et al. 2007).

Although these initial studies suggested that OST-PTP negatively regulates
osteocalcin through carboxylation, the mechanism by which a tyrosine phosphatase
could regulate the carboxylation of this secreted molecule was still unknown. An
answer to this question was provided by the identification of the insulin receptor
(InsR) as an OST-PTP substrate in osteoblasts (Ferron et al. 2010). These observa-
tions suggested that insulin signaling in osteoblasts might be implicated in the
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regulation of osteocalcin activation and of glucose metabolism. Confirming this
hypothesis, it was observed that animals lacking InsR in osteoblasts only
(InsRosb�/� mice) presented impaired glucose tolerance, insulin sensitivity, and
insulin secretion. In addition, these mice have reduced energy expenditure and are
fatter. Decreased serum levels of undercarboxylated active osteocalcin were
observed in InsRosb�/� mice (Ferron et al. 2010; Fulzele et al. 2010), suggesting
that insulin signaling in osteoblasts regulates energy homeostasis by modulating
osteocalcin carboxylation.

Inactivating InsR in osteoblasts also results in decreased bone formation and most
importantly in reduced bone resorption in vivo. This decreased osteoclastic activity
is caused by increased osteoblastic expression of Osteoprotegerin (Opg), an inhib-
itor of bone resorption. It was found that the transcription factor FoxO1 controls
Opg expression in osteoblasts and that insulin signaling repressedOpg expression by
inducing FoxO1 phosphorylation which results in its nuclear export (see
Fig. 5). Additional work led to the conclusion that the metabolic phenotype of the
InsRosb�/� mice is secondary to their defective bone resorption.

How osteoclasts activity may be linked to the regulation of osteocalcin and of
glucose metabolism? This question led to the identification of a previously unknown
mechanism by which osteocalcin could be decarboxylated in vivo. In fact, the low
pH generated by osteoclasts in the resorption lacuna during the process of bone
resorption is a sufficient means to decarboxylate and activate osteocalcin molecules
embedded in the bone ECM. Therefore, it is by increasing bone resorption that
insulin signaling in osteoblasts increases osteocalcin bioavailability (see Fig. 5).
Overall, the study of InsRosb�/� mice identified osteoblasts as a new and physio-
logically important target of insulin and raised the prospect that osteoclastic bone
resorption may be a critical determinant of glucose homeostasis.

The role of bone resorption on energy metabolism and on osteocalcin carboxyl-
ation was further addressed in vivo using osteoclast gain- and loss-of-function
model. Opg�/� mice are characterized by an increased number of active osteoclasts
and display improved glucose tolerance. Conversely, ablation of osteoclasts in mice
through the expression of the diphtheria toxin fragment A (DTA) in cathepsin
K-positive cells, i.e., in osteoclasts, resulted in reduced glucose tolerance. Impor-
tantly, undercarboxylated osteocalcin levels are augmented in Opg�/� mice and
decreased in osteoclast-depleted animals, suggesting that osteoclasts are regulating
glucose metabolism at least in part by promoting the decarboxylation of osteocalcin
(Lacombe et al. 2013).

The studies reviewed so far suggest that osteocalcin and insulin increase each
other’s activity or secretion in a feed-forward loop. Therefore, negative regulators of
osteocalcin must exist to maintain glucose homeostasis. Studies in mice have
revealed that leptin and glucocorticoids are two important negative hormonal regu-
lators of osteocalcin activity. Leptin acts in the brain to increase the sympathetic
nervous system activity which results ultimately in the induction of the expression of
Esp, the gene encoding OST-PTP, in osteoblasts. Hence, in the absence of leptin, in
ob/ob mice, OST-PTP expression is reduced and more undercarboxylated active

18 M. Ferron



Leptin

Adipocytes

SNS

Bone

Brain

Insulin
β-cells

+

Adrenal
gland

Glucocorticoids

+

-
-

InsR

Osteoblast

Opg

OST-
PTP

FoxO1

Ocn

GR

GCs

Insulin

Esp

GLA-OCN
(inactive)

Bone ECM

pH 4.5 GLU13-OCN
(active)

ATF4

ADRB2

SNS

OPG

RANKL
GLU13-OCN

Osteoclast

Fig. 5 Regulation of osteocalcin activity. Once γ-carboxylated and secreted by osteoblasts,
osteocalcin is stored in the bone extracellular matrix in an inactive form. To fulfill its beneficial
effects on glucose metabolism, osteocalcin has to be activated, i.e., decarboxylated. This is
accomplished through osteoclastic bone resorption which generates the acid pH necessary for
osteocalcin decarboxylation. Insulin signaling in osteoblasts affects osteocalcin activity by increas-
ing bone resorption through osteoprotegerin (Opg) downregulation. Since osteocalcin stimulates
insulin secretion, a feed-forward loop exists between osteocalcin and insulin activity, and negative
regulators of osteocalcin are in place to counteract this amplification. Leptin secretion by adipocytes

Endocrine Functions of Bone 19



osteocalcin is produced. It is believed that this mechanism may partly explain the
hyperinsulinemia observed in the leptin-deficient animals (Hinoi et al. 2008).

The use of glucocorticoids as anti-inflammatory agents has been associated with
the development of insulin resistance, type 2 diabetes, and dyslipidemia. It is also
well known that glucocorticoids have undesirable effects on bone where they
suppress osteoblast activity, which results in decreased osteocalcin secretion. Inter-
estingly, the detrimental effect of glucocorticoids on glucose metabolism can in part
be explained by its negative action on osteocalcin production (Brennan-Speranza
et al. 2012). In contrast to WT mice, mice overexpressing the glucocorticoid-
inactivating enzyme 11β-hydroxysteroid dehydrogenase type 2 (11bHSD2) specif-
ically in osteoblasts do not develop insulin resistance and obesity following corti-
costerone treatment. Moreover, glucocorticoid treatment reduces serum
undercarboxylated osteocalcin in wild-type mice, but not in transgenic mice with
disrupted glucocorticoid signaling in osteoblasts. Finally, ectopic expression of
osteocalcin from hepatocytes greatly improved the metabolic abnormalities induced
by glucocorticoids in mice, suggesting that suppression of osteocalcin production is
an important mediator of the adverse effect of glucocorticoids on insulin sensitivity.

Osteocalcin and Glucose Metabolism in Humans

Although most of the work characterizing osteocalcin function in energy metabolism
was performed using genetically modified models, there is building evidence that
osteocalcin may have a similar function in humans.

Regardless of a few contradictory publications, so far most cross-sectional studies
provide support to the notion that bone, mainly through undercarboxylated
osteocalcin, contributes to glucose metabolism regulation in humans (see Ferron
and Lacombe (2014) for an extensive review of these studies). The majority of
studies conducted in human subjects confirmed the findings made in mice and found
that serum levels of undercarboxylated or total osteocalcin negatively correlated
with blood glucose, insulin resistance, diabetes, obesity, or markers of the metabolic
syndrome. Moreover, some of the data obtained in humans also support a role for
osteocalcin in insulin secretion. Finally, one cross-sectional study has reported that
lower serum osteocalcin concentrations are associated with brain microstructural
changes and worse cognitive performance in human subjects (Puig et al. 2015),
suggesting that osteocalcin action on the brain may be conserved in human.

Of particular interest are a series of meta-analyses combining all studies investi-
gating the link between osteocalcin and glucose metabolism in humans. A first meta-
analysis demonstrated that both undercarboxylated and total osteocalcin serum
levels are negatively correlated with fasting plasma glucose and hemoglobin A1c

�

Fig. 5 (continued) stimulates the sympathetic nervous system in the brain, which then signals to
osteoblasts to increase Esp expression through ATF4. OST-PTP, the gene product of Esp, negatively
regulates insulin receptor signaling and decreases osteocalcin activity. Glucocorticoids decrease
osteocalcin activity by suppressing osteoblast function and osteocalcin production
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(HbA1c), a marker of uncontrolled hyperglycemia (Liu et al. 2015b). Two other
meta-analyses observed that levels of total serum osteocalcin negatively correlate
with the risk of adverse metabolic outcomes such as type 2 diabetes and metabolic
syndrome (Kunutsor et al. 2015; Liu et al. 2015a).

At the genetic level, a heterozygous and dominant mutation in GPRC6A, the gene
encoding the human homologue of the osteocalcin receptor, has been found in two
individuals characterized by peripheral testicular insufficiency coupled to glucose
intolerance, insulin resistance, and increased BMI (Oury et al. 2013a). The striking
resemblances between the clinical presentation of these patients and the phenotypes
of the Ocn�/� and the Gprc6a�/�mice suggest a conservation of the OCN/GPRC6A
signaling pathway between mice and humans (Lee et al. 2007; Oury et al. 2013a; Pi
et al. 2008). An association between variants in BGLAP, the gene encoding for
osteocalcin in human, and BMI in healthy individual was documented, suggesting
that variations in osteocalcin genomic region may affect body composition in
humans (Korostishevsky et al. 2012). A nonsynonymous single nucleotide poly-
morphism (SNP) in BGLAP exon 4 (R94Q) was found to be associated with insulin
sensitivity and glucose disposal in African Americans (Das et al. 2010), although the
same BGLAP variant was found not to be a major risk factor for type 2 diabetes in
Caucasians.

Finally, it should be noted that additional studies suggest that the mechanism by
which osteocalcin is decarboxylated and activated by osteoclasts may also be
preserved in humans. For example, it was shown that patients treated with
bisphosphonates have a decreased undercarboxylated osteocalcin level in the
serum (Aonuma et al. 2009; Iwamoto et al. 2004; Mokuda et al. 2012; Schafer
et al. 2011) and that serum undercarboxylated osteocalcin levels and/or markers of
insulin secretion or sensitivity are positively associated with markers of bone
resorption in humans (Basu et al. 2011; Thrailkill et al. 2012; Winhofer et al.
2012). Moreover, patients suffering from a dominant form of osteopetrosis caused
by a defect in osteoclasts activity were characterized by reduced serum levels of
undercarboxylated osteocalcin and hypoinsulinemia (Ferron et al. 2010). One study
found that changes in osteocalcin serum levels following the initiation of
bisphosphonates treatment were correlated with changes in body weight and fat
mass (Schafer et al. 2011). However, others failed in detecting any changes in
glucose or insulin following treatment with the same class of drugs (Hong et al.
2013) or to observe a correlation between antiresorptive therapies and the risk of
developing diabetes (Schwartz et al. 2013). Therefore, additional work is needed to
clearly ascertain whether bone resorption also influences glucose metabolism in
human.

Summary

Traditionally, bone has been viewed as a relatively static tissue, serving as a mere
scaffold for the other organs and as a phosphate and calcium store. In the past decade
however, mainly through the study of rare human diseases or the use of mouse
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genetics, a more complex picture of bone physiology has emerged. It is now clear
that bone integrity and normal function depend upon, but also affect, other organs. In
particular, a series of key discoveries made in the early 2000s revealed that bone
possesses important endocrine functions. Osteoblasts and osteocytes, two bone cells
otherwise implicated in the formation and maintenance of the bone extracellular
matrix, secrete two hormones, FGF23 and osteocalcin, which have significant
impact on the control of phosphate and glucose homeostasis, respectively. Impor-
tantly, like it is the case for other endocrine tissues, this endocrine function of bone is
itself subjected to tight and complex regulations by other hormones. This chapter
will review the basic biology of FGF23 and osteocalcin functions; the signal
regulating their expression, secretion, and biological activity; and their respective
implication in human pathologies.

Conclusion

Like many other organs, bone has emerged in recent years, as an unsuspected
endocrine tissue. Bone cells secrete at least two hormones, osteocalcin and
FGF23, which accomplish several physiological functions. A better and more
complete understanding of all the roles and the regulation of these two bone-derived
hormones must be achieved before FGF23- or osteocalcin-based therapies for
phosphate or glucose metabolism disorders can be developed for humans. Never-
theless, wherever the future research on bone endocrine function will take us, it is
clear that our view of bone has already been irremediably affected and transformed.
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Abstract
The regulation of body weight is governed by a delicate balance between
complex mechanisms controlling food intake and energy expenditure. In this
scenario, hormones of peripheral origins and of neuronal production, nutrients,
and other factors including information generated by the sensory experience of
eating are integrated by the brain to define the energy requirement of the body to
consequently modify the experience of hunger and satiety, respectively. However,
this sophisticated balance regulating feeding and energy expenditure may become
partially compromised or even totally altered, leading to consequent pathological
changes in body weight. Adaptations to body weight changes include modifica-
tions at the level of circulating appetite-related hormones that, in turn, may
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profoundly interact with the homeostatic and hedonistic neural centers. The
homeostatic control system makes it possible to maintain energy reserves through
signals of hunger stimulation that are usually downregulated when the body
receives an adequate caloric intake. However, this homeostatic system is asym-
metrical, showing greater effectiveness in defending against energy deficit in the
light of a reduced efficiency in the defense against the energy excess. Further-
more, the homeostatic system is strongly influenced by hedonic signals, based on
reward mechanisms, frequently causing food intake even in the absence of
biological needs. This review will summarize the role of the main central and
peripheral hormones involved in controlling energy balance.

Keywords
Hormone • Hypothalamus • Food intake •Mesolimbic system • Brainstem • Gut •
Adipose tissue • Endocrine pancreas

The Homeostatic Control of Food Intake

The homeostatic control of food intake is mainly exercised by the hypothalamus and
the brainstem. These cerebral areas integrate acute satiation signals, mainly arising in
the gut and secreted phasically during meals, with more tonically active signals to
appropriately adjust nutrient intake and energy expenditure coming from peripheral
organs such as adipose tissue and endocrine pancreas. Indeed, several hormones are
secreted by the gastrointestinal tract, most of them signal satiety such as cholecys-
tokinin (CCK), glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2),
oxyntomodulin (OXM), and peptide YY (PYY). Only ghrelin, produced in the
stomach, is able to stimulate hunger. Other peripheral hormones such as insulin
and leptin may exert tonically anorectic effects by directly interacting with the
hypothalamus and the brainstem. These two cerebral areas are strongly linked to
other brain regions and in particular to those involved in the mechanisms of hedonic
food intake control.

The Hypothalamus

The hypothalamus is located at the base of the brain, around the third ventricle, and
is divided into various nuclei, each of these being involved in the regulation of a
number of fundamental biological processes, including energy balance control. The
hypothalamic nuclei have many synaptic connections among themselves, but they
also receive neural afferents and hormonal signals from the periphery in order to
generate an integrative message to be released to the higher brain centers to defin-
itively control food intake and energy expenditure. The hypothalamic nuclei
involved in the homeostatic control of food intake include the arcuate nucleus
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(ARC), the paraventricular nucleus (PVH), the ventromedial nucleus (VMN), the
dorsomedial nucleus (DMN), and the lateral hypothalamic area (LHA).

Arcuate Nucleus
The ARC is located at the foot of the hypothalamus, near to the median eminence. In
this area, the blood-brain barrier (BBB) is not present; thus, due to the anatomical
location, the ARC is considered to be a hypothalamic area primarily sensing
peripheral hormonal and metabolic nutrient signals. In the ARC, various populations
of first-order neurons have been described such as neuropeptide Y (NPY) and
agouti-related peptide (AgRP) co-expressing neurons stimulating food intake, there-
fore exhibiting anabolic properties, and proopiomelanocortin (POMC) and cocaine-
and amphetamine-regulated transcript (CART) co-expressing neurons suppressing
hunger and consequently exhibiting catabolic actions (Morton et al. 2014).

AgRP/NPY neurons release not only AgRP and NPY (Hahn et al. 1998; Tong
et al. 2008) but also γ-aminobutyric acid (GABA), and through the action of this
neurotransmitter, they inhibit adjacent anorectic POMC neurons (Cowley et al.
2001). In rats, intracerebroventricular (IVC) infusion of AgRP or NPY determines
food intake increase and delay of the onset of satiety (Stanley et al. 1985). NPY
effects are mediated by six specific subtypes of receptors (Fetissov et al. 2004; Lin
et al. 2005); among these, Y1 and Y5 interact synergistically to convey the
orexigenic effect of NPY (Mashiko et al. 2009). AgRP released from the terminals
of AgRP/NPY neurons to the synaptic space of neurons of the second order
counteracts the anorexigenic effect of MSH, being a potent and selective antagonist
of type 3 melanocortin receptor (MC3R) and type 4 melanocortin receptor (MC4R)
(Ollmann et al. 1997). The AgRP/NPY neurons receive influences from the periph-
ery, being stimulated by ghrelin, while inhibited by amylin, insulin, leptin, and
serotonin (5-HT) (Harrold et al. 2012). Importantly, fasting increases AgRP neuron
GABAergic inputs on POMC neurons (Vong et al. 2011) resulting in POMC activity
neuron reduction and promotion of food intake (Cowley et al. 2001). In addition, the
AgRP neurons can interact with the reward corticolimbic system, increasing the
motivation for eating behavior (Krashes et al. 2011).

POMC/CART neurons belong to the melanocortin system, comprising of agonist
peptides and specific receptors. Cleavage of the precursor protein POMC produces
α-melanocyte-stimulating hormone (α-MSH) that is released from presynaptic ter-
minals of POMC neurons and binds to MC3R and MC4R, G protein-coupled
receptors highly expressed in the hypothalamus on the second-order neurons mainly
located at the level of PVH (Mountjoy 2015; Krashes et al. 2016). In this way, α-
MSH activates catabolic pathways reducing food intake and enhancing energy
expenditure (Krashes et al. 2016). MC4R is thought to have a major role in
suppressing food intake compared to MC3R. MC4R knockout mice have hyperpha-
gia and obesity (Huszar et al. 1997). In humans, MC4R mutations account for 6 % of
early-onset obesity, clearly warranting the pivotal role of the central melanocortin
system in the control of energy metabolism (Krashes et al. 2016). In contrast, MC3R
null mice develop obesity in the absence of elevated food intake, indicating a role in
fat homeostasis (Chen et al. 2000). Interestingly, being located on ARC
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melanocortin neurons, MC3R also appears to play the role of an autoreceptor (Lee
et al. 2008). POMC neurons also project to the VMN, where α-MSH stimulates the
expression of anorexigenic brain-derived neurotrophic factor (BDNF) (Xu et al.
2003), and to the nucleus of tractus solitarius (NTS), promoting satiety (Zheng et al.
2005, 2010). The expression level of POMC and the release of α-MSH from POMC
neurons are regulated by nutrient signals and adiposity. Glucose stimulates the α-
MSH release (Parton et al. 2007), whereas leptin stimulates the expression of both
POMC and CART (Fan et al. 1997; Kristensen et al. 1998). Moreover, a subpopu-
lation of POMC neurons (distinct from POMC neurons expressing leptin receptors)
expresses the 5-HT subtype 2c receptor (5-HT2C) that binds the endogenous neuro-
transmitter 5-HT. 5-HT, released from the raphe nuclei, stimulates MSH release
(Heisler et al. 2002); indeed, 5-HT2CR-deficient mice are hyperphagic and obese
(Tecott et al. 1995; Nonogaki et al. 1998; Sohn et al. 2011). Moreover, POMC/
CART neurons extend their terminals to the dopaminergic neurons in the nucleus
accumbens (NAc), suggesting that they mediate messages between the homeostatic
and the hedonic system controlling food intake (Krashes et al. 2016).

As described above, POMC/CART neurons also produce CART, a peptide
representing the third most abundant transcript identified within the hypothalamus.
Its abundant mRNA distribution within the hypothalamus and NAc evokes a role for
CART in the control of food intake (Lau and Herzog 2014). The physiological role
of CART in energy homeostasis has not yet been fully defined, although an involve-
ment of this peptide has been proposed in a variety of mechanisms impacting on
food intake. In rats, central administration of CART to rodents determines suppres-
sion of food intake (Yang and Shieh 2005), whereas blocking CART action by
central infusion of anti-CART antibodies has been shown to increase food intake
(Lau and Herzog 2014). Administration of CART inhibits NPY-induced feeding,
while administration of leptin increases CART mRNA in the ARC (Kristensen et al.
1998). Additionally, there is evidence for interactions between CART and endo-
cannabinoids and dopamine, key players in the hedonic regulatory circuitry (Osei-
Hyiaman et al. 2005; Lage et al. 2015; Jaworsky et al. 2003). On the other hand,
CART appears to have a role in energy expenditure as the injection of CART in the
PVH or ARC determines a dramatic increase in the uncoupling protein-1 transcrip-
tion in rats’ brown adipose tissue (Wang et al. 2000; Kong et al. 2003).

The ARC has extensive reciprocal connections with other hypothalamic appetite-
regulating regions including the PVH, VMH, DMH, and LHA, also receiving
afferent information via the NTS.

Paraventricular Nucleus
The main function of the PVH is the integration of signals from many neuronal
pathways involved in the regulation of energy intake. For many years, it has been
known that lesions of the PVH result in hyperphagia, reduced energy expenditure,
and obesity (Shor-Posner et al. 1986); this means that the neuropeptides secreted at
PVH level exhibit a catabolic effect, as a whole. These neuropeptides include
thyrotropin-releasing hormone (TRH), corticotropin-releasing hormone (CRH),
and oxytocin (Rui 2013). The main catabolic action of TRH is due to its stimulation
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of the TSH-thyroid hormones axis, producing an increase in the basal metabolic rate.
The action of CRH neurons in hunger regulation is still under discussion. The CRH-
ACTH-glucocorticoid system is involved in stressful situation management. Gener-
ally, acute and intense stress leads to a reduction of hunger, while chronic stress tends
to increase the intake of food in rodents, monkeys, and humans (Ulrich-Lai et al.
2007; Willner et al. 1996; Bartolomucci et al. 2009; Michopoulos et al. 2012;
Bellisle et al. 1990; Rutters et al. 2009; Wardle et al. 2000; Vicennati et al. 2011).
On the other hand, glucocorticoids promote the activation of AgRP neurons and
inhibition of POMC neurons (Gyengesi et al. 2010), therefore promoting an anabolic
action. Importantly, glucocorticoids seem to be involved in food choices. In partic-
ular, in stressful situations, numerous studies in animals and humans have shown
that highly palatable foods are favored (Francis et al. 2013; George et al. 2010).
Oxytocin, produced in the PVH but also in the supraoptic nucleus, has an anorectic
function as demonstrated by the inhibition of food intake after its central adminis-
tration in rodents (Onaka et al. 2012) and by the hyperphagia caused by blocking
oxytocin release (Zhang et al. 2011). Oxytocin increases the NTS sensitivity to
satiety signals (Matarazzo et al. 2012; Blevins et al. 2004), also reducing the AgRP
neurons’ action. Satiety signals arising from the gastrointestinal system may result in
an increase of oxytocin release (Onaka et al. 2012; Matarazzo et al. 2012).

Ventromedial Nucleus
The VMN plays a fundamental role in the integration of hunger and satiety signals,
such as receiving neuronal projections from the ARC and, in turn, projecting the
glutamatergic axons to the ARC, the LHA, and the brainstem. VMN neurons
produce the anorectic factor BDNF, which acts at the level of the PVH, increasing
the production of CRH and MC4R expression (Toriya et al. 2010; Cordeira and Rios
2011; Noble et al. 2011; Jeanneteau et al. 2012). Importantly, VMN neurons act as
sensors of glucose and leptin and in rats and VMN destruction causes obesity,
hyperphagia, and hyperglycemia (Shimizu et al. 1987). For these reasons, VMN is
regarded as a crucial area to stabilize satiety and to maintain glucose homeostasis in
the physiological ranges.

Dorsomedial Nucleus
The DMN contains abundant orexigenic NPY neurons which project to the PVH and
LHA; NPY therefore seems to be the neuropeptide playing a pivotal role in the
DMN. Increased NPY expression in the DMN has been detected under diet-induced
obesity (Guan et al. 1998; Bi et al. 2003; Lee et al. 2013), NPY administration into
the DMH increases food intake (Bi et al. 2012), and overexpression of NPY in the
same nucleus also increases food intake and body weight in rats (Yang et al. 2009).
Neurons in the DMN express CCK1 receptors, and injection of CCK into the DMN
decreases food intake (Bi et al. 2004), suggesting that DMN neurons may integrate
satiety signals arriving from peripheral sites. Destruction of the DMN results in
hyperphagia and obesity (Bernardis et al. 1987).
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Lateral Hypothalamic Area
In contrast to the PVN, VMN, and DMN, destruction of the LHA leads to weight
loss and hypophagia. LHA neurons produce two neuropeptides: orexin (hypocretin)
and melanin-concentrating hormone (MCH). Orexin is present in two isoforms: A
and B that act in several brain areas. In fact, orexin receptors (OX1R and OX2R) are
widely expressed in the brain (Sakurai et al. 1998). Stimulation of these receptors
causes increased food intake (Parise et al. 2011). Moreover, orexin-producing
neurons are also involved in the control of blood pressure and body temperature
and more importantly in the regulation of sleep-awake cycles (Plazzi et al. 2011). An
impairment of the hypocretin neurotransmission causes narcolepsy, a chronic sleep
disorder characterized by cataplexy and excessive daytime sleepiness (Plazzi et al.
2011). In addition to its stimulation on food intake, orexin-A increases oxygen
consumption and energy expenditure, thus preventing weight gain. This is why
narcoleptic patients, who usually completely lose brain orexin signaling, do show
increased body weight. Glucose is a very important peripheral nutrient signal that
appears to regulate orexin neuronal activity; indeed, orexin neurons are stimulated
by low levels of glycemia (Burdakov et al. 2013). The orexin neurons also activate
the MCH neurons in the LHA (Tsujino and Sakurai 2009).

Numerous studies have demonstrated the endogenous orexigenic action of MCH.
Indeed, MCH overexpression is associated with obesity (Ludwig et al. 2001).
Conversely, transgenic mice that are deficient in MCH receptors or MCH are lean
(Marsh et al. 2002). NPY/AgRP and α-MSH immunoreactive terminals from ARC
neurons are in close contact with orexin and MCH expression of LHA neurons; at
the same time, large populations of orexigenic neurons from the LHA project to the
mesolimbic area to connect homeostatic with hedonic circuits.

Brainstem

Peripheral signals such as those represented by the hormones produced by the
gastrointestinal tract may influence food intake at three sites: the hypothalamus,
the vagus nerve, and the brainstem. Within the brainstem, the dorsal vagal complex
(DVC) plays a crucial role in relaying these peripheral signals to the hypothalamus.
The DVC includes the NTS, the dorsal motor nucleus of the vagus nerve (DVN), and
the area postrema (AP). The NTS receives extensive neuronal projections from the
PVN of the hypothalamus and vice versa; furthermore, afferent sensory information
from the mouth (carried by the cranial nerves), including taste, also converges on this
region, thus generating a key site for integration of various afferent signals and for
relaying such signals to further CNS integratory sites. Like the ARC, the NTS is
located in an ideal position to integrate peripheral signals due to its close proximity
to the AP, which has an incomplete BBB. Indeed, numerous peripheral hormones act
on the NTS, such as CCK (Moriarty et al. 1997), ghrelin (Lawrence et al. 2002),
GLP-1 (Nakagawa et al. 2004), and leptin (Burdyga et al. 2002). It has been
observed that the effects of various peripheral hormones on food intake are
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attenuated by lesions of the AP (van der Kooy 1984) or vagotomy (Schwartz et al.
1978; Date et al. 2002; Abbott et al. 2005a; Koda et al. 2005), indicating the
importance of this brainstem area in controlling energy balance and in particular in
determining the size of the meal. The sectioning of all vagal fibers causes an increase
in the amount of food consumed and the duration of the outage.

Hedonic Control of Food Intake

Hedonic control of food intake refers to the involvement of cognitive and emotional
factors in the eating regulation. In such case, the rewarding properties of food
override the homeostatic requirements; thus, fuel depletion does not represent the
motivation to eat, whereas palatability and pleasure constitute the most powerful
motivators of eating. The neuronal circuitries involved in the hedonic control of food
intake are complex. They mainly involve the insula and orbitofrontal cortex (brain
areas controlling emotional experience of pleasure, also defined as “liking”) and
subcortical limbic structures like the amygdala, ventro-tegmental area (VTA), and
NAc (brain structures involved in the motivational processes toward food, a process
named as “wanting”) (Nicola 2016). Dopaminergic neuron projections to the NAc,
usually excited by glutamate and inhibited by GABAergic fibers, respectively, have
been strongly implicated in food reward with the potential to exert their crucial role
in translating motivation into action. The importance of this neuronal system is
demonstrated by numerous observations in rodents and humans. Mice lacking
dopamine caused by the selective inactivation of tyrosine hydroxylase develop
fatal hypophagia, and this effect will disappear if dopamine is centrally injected
(Szczypka et al. 2001). In addition, a study using PET has suggested that obese
individuals have decreased DA dopamine 2 (D2) receptor availability in the striatum
(Wang et al. 2001). Moreover, individuals carrying a genetic polymorphism thought
to attenuate dopamine signaling in this region (TaqIA A1 allele) may overeat to
compensate for a hypofunctioning dorsal striatum, as demonstrated by functional
magnetic resonance imaging (fMRI) (Stice et al. 2008). Along the same lines, it has
been shown that the lower D2 receptors correlate with a higher body mass index
(BMI) in obese subjects (Haltia et al. 2007). These findings are consistent with the
hypothesis that diminished D2 receptor activity promotes feeding and the risk of
obesity (Volkow et al. 2011).

Opioids and endocannabinoids, together with dopamine, appear to make a sig-
nificant contribution to the control of reward-related food intake. Opioids are
involved in food choices; indeed, the administration of μ-opioid receptor agonists
in the NAc stimulates the intake of highly palatable foods, characterized by either
sweetness or high fat content (Zhang et al. 1998). Conversely, the administration of
opioid antagonists in patients with binge eating behavior evokes a substantial
reduction of sweet food consumption (Drewnowski et al. 1992; Yeomans and
Gray 1996). Opioid antagonist administration seems to more the pleasantness of
food affect than modifying the sense of hunger or the sensory evaluation of food
(Yeomans and Gray 1996). This is why it is known that opioids affect the “liking”
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more than the “wanting”; indeed, the impact of opioids on the intake of palatable
food is orientated more toward the maintenance and termination of feeding rather
than on the initiation of feeding.

Studies carried out in the last 20 years clearly showed that also cannabinoids of
both endogenous and exogenous origin may play an important role in the hedonic
aspect of eating. These findings originally derive from epidemiological evidence
reporting the strong impulse promoted by the use of marijuana toward highly
palatable food (Cota et al. 2003; Silvestri and Di Marzo 2013). Marijuana is a
recreational drug known to contain Δ9-tetrahydrocannabinol (Δ9-THC), an exoge-
nous cannabinoid. After the identification of the two major endogenous cannabi-
noids – 2-arachidonylglycerol (2-AG) and anandamide (AEA) – a series of
experiments showed that the activation of cannabinoid type 1 receptor (CB1) by
Δ9-THC or synthetic CB1 agonists stimulates feeding (Jamshidi and Taylor 2001;
Kirkham et al. 2002). On the other hand, CB1 antagonists have been shown to
reduce food intake and body weight in rodents and humans (Cota et al. 2006). At the
level of the mesolimbic system, endocannabinoids strongly interact with both
dopaminergic and opioidergic pathways, resulting in strong stimulation toward
highly palatable food (Verty et al. 2004; Cota et al. 2006; Melis et al. 2007). AEA
injection into the NAc has been shown to increase liking reactions to sucrose
(Mahler et al. 2007), whereas the release of dopamine in the NAc in response to
palatable food is inhibited by the CB1 antagonist rimonabant (Melis et al. 2007). In
response to fasting, an increased amount of endocannabinoids is produced in the
NAc, returning to normal after refeeding (Kirkham et al. 2002). A similar increase is
described in the hypothalamus (Kirkham et al. 2002), under the influence of two
main feeding-regulated hormones, i.e., leptin (Di Marzo et al. 2002) and ghrelin
(Kola et al. 2008). This is one of the pieces of evidence supporting a role for the
endocannabinoid system not only in the hedonic processes regulating food intake but
also in the homeostatic mechanisms controlling energy balance (Wenger et al. 1997;
Jamshidi and Taylor 2001; Verty et al. 2009). However, cerebral functions related to
mesolimbic or even superior centers such as liking and wanting may also be
modulated by peripheral hormones. Leptin acts on the dopaminergic neurons in
the VTA to suppress feeding (Hommel et al. 2006), presumably by decreasing
hedonic and incentive values of food and food ingestion (Hommel et al. 2006;
Fulton et al. 2006). Insulin also directly suppresses dopamine neuron activity in
the VTA, which contributes to insulin’s anorexigenic effects (Labouebe et al. 2013).
In contrast, ghrelin activates the corticolimbic reward system in humans and
increases hedonic and incentive valences of food-related cues (Malik et al. 2008).

The Role of the Peripheral Hormones in the Control of Food
Intake

Tonic and episodic peripheral factors from the gastrointestinal tract, adipose tissue,
and pancreas are integrated in the brain to influence food intake. Tonic factors are
usually hormones presumed to influence metabolic needs over the long term,
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whereas episodic factors are short-term signals of various origin influencing hunger
and satiety (Halford and Blundell 2000). Hunger is defined as the stimulus to seek
and eat food, initiating a feeding episode. Conversely, satiation can be explained as
the feeling of fullness that contributes to the decision to stop eating. This ultimately
leads to a state of satiety that may be described as the prolongation of the interval
until hunger or the drive to eat reappears (Harrold et al. 2012). Food smell and/or
sight, as well as food taste and/or textures, may represent important hunger signals
that anticipate consumption of food (McCrickerd and Forde 2016). The sensory
information continues with the oral phase, in which contact of the food with the oral
mucosa is notified and transmitted to the brainstem via the cranial nerves. The
perception of food taste and smell is modified by a series of hormonal signals such
as leptin, insulin, GLP-1, endocannabinoids (Soria-Gomez et al. 2014), and many
others (Berthoud 2011). Leptin is able to reduce the perception of sweet taste by
acting on tongue taste cells (Shigemura et al. 2004) and to modulate the smell of food
by changing the mucus production in the olfactory mucosa cells (Badonnel et al.
2009). GLP-1 stimulates the intake of sweet foods, at the same time reducing salty
food intake (Martin et al. 2009). Subsequently, the passage of food in the stomach
results in gastric distension and production of a series of peptidergic hormones by
enteroendocrine cells. The gastrointestinal tract releases more than 20 different
regulatory peptide hormones that influence food intake by decreasing hypothalamic
orexigenic signaling and increasing anorectic signaling directly or via vagal afferent
nerve activation (Lean and Malkova 2016). Another effect of these peptides is to
mediate inhibitory feedback mechanisms on intestinal transit, contributing to pro-
longed gastric distension, and increased satiety between meals. On the other hand,
nutrients like lipids and glucose and some neurotransmitter precursors are, once
absorbed, also able to directly interact in key regulatory sites of the brain.

Signals from the Gastrointestinal Tract in the Control of Food Intake

Ghrelin
Ghrelin is an octanoylated peptide showing a unique orexigenic property among the
hormones produced by the gastrointestinal tract (Tschöp et al. 2000). This has been
proved by the experiments in which central or peripheral infusion of ghrelin stim-
ulated food intake in rodents and humans (Wren et al. 2000, 2001). However, some
recent data do not favor a role of peripheral ghrelin in the regulation of food intake
(Lippl et al. 2012). Indeed, ghrelin circulating levels peak in response to fasting and
anticipation of the coming meal; thus, the role attributed to this hormone is to initiate
and promote eating (Cummings et al. 2001). Consequently, serum ghrelin levels are
shown to be decreased by refeeding. In humans, circulating ghrelin levels are
negatively correlated with BMI (Lean and Malkova 2016), and more importantly,
compared with lean subjects, obese subjects demonstrated less suppression of
ghrelin following the meal (English et al. 2002). This flattened ghrelin profile around
mealtimes may be a factor in the altered eating behavior pattern reported in obese
subjects. Ghrelin is principally secreted by gastric oxyntic gland cells but also by the
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intestine, pancreas, colon, and brain (Müller et al. 2015). Being expressed within the
ARC and PVH of the hypothalamus, ghrelin may also act as a neurotransmitter
(Cowley et al. 2003). Ghrelin’s action is vagally mediated; in fact, its receptor
GHS-R has been found to be expressed in the vagus nerve (Page et al. 2007),
although a direct ghrelin action on the CNS via stimulation of NPY/AgRP neurons
within the ARC has been hypothesized (Wang et al. 2002). Indeed, the total ablation
of both NPY and AgRP hypothalamic neurons completely abolishes ghrelin’s
orexigenic action (Chen et al. 2004). Furthermore, a recent large body of evidence
suggests that, via activation of its receptor in the VTA, ghrelin may impact on
mesolimbic dopamine circuitry to enhance the motivation for highly palatable
food (Dickson et al. 2011).

CCK
CCK is a 27-amino-acid peptide able to trigger short-term satiation processes in the
upper gastrointestinal tract. Indeed, CCK is secreted postprandially by the I cell of
the duodenal and jejunal mucosa in response to fat- and protein-containing meals,
rising in the plasma within 15 min after meal ingestion and not beginning to fall until
3–5 h after food intake (Murphy and Bloom 2006). CCK acts by binding to its
receptors, CCK-1 and CCK-2, differently distributed at the peripheral levels and in
the CNS (Moran et al. 1986). Physiological functions of CCK include stimulating
the release of enzymes from the pancreas and gallbladder, promoting intestinal
motility, delaying gastric emptying, stimulating gallbladder contraction, and reduc-
ing gastric acid secretion (Moran and Kinzig 2004). Moreover, a large body of
evidence showed that CCK infusion reduces meal quantity in rodents, monkeys, and
humans (Gibbs et al. 1973; Hirosue et al. 1993; Figlewicz et al. 1992; Kissileff et al.
1981). This anorectic effect seems to be mainly mediated by CCK-1 receptors, in
particular by receptors endowed in the vagus nerve (Beglinger et al. 2001). The
importance of the vagus nerve is highlighted by some studies that show that bilateral
vagotomy reduces the anorectic actions of CCK. However, vagotomy does not cause
the complete absence of CCK’s anorectic effects. This suggests that CCK may also
act independently of the vagus nerve (Zhang and Ritter 2012). Indeed, the CCK-1
receptors are also found in the hypothalamus (Blevins et al. 2000), and CCK
administration to fasted rats has been demonstrated to induce expression changes
in neuropeptides and their receptors involved in food intake (Dockray and Burdyga
2011).

GLP-1
GLP-1 is a gut hormone resulting from the cleavage of the pre-proglucagon precur-
sor peptide. Differential tissue-specific posttranslational processing of proglucagon
in the pancreas and in the gut and brain via proteolytic cleavage by prohormone
convertases 1 and 2 occurs. In the pancreas, processing yields the glucagon
sequence, whereas the region containing the GLP-1 and GLP-2 peptides is secreted
as a single inactive fusion called major proglucagon fragment (MPGF) or GLP-1 and
GLP-2. Posttranslational processing in the gut and brain results in the secretion of
GLP-1 and GLP2, while the glucagon sequence remains in a larger peptide, glicentin
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or glicentin-related pancreatic peptide, and OXM (Pocai 2012). GLP-1 and OXM are
expressed in L-cells and glucagon in pancreatic α-cells (Cho et al. 2014). Through-
out the intestine, GLP-1 is stored in L-cell granules and invariably co-secreted with
another peptide called PYY in response to nutrient ingestion. Among macronutri-
ents, sugars and lipids are the more potent stimulators of GLP-1 secretion. GLP-1
has two biologically active forms: GLP-17–37 and GLP-17–36 both showing a short
plasma half-life (1–2 min), partly because GLP-1 undergoes rapid enzymatic deg-
radation by dipeptil-peptidase IV (DPP-IV), partly due to the renal clearance (Cho
et al. 2014; Campbell and Drucker 2013). Circulating GLP-1 levels rise postpran-
dially and fall in fasted state; however, it has recently been demonstrated that GLP-1
blood levels rise in anticipation of a meal (Vahl et al. 2010). GLP-17–36 is widely
distributed within the CNS. Immunoreactive neurons for GLP-17–36 are located in
the NTS, PVN, DMN, DVC, and pituitary (Larsen et al. 1997). GLP-1 exerts its
effect through activation of the GLP-1 receptor (GLP-1R), a G protein-coupled
receptor. GLP-1R is widely distributed in the gastrointestinal tract, in the pancreas,
in the nodose ganglion, and, importantly, in the brain, in particular in hypothalamus
glial cells, in POMC neurons, and in the striatum, brainstem, substantia nigra,
subventricular zone, and amygdala (Holst 2007). GLP-1, along with glucose-
dependent insulinotropic polypeptide (GIP), is responsible for the “incretin” effect,
a mechanism by which insulin secretion is enhanced in response to oral but not to
intravenous glucose administration (Campbell and Drucker 2013). Together with
this action that is lost or firmly reduced in association with type 2 diabetes mellitus,
GLP-1 has other physiological functions such as inhibition of glucagon secretion
and reduction of gastric emptying rate (Deane et al. 2010). Indeed, GLP-1 contrib-
utes to the “ileal brake” by delaying gastric emptying to decelerate nutrient absorp-
tion (Campbell and Drucker 2013). The “ileal brake” is a negative feedback
mechanism that inhibits the motility of the upper gastrointestinal tract when
unabsorbed dietary components are present in the colon in order to allow efficient
digestion and nutrient uptake (Spreckley and Murphy 2015). The inhibition of
gastric emptying induced by GLP-1 partially explains the anorectic effect of this
hormone, an effect that is probably mediated by local GLP-1 action on vagal nerve
afferents in the GI tract or by GLP-1 central action on vagal efferents (Plamboeck
et al. 2013). Nevertheless, there is strong evidence that circulating GLP-1 has
appetite-suppressing effects through direct activation of energy homeostatic centers
in the brain (De Silva et al. 2011; Sisley et al. 2014). Moreover, consistent with the
neuroanatomical location in areas that mediate hedonic control of food intake,
functional studies support a role for GLP-1R signaling in regulating food reward
(Heppner and Perez-Tilve 2015). Recent fMRI studies in obese and obese diabetic
patients have demonstrated that intravenous infusion of GLP-1 agonist decreases the
activation of brain regions involved in mediating food reward (van Bloemendaal
et al. 2014). Due to the action on insulin secretion and for the anorectic effect
attributed to GLP-1, pharmacotherapies based on GLP-1 analogues represent mile-
stones in the treatment of type 2 diabetes mellitus and obesity (Pi-Sunyer et al. 2015;
Marso et al. 2016).
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GLP-2
GLP-2 is a 33-amino-acid peptide co-secreted with GLP-1 by L-cells in response to a
meal. As GLP-1, it is also rapidly degraded by DPP-IV. GLP-2 reduces gastric
motility and acid secretion, induces crypt cell proliferation and contributes to
improve nutrient absorption (Spreckley and Murphy 2015). However, its role in
energy balance regulation seems to be less important than the role of GLP-1.

OXM
OXM is a longer isoform of glucagon produced by L-gut cells. Like GLP-1, OXM is
also rapidly degraded by DPP-IV. OXM is a dual agonist of the GLP-1 and glucagon
receptors but with a 10- to 100-fold lower affinity than the native ligands. OXM has
been shown to delay gastric emptying and to reduce gastric acid secretion. Moreover,
this peptide has been demonstrated to decrease food intake and in the longer term to
decrease weight gain in rodents (Dakin et al. 2001) and humans (Wynne et al. 2005)
by suppressing food intake but also by increasing energy expenditure. Indeed, the
effects attributed to OXM potentially combine its effect on GLP-1R to reduce food
intake and on the glucagon receptor to increase energy expenditure. On the other
hand, the activation of the glucagon receptor is classically associated with an
elevation in glucose levels, while the hypoglycemic properties of GLP-1R agonism
counteract this effect. OXM thus represents a therapeutic target for obesity treatment
(Heppner and Perez-Tilve 2015).

PYY
Like NPY and pancreatic polypeptide (PP), PYY belongs to the “PP-fold” family of
proteins. PYY is released by L-distal intestine cells in response to ingested nutrients.
There are two forms of PYY: PPY1–36 and PYY3–36, this latter being the product of
PYY1–36 degradation by DPP-IV. PYY3–36 is released at the very end of the meal or
immediately after, thereafter determining a decrease in gastric emptying and conse-
quently a reduction in food intake (Manning and Batterham 2014). PYY has also been
reported to regulate energy expenditure, reduce acid secretion, and inhibit gallbladder
contraction and pancreatic exocrine secretions (Suzuki et al. 2012). In normal-weight
and obese human subjects, high-protein intake induced the greatest release of PYY3–36

(Batterham et al. 2006), whereas studies of circulating levels of PYY in obese and lean
people reported inconsistent results (Batterham et al. 2003; Pfluger et al. 2007).
PPY1–36 acts on all NPY Y receptors, while PYY3–36 acts primarily on NPY Y2

receptors of the vagus nerve and hypothalamus. Peripheral administration of PYY3–36

has been shown in a number of studies to reduce food intake and weight gain in
rodents (Batterham et al. 2002; Chelikani et al. 2005; Vrang et al. 2006) and humans
(Batterham et al. 2003). However, the anorectic effect of PYY3–36 in rodents has been
critically discussed by others (Tschop et al. 2004). The peripheral anorectic effect of
PYY3–36 seems to be due to a direct action of presynaptic inhibitory NPYY2 receptors
located on the ARC, and these receptors may act in an auto-inhibitory fashion for NPY.
However, it has also been suggested that PYY3–36 acts to reduce food intake via the
vagal afferent nerves (Broberger et al. 1997; Abbott et al. 2005b). Similarly to other
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hormones produced in the gastrointestinal tract, PYY3–36 has been demonstrated to be
able to modulate neural activity not only in brain areas associated with homeostatic
appetite control but also within higher cortical areas associated with reward and
hedonic control (Batterham et al. 2007).

Signals from Pancreas and Adipose Tissue in the Control of Food
Intake

Whereas gastrointestinal signals usually provide information about acutely ingested
nutrients, the adiposity signals leptin, mainly produced by white adipose tissue, and
insulin, synthesized in the ß cells of the pancreas, provide accurate information about
the stored fuel. Thus, both hormones are implicated in the long-term regulation of
energy balance, their circulating levels being in positive correlation with adipose
tissue mass within the body. These hematic hormonal increases lead to reduced food
intake and increased energy expenditure, in the attempt to restore body fat to normal
(Belgardt and Brüning 2010).

Insulin
Insulin is synthesized in the ß cells of the pancreas and rapidly secreted after a meal.
Together with its well-known hypoglycemic action, insulin also acts as an anorex-
igenic hormone at the level of the brain. Insulin enters the CNS through a saturable
receptor-mediated transport process (Baura et al. 1993) and at the level of the brain
interacts with insulin receptors expressed in the hypothalamic nuclei such as the
ARC, PVH, and DMN to act as an anorectic agent (Corp et al. 1986).
Intrahypothalamic insulin infusion in rodents results in a reduction of food intake
(Menéndez and Atrens 1991). Although the mechanism of insulin-mediated
anorexia has not been fully elucidated, NPY seems to be involved, because a
fasting-induced increase in NPY mRNA expression in the PVN and ARC in rodents
has been shown to be blocked by ICV administration of insulin. This suggests that
fasting increases NPY biosynthesis through an ARC-PVN pathway in the hypothal-
amus via a mechanism which is dependent on low insulin levels. Moreover, insulin
also has the ability to modify the activation of mesolimbic centers involved in the
hedonic control of food intake; indeed, insulin also directly suppresses dopamine
neuron activity in the VTA, which contributes to insulin’s anorexigenic effects
(Labouebe et al. 2013).

Leptin
Leptin, identified by Friedman and coworkers (Zhang et al. 1994), is probably the
most important tonically acting adiposity signal; it is produced mainly by white
adipose tissue. Its secretion increases as body lipid content rises, acting as an afferent
signal to the receptors in the hypothalamus to counteract any increase in fat mass in
order to maintain a constant body weight. Leptin’s actions are mediated by three
receptors: the long form (OB-Rb), the secreted form (OB-Rc), and the short intra-
cellular domain receptor (OB-Ra). Among those, the Ob-Rb receptor, highly
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expressed in the hypothalamus (Fei et al. 1997), acts as the main receptor involved in
appetite control. Rodents and humans with mutations in the leptin or leptin-receptor
gene suffer extreme early-onset obesity and have endocrine defects (Farooqi and
O’Rahilly 2008). In both animals and humans, long-term leptin replacement therapy
for leptin deficiency has shown striking results, clearly demonstrating that leptin has
a key function in the regulation of energy balance in humans (Campfield et al. 1995;
Farooqi and O’Rahilly 2008). In humans, leptin circulating concentrations correlate
with total fat mass, demonstrating the ability of leptin to respond to weight gain.
Indeed, most obese humans have elevated plasma leptin levels, implying they may
have leptin resistance rather than leptin deficiency. Thus, in the presence of obesity,
leptin shows little influence on energy intake. Indeed, this resistance leptin state
insensitivity has been proposed to be a result of defective leptin entry into the CNS
(Caro et al. 1996). Leptin crosses the BBB via a saturable transport system to enter
the mediobasal hypothalamus and ARC. Leptin resistance might derive from satu-
ration of leptin transporters at the BBB (Wauman and Tavernier 2011); on the other
hand, high levels of circulating or intrahypothalamic proinflammatory cytokines
may impair leptin transport in obese subjects (De Git and Adan 2015). Leptin acts
via activation of Janus kinase 2-STAT3 and inhibition of AMP-activated protein
kinase activity on the ARCNPY/AgRP and POMC/CART neurons expressing leptin
receptors (Munzberg 2010). Leptin induces an increase of POMC/CART and a
decrease of NPY/AgRP neuronal activity resulting in reduced food intake and
increased energy expenditure (Schwartz et al. 2000; Sahu 2003). Leptin is also
able to amplify the gut satiating effect of CCK, acting synergistically to decrease
food intake via activation of leptin receptors located in the brainstem and in the vagal
afferents (Peters et al. 2006). Interestingly, leptin also affects the thresholds of sweet
taste perception in the tongue (Nakamura et al. 2008). Leptin influence on eating
behaviors may also be partially mediated through the regulation of the mesolimbic
and/or nigrostriatal dopaminergic pathways (Farooqi et al. 2007) and by activating
the hippocampus, an area of the brain that controls learning and memory function
(Kanoski et al. 2011). These reward and cognitive processes may importantly
contribute to leptin’s inhibition of food intake.

Conclusions

Since the discovery of leptin, an explosive increase has been observed in the number
of studies into the regulation of food intake and body weight in reply to the dramatic
epidemiological alarm triggered by the exponential increase of obesity, worldwide. It
is now clear that the eating pattern is orchestrated by a complex brain-peripheral
interaction, by which gastrointestinal, pancreatic, and adipose tissue-derived hor-
mones directly influence distinct areas of the CNS. Recent studies have shown that
the traditional homeostatic approach to food intake regulation must be regarded
alongside the hedonic aspect of appetite control. Indeed, profound interactions exist
between these two regulatory pathways, so that the recent epidemic of obesity has
been partially attributed to an alteration of the hedonic system. The great provision
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and promotion of energy-dense food may blunt satiety signals and override homeo-
static control to mediate a persistent drive to eat, contributing to further expanding
the global pandemic of obesity. Ongoing research will further increase our under-
standing of the effects of gut, pancreatic, and adipose tissue hormones on body
weight homeostasis, potentially enabling us to exploit pharmacological therapeutics
which might lead to sustained weight loss for patients affected by obesity.
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Abstract
Blood pressure is a vital parameter controlled by very complex mechanisms
mainly involving neuronal and endocrine effectors. The sympathetic-adrenal
system (SAS) and the renin-angiotensin-aldosterone system (RAAS), besides
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paracrine mechanisms in the vessel wall, are the main players of these complex
networks that permit the maintenance of blood pressure, sufficient for the perfu-
sion of organs and tissues. These systems regulate the cardiac pump, the circu-
lating volume, and the peripheral resistances. They are the targets of almost all the
drugs prescribed to hypertensive patients.

In addition to these major neurohormonal systems, many other factors can
modulate blood pressure participating in the control of the blood volume or the
peripheral resistances. These factors include, among the others, natriuretic pep-
tides, dopamine, nitric oxide, endothelin-1, vasopressin, and cortisol.

Keywords
Blood pressure • Sympathetic-adrenal system • Renin • Angiotensins • Aldoste-
rone • Vasopressin • Nitric oxide • Endothelin-1 • Dopamine • Natriuretic
peptides • Cortisol

Introduction

Cells, tissue, and organs need blood supply to survive and function. Blood circulates in a
closed system constituted by arteries and veins, because of pressure gradients generated
by the contractile activity of the heart. The blood pressure (BP) warrants the perfusion of
the tissues and is the results of cardiac output, blood volume, and peripheral resistances.
It is continuously monitored and controlled by a complex network of integrated systems
regulating these three main factors. Among these, the sympathetic-adrenal system
(SAS) and the renin-angiotensin-aldosterone system (RAAS) play a major role in BP
control although many other factors participate in this extremely complex regulation
acting at the central (aortic) as well as the peripheral (tissue) levels. As a consequence,
almost all the most widely used antihypertensive drugs are aimed at lowering the blood
volume and the activity of the SAS and the RAAS.

In this paper we will review the physiology of these two systems and we will
briefly mention the many other “minor” factors influencing BP.

The Sympathetic-Adrenal System (SAS)

The SAS is part of the autonomic nervous system that also includes the parasympa-
thetic nervous system. It is involved in the homeostasis of many vital functions such
as the cardiovascular (Goldstein 1995).

The anatomical and chemical characteristics of the SAS allow very rapid
responses to the internal and external stimuli, and therefore the SAS is the quickest
system devoted to the maintenance of cardiovascular homeostasis.

The SAS is functionally integrated with other homeostatic systems such as the
endocrine system, whose responses, which are slow-onset but more persistent, may,
in turn, modulate the SAS function (Goldstein et al. 1998).
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The SAS has two effector branches constituted by a neuronal and an endocrine one:
the first is represented by the sympathetic nerves releasing the neurotransmitter norepi-
nephrine (NE) in the synaptic cleft; the second is represented by the chromaffin cells of
the adrenal medulla secreting the hormone epinephrine (E) in the blood stream (Fig. 1).

The effector branch unit of the sympathetic system is composed by two neurons: a
preganglionic neuron whose cell body is in the mediolateral area of the spinal cord and a
postganglionic neuron, innervated by the previous one in the sympathetic ganglion. The
cell bodies of the preganglionic neurons are located in the spinal cord at the level of the
first thoracic vertebra down to the second lumbar one. The sympathetic ganglia are
localized at the same levels on both sides of the column. The postganglionic neurons
innervate peripheral vessels, tissues, and organs diffusely. The neurotransmitter released
by the preganglionic nerve is acetylcholine, while the postganglionic nerve releases NE.

The activity of the sympathetic nerves is strictly controlled by neurons of the
sympathetic centers located in the medulla oblongata. The activity of these sympa-
thetic centers is, in turn, regulated by nervous pathways coming from the periphery
of the body, as well as from higher centers of the brain. As a whole, the activity of the
SAS is the final result of the integration of all the stimuli impinging on the medullary
sympathetic centers (Goldstein 1995).

Among the most important factors modulating the activity of these centers are the
afferent inputs from sites of the peripheral circulation, such as the arterial high-pressure
and cardiac baroreceptors that are stretch receptors located in the walls of the arteries
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Fig. 1 Schematic representation of the anatomical organization of the sympathetic-adrenal system
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(especially important is the carotid sinus at the bifurcation of the common carotid artery)
and cardiac/venous low-pressure receptors located in the walls of the cardiac atria.

The arterial high-pressure baroreceptors monitor the stretching of the arterial
walls and elicit reflex responses that control arterial BP. The low-pressure barore-
ceptors monitor the stretch of the cardiac and pulmonary arterial walls and elicit
reflex responses that maintain central blood volume (Goldstein 1995).

The SAS is differently activated by stressors: standing up elicits the response of the
neuronal branch of the SAS characterized by NE release from the sympathetic nerve
terminals, whereas hypoglycemia preferentially causes E release from the adrenal
medulla. Both the branches are highly activated in case of a profound hypotension.

Sympathetic nerve stimulation causes a rapid constriction of arterioles, increasing
regional resistance to blood flow and shifting the blood to other regions with lower
resistance.

The arteriole vasoconstriction is mediated by the adrenergic α-receptors. At the
cardiac level, the sympathetic discharge-induced NE release activates the β-receptors,
thus increasing heart rate and contractility. Therefore, a diffuse sympathetic stimula-
tion causes a BP increase due to increased cardiac output and peripheral resistances.

At the kidney level, sympathetic activation leads to a decrease in sodium excre-
tion and, through β-receptor activation, to an increase in renin release by the
juxtaglomerular cells (see below).

The hormonal branch of the SAS includes preganglionic neurons, which inner-
vate the chromaffin cells of the adrenal medulla that may be considered a modified
sympathetic ganglion. Chromaffin cells do not possess neuritis but secrete catechol-
amines, mainly E, in the circulation. An increase in E plasma levels causes a rapid
increase in the heart rate and contractility, an increase in renin release, and a
redistribution of blood volume toward the heart, brain, and skeletal muscles and
away from the kidneys, skin, and gut.

A pathological catecholamine release in the blood circulation, as well as an abrupt
neuronal sympathetic discharge, causes a rise in BP, sometimes to very high levels.
Such conditions are exemplified by the catecholamine release by pheochromocy-
toma/paraganglioma (Lenders et al. 2005) and also by the sympathetic activation in
panic disorders. Increased sympatho-neuronal outflow associated to hypertension is
present also in various neurologic syndromes such as autonomic epilepsy, barore-
ceptor deafferentation, Guillain-Barre syndrome, generalized seizures, and bladder
stimulation in tetraplegic patients (Goldstein 1995).

Conversely, a pathological decrease in sympathetic outflow induces a decrease in
BP that, when profound, causes a vasodepressor syncope with fainting. Neurogenic
orthostatic hypotension is present in diseases such as pure autonomic failure,
multiple system atrophy, and dopamine-β-hydroxylase deficiency.

The Renin-Angiotensin-Aldosterone System

Over a century after the identification of a “renin-like” activity in the canine kidney
by Tigerstedt and Bergman (Tigerstedt and Bergman 1898), and more than 50 years
after the purification of the vasoactive peptide angiotensin II (Ang II), carried out
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independently by Page and Braun-Menendez (Braun-Menendez and Page 1958), the
characterization of the renin-angiotensin-aldosterone system (RAAS) continues
relentless, thus broadening our understanding of the function of this key hormonal
system, which has paramount clinical and therapeutic implications. The RAAS is
currently regarded as both an endocrine and a paracrine system (Rocha and Stier
2001). The circulating RAAS entails a coordinated hormonal cascade, which begins
with the biosynthesis of prohormone (prorenin) that undergoes proteolytic cleavage
of the prosegment N-terminus peptide to give the bioactive renin. The latter is a
secretory glycoprotein mainly made by the juxtaglomerular cells (JG) that line the
afferent arteriole of the renal glomerulus. Renin is stored in granules of the JG cells
and released first into the renal circulation and then, systemically, through a highly
regulated exocytic process. Besides and in parallel to this, the kidney constitutively
releases prorenin, which can be activated at the level of the pro(renin) receptor
(Rocha and Stier 2001). Compelling evidence now indicates that the RAAS also acts
as a paracrine system, which is directly involved in regulating the function of many
organs, such as the adrenal gland, the reproductive system, the visceral adipose
tissue, the vascular tissue, the eyes, the heart, and the brain.

Control of renin secretion is a key determinant of the RAAS activity, because
renin regulates the initial and rate-limiting step of the RAAS by cleaving the
N-terminal portion of the renin substrate (angiotensinogen) to form the biologically
inert decapeptide angiotensin I (Ang I). Although mainly produced in the liver,
angiotensinogen is also synthesized locally in tissues, such as the vessel wall and
adipocytes. These sites might attain importance in disease conditions, as shown by
the observation that adipocyte angiotensinogen deficiency, while not affecting
plasma angiotensinogen levels under normal conditions, greatly reduced circulating
Ang II under high-fat diets.

Ang I, the inactive decapeptide formed by renin, is hydrolyzed by the
angiotensin-converting enzyme type 1 (ACE 1), which removes the C-terminal
His-Leu dipeptide to form the octapeptide Ang II (Ang 1–8), which, alongside
aldosterone, is the major mediator of the RAAS. Ang II was initially held to act via
two different receptors, angiotensin II type 1 receptor (AT1R) and type 2 receptor
(AT2R), which belong to the G-protein-coupled receptor (GPCR) family and share
34 % of sequence homology. Upon stimulation these receptors induce effects that
are altogether different and, most of the times, opposite: AT1R mediates the most
known effects of Ang II, including vasoconstriction, cell growth, oxidative stress
generation, inflammation, and vascular and cardiac hypertrophy. Moreover, in the
adrenal cortex zona glomerulosa, AT1R activation increases inositol triphosphate
formation, thus leading to release of Ca2+ from the endoplasmic reticulum, tran-
scription of the aldosterone synthase (CYP11B2) gene, and aldosterone
biosynthesis.

The AT2R is expressed in fetus, where it plays a major role in organ development,
but also in adults, mainly in the adrenals, kidneys, uterus, ovary, heart, and specialized
nuclei in the brain. Notwithstanding this, its role in adult animals and humans remained
uncertain for decades, owing to the fact that specific agonists for AT2R were not
available. Therefore, concomitant stimulation of the AT1R could not be avoided
when using the AT2R natural ligand Ang II, which binds to AT1R and AT2R with
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almost equal affinity. Hence, given the higher abundance of the AT1R receptors in many
organs, Ang II usually induces predominant AT1R effects. Moreover, the synthetic
peptide CGP42112A, which was used to identify the AT2R, was thereafter found to
have AT2R agonistic and antagonistic effects depending on its concentration. With the
use of the first non-peptide AT2R agonist, compound 21 (C21), more information on the
role of AT2R has been recently obtained. Thus, activation of the AT2R was found to
result in vasodilatation, inhibition of cell proliferation, induction of apoptosis, extracel-
lular matrix remodeling, and axonal regeneration. Moreover, this receptor was found to
be upregulated in various pathological conditions, suggesting that it can serve a counter-
regulatory role when overactivation of the AT1R occurs. Thus, the RAAS has a dual
action in cardiovascular disease, playing both a detrimental and a protective role
(Foulquier et al. 2012; Padia and Carey 2013). Accordingly, AT2R agonists are being
tested for preventing hypertension-induced vascular and other end-organ damage.

Along the same line, accumulating evidence exists that other metabolites of Ang I
and II may have significant biological activity, particularly in tissues. Ang III
(Ang-(2–8)) and Ang IV (Ang-(3–8)) are formed by the sequential removal of
amino acids from the N-terminus of Ang II by the action of aminopeptidases.
Moreover, Ang-(1–7) is formed from Ang II by the action of carboxypeptidases
including the angiotensin-converting enzyme type 2 (ACE 2) as shown in Fig. 2.

Unlike ACE 1, this enzyme does not convert Ang I to Ang II; moreover, its
activity is not blunted by ACE inhibitors. Ang-(1–7), which is detectable in the
kidney of various species at levels comparable to those of Ang II, has a low affinity
for AT1R and AT2R but a very high affinity for an additional Ang receptor defined as
Mas receptor (MasR), whose role remains poorly known.

Nowadays, it is well established that in pathological conditions some of these new
players such as ACE2, the peptides made by this enzyme – Ang-(1–7) and
Ang-(1–9) – and MasR can counteract Ang II. For instance, the acute infusion of
Ang-(1–7) increases glomerular filtration rate (GFR) and renal blood flow. More-
over, Ang-(1–7) induces vasodilation, acutely stimulates the formation of NO, and
reduces oxidative stress by blunting components of the NAD(P)H oxidase complex
in the afferent vessels that was associated with lower cortical oxygenated radical
(ROS) and 8-isoprostane excretion. This new regulatory system is named the
protective RAAS (McKinney et al. 2014; Passos-Silva et al. 2013).

Pathological activation of the RAAS, such as in renal artery stenosis or the very
rare occurrence of a reninoma (tumor of the juxtaglomerular cells), causes arterial
hypertension. Moreover, the RAAS plays a detrimental role in cardiovascular
damage in hypertension, including left ventricular hypertrophy (Dahlof et al.
2002), in renal damage (Keane et al. 2003), and also in heart failure as shown by
randomized clinical trials with both ACE inhibitors (Swedberg et al. 1990) and
mineralocorticoid receptor antagonists (the RALES investigators 1996).

Finally, as mentioned above, a fundamental component of the RAAS is aldoste-
rone, which plays a key role for controlling sodium, potassium, and water balance,
and ultimately blood pressure. Its major physiological targets are the epithelial cells,
particularly those located in the distal nephron, colon, and salivary gland. At these
sites aldosterone increases Na+ reabsorption, in exchange for K+ and H+ excretion.
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Besides the actions on Na+ balance, body fluid volumes, and blood pressure,
aldosterone influences the function of the cardiovascular system by acting on the
heart, vessels, and central nervous system. Accordingly, the key enzyme for aldo-
sterone synthesis – aldosterone synthase – is regulated (besides Ang II) by several
factors, including serum K+, endothelin-1, dopamine, atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), urotensin II, and serotonin. When produced
in excess and under conditions of high-to-normal Na+ intake, aldosterone causes
oxidative stress, inflammation, fibrosis, and oxidative damage to DNA. Hence, its
production must be tightly controlled to maintain ion and fluid homeostasis and
avoid hyperaldosteronism. Table 1 summarizes the fundamental role played by the
RAAS in many cardiovascular diseases.

Excessive aldosterone biosynthesis autonomous from these regulators occurs in
primary aldosteronism (PA), the most common form of secondary hypertension with
an estimated prevalence of about 11.2 % in referred patients and about 2 % in
primary care and as high as 20 % in patients with resistant hypertension (Douma

Fig. 2 Canonical and noncanonical pathways of the RAAS. The peptides are shown in black and
the enzymes in light blue
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Table 1 Role of RAAS in cardiovascular diseases

RAAS
component Biochemical effects Functional/pathological effects

Clinical
manifestations

Angiotensin
II

Increased intracellular
Ca2+

Vasoconstriction Renovascular
HBP, renin
essential HBP

Endothelin synthesis Increased oxidative stress,
vasoconstriction

Ischemia,
infarction

Decreased nitric oxide
(NO) production

Inflammation, plaque growth
and rupture

HBP, ischemia,
infarction

Release of
pro-inflammatory
mediators

Arterial hypertrophy, fibrosis,
stiffening

HBP, ischemia,
infarction

Vascular smooth
muscle cell migration
and proliferation

Vascular fibrosis Thrombosis,
atherosclerosis

Increased extracellular
matrix formation

Plaque growth and rupture,
cardiac remodeling

HBP, HF, and
congestion

Thromboxane A2
release

Clotting, platelet aggregation Isolated systolic
HBP

Enhanced matrix
metalloproteinase
(MMP) production

Platelet aggregation Atherosclerosis

Increased synthesis of
plasminogen inhibitor-
1 (PAI-1)

Inflammation (via stimulation of
production of monocyte
chemoattractant protein (MCP)-
1), increased activity of MMP-1
and MMP-3

Atherothrombosis

Renovascular HBP,
high renin essential
HBP

Sodium retention Atherosclerosis,
HF

Low-density
lipoprotein (LDL)
oxidation

Thrombosis,

Stimulation of
aldosterone production

Atherosclerosis

Excess autonomous
production

Atherosclerosis

Thrombosis

HBP, HF,
congestion

Aldosterone Excess autonomous
production

Bilateral adrenal hyperplasia,
aldosterone-producing adenoma

Primary
aldosteronism

Increased endothelial
Na channel (ENAC)

Sodium and water retention HBP, HF,
congestion

Hypokalemia and
hypomagnesemia

Reentry mechanisms Arrhythmias

Increased oxidative
stress and activation of
inflammatory
pathways

Inflammation, oxidative
damage to DNA

Vascular and
myocardial tissue
damage
Atherosclerosis

(continued)
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et al. 2008). The two major causes of PA are unilateral aldosterone-producing
adenoma (APA) and bilateral adrenal hyperplasia (BAH), accounting together for
95 % of cases (Boulkroun et al. 2015).

Conversely, hypoaldosteronism, mainly due to Addison disease, in spite of
increased renin and angiotensin release, causes hypotension. Hyporeninemic hypo-
aldosteronism due to nonsteroidal anti-inflammatory drugs usually manifests itself
with hyperkalemia rather than hypotension.

In summary, with the discoveries of new pathways, including the protective ones,
and novel actions of the RAAS component, several potential new targets for thera-
peutic interventions have been identified and are currently under testing with the final
goal to develop new drugs to combat hypertension and cardiovascular disease. In fact,
drugs currently in clinical trials include C21, encapsulated Ang-(1–7), novel miner-
alocorticoid receptor antagonists, and aldosterone synthase inhibitors. They might
eventually provide additional weapons besides the well-established RAAS inhibitors
as beta-blockers, ACE inhibitors, AT1R antagonists, and renin inhibitors.

Other Factors Influencing Blood Pressure Control

Natriuretic Peptides

Natriuretic peptides (NP) belong to a family of hormones all sharing a common
17 amino acid ring and differing for NH2 and COOH residues outside the ring
(Nakao et al. 1992). All family members are characterized by a similar molecular
structure and similar biological effects mainly exerted at the cardiovascular level
(Levin et al. 1998).

Atrial natriuretic peptide (ANP) is released by the cardiac atria when their wall
tension increases. B-type natriuretic peptide (BNP) derives from a precursor
(Pro-BNP) mainly synthesized and released by the cardiac ventricles in response
to an increase in ventricular wall tension.

Table 1 (continued)

RAAS
component Biochemical effects Functional/pathological effects

Clinical
manifestations

Increased synthesis of
collagen I and III and
fibronectin

NO release Atrial fibrillation,
HF, and
congestion
HBP, HF

Vascular smooth
muscle cell migration
and proliferation

Fibrosis, LVH Vascular damage

Vascular remodeling,
hypertrophy, artery stiffness

Atherosclerosis

Foulquier et al. 2012; Gaddam et al. 2009; McKinney et al. 2014; Padia and Carey 2013; Passos-
Silva et al. 2013; Rocha and Stier 2001; Willerson and Ridker 2004
HBP high blood pressure, HF heart failure, LVH left ventricular hypertrophy
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Once released, Pro-BNP is cleaved in two fragments: the C-terminal (BNP) is
constituted by 32 amino acids and is biologically active, while the N-terminal,
constituted by 76 amino acids, is not but is measured as a biomarker of activation
of BNP synthesis.

C-type natriuretic peptide (CNP) derives from a 122 amino acid precursor and is
characterized by 22 amino acids. It is secreted in the central nervous system, the
kidney, and the endothelial tissue in response to shear stress.

The main physiological actions of NP occur in the kidney, where they exert a
potent vasodilatory effect and regulate blood volume through sodium and water
excretion, thus contributing to BP homeostasis.

They also cause, by paracrine and autocrine actions, relaxation of the vascular muscle
walls, thus inducing vasodilation and decrease in BP. Finally, NP inhibit the secretion of
other vasoactive hormones such as renin, aldosterone, vasopressin, and endothelin-1.

In summary, NP participate in cardiovascular homeostasis counteracting acute
and chronic volume overload and exerting opposite actions to those elicited by the
SAS and the RAAS.

Dopamine

Dopamine (DA) is a catecholamine acting at different levels in the body. In the central
and peripheral nervous system, DA acts as a neurotransmitter, whereas in the kidney
it acts as a paracrine hormone at the tubular level where the high activity of the
enzyme DOPA decarboxylase transforms circulating L-DOPA into DA. Urinary DA
reflects tubular synthesis. Activation of dopaminergic receptors at the periphery
increases natriuresis and diuresis by several mechanisms: acting on DA1 receptors
on vascular smooth muscle cells, DA causes increase in renal blood flow, augmenting
glomerular filtration of sodium; acting on DA2 presynaptic receptors, DA inhibits
NE release from the sympathetic nerve terminals, thus reducing the sympathetic-
mediated vasoconstriction, and aldosterone release from the adrenal cortex, thus
preventing its pressor actions (Rossitto et al. 2016). Finally, in the kidney, DA acts
as a paracrine hormone at DA1 receptors on proximal convoluted tubular cells,
inhibiting Na/K ATPase and reducing sodium reabsorption (Carey et al. 1990).
Thus, on the whole, endogenous DA acts as a natriuretic and hypotensive hormone.

Nitric Oxide

Nitric oxide (NO) is a small molecule, composed by a nitrogen and oxygen atom,
synthesized from its precursor L-arginine by the activity of NO synthase (NOS), an
enzyme present in activated inflammatory cells (inducible NOS – iNOS) and in
neuronal (nNOS) and endothelial (eNOS) cells where it is constitutively produced
and secreted (Lowenstein et al. 1994).

NO has a very short half-life of about 30 s. Among the different NOS isoforms,
the most important at the cardiovascular level is eNOS: by releasing NO it induces
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vasodilation, thus regulating local blood pressure, and inhibits platelet aggregation.
Endothelial NO is the main factor mediating vasodilation in response to the shear
stress caused by a local flow increase (Corretti et al. 2002). NO is also an important
endothelial factor counteracting the vasoconstriction induced by angiotensin II and
endothelin-1.

Endothelin-1

Endothelium has to be regarded as a paracrine organ regulating vascular tone as well
as other functions such as platelet aggregation and vascular cell proliferation
(Behrendt and Ganz 2002). It secretes not only vasodilating agent such as NO but
also vasoconstrictor factors such as endothelin-1 (ET).

Endothelins are a group of peptides of 21 amino acids, which include three
different isoforms (ET-1, ET-2, and ET-3) (Inoue et al. 1989). ET-1 is the most
represented isoform at the vascular level, where it exerts a potent vasoconstriction,
acting on type A receptors (ETA) located in the vascular smooth muscle cells.

ET-1 exerts additional relevant cardiovascular effects acting at different organs. In
the vascular bed, ET-1 also acts on ETB receptors, located on the endothelial cells,
where it causes vasodilation. In the heart, ET-1 exerts a chronotropic and inotropic
effect in vitro, whereas in vivo it decreases cardiac output, due to baroreceptor-
mediated decrease in heart rate and increased afterload. In the kidney, ET-1 causes
constriction of both afferent and efferent arterioles and decrease in glomerular
filtration rate and renal plasma flow, through ETA receptors. At the tubular level,
ET-1 decreases sodium and water reabsorption through ETB receptors. Moreover,
ET-1, by acting on ETB receptors, mediates the epithelial mesenchymal transition
induced by Ang II, a process whereby tubular epithelial cells transform into fibro-
blasts, which produce extracellular matrix proteins, ultimately leading to hyperten-
sive nephroangiosclerosis (Seccia et al. 2016). Hence, ET-1 is held to play a key role
in the progression of hypertensive renal disease to chronic kidney disease and
ultimately end-stage kidney failure.

ET-1 affects also the RAAS, stimulating ACE activity and enhancing aldosterone
release from the adrenal cortex. In fact, the adrenocortical zona glomerulosa cells can
produce ET-1 and express both ETA and ETB receptors (Rossi et al. 1994); the latter
mediate a potent secretagogue effect of ET-1 on aldosterone (Belloni et al. 1996).

As a whole, ET causes increase in BP through regional and systemic vasocon-
striction (Clarke et al. 1989) contributing to the occurrence of diseases such as
essential hypertension, pulmonary hypertension, chronic renal failure, and chronic
heart failure.

Arginine Vasopressin

Arginine vasopressin (AVP), also known as antidiuretic hormone, is a nonapeptide
primarily secreted by the supraoptic and paraventricular nuclei of the hypothalamus.
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The regulation of AVP synthesis and secretion involves two processes, osmotic and
pressure-volume. The first is very sensitive in that hypothalamic osmoreceptors may
perceive even small changes in plasma osmolality, thus regulating AVP secretion.
The pressure and volume regulation is mediated by specific receptors located in the
carotid sinus/aortic arch and atria/pulmonary venous system, respectively; these
pathways regulate AVP release through a tonic inhibitory action that decreases
with significant fall in blood volume and pressure (about >10–20 %). The most
important physiologic action of AVP is to influence the rate of water excretion at the
level of renal collecting tubules by promoting concentration of the urine. Other
functions of AVP include contraction of smooth muscle in blood vessels, stimulation
of ACTH secretion, and regulation of glycogenolysis in the liver. The effects of AVP
are mediated through interaction with specific receptors, named V1a, V1b, and V2:
the latter mediates the antidiuretic effect, while the remaining functions are mediated
by the other receptors. In physiological conditions, AVP does not seem to play a
significant role in the maintenance of BP (Gavras et al. 1982); moreover, disorders
with excess or deficit of AVP secretion/action are characterized primarily by abnor-
malities of osmolality induced by abnormal excretion or retention of water, without
significant effects on blood pressure. Thus, the pressure and volume regulation of
AVP secretion probably plays a minor role in physiological conditions, but attains a
major role in acute and large disturbance of hemodynamic states. In fact, in severe
hypovolemic shock, when AVP release is very high, the hormone does contribute to
the compensatory increase in systemic vascular resistance. In addition to activation
of V1a receptors, AVP may induce vasoconstriction by other mechanisms such as
modulation of ATP-sensitive K+-channels, modulation of NO, and potentiation of
adrenergic and other vasoconstrictor agents (den Ouden and Meinders 2005). Based
on these concepts, vasopressin is commonly used as an adjunct to catecholamines to
support blood pressure in refractory hypovolemic shock.

Cortisol

Cortisol, the major human glucocorticoid, is produced by the adrenocortical zona
fasciculate; it is essential for the maintenance of body internal environment, the
so-called homeostasis. Cortisol affects virtually all body organs influencing, regu-
lating, or modulating the changes that occur in the body in response to stress,
including heart contraction and blood vessel tone. Cortisol participates in the
maintenance of normal BP, as suggested by the observation that disorders of cortisol
secretion, either in excess or deficit, are characterized by significant changes of BP
levels, e.g., hypertension or hypotension, respectively. Cortisol may increase BP by
several mechanisms: in vascular smooth muscle, it increases sensitivity to other
pressor agents such as catecholamines and angiotensin II while interferes with
NO-mediated endothelial dilatation (Grunfeld and Eloy 1987). In the kidney, cortisol
shows high affinity for mineralocorticoid receptors and, depending on the activity of
type 2 isoenzyme of 11-beta-hydroxysteroid-dehydrogenase, which converts cortisol
to inactive cortisone, may exert a mineralocorticoid action with sodium retention,
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potassium loss, and volume expansion (Stewart 1999). At the heart level, cortisol
increases cardiac output (Whitworth et al. 2005); moreover, it increases hepatic
synthesis of the renin substrate angiotensinogen (Saruta et al. 1986).

Summary

BP is a vital physical parameter, which is essential to warrant blood supply to organs
and tissues in any conditions, as different posture (supine or upright) or different
behavior (rest or exercise). Therefore, not surprisingly, its regulation is extremely
complex, depending on several strictly interconnected and finely regulated systems,
which are able to control and adjust this parameter continuously on a beat-to-beat
basis. BP, generated by heart action, depends on vascular peripheral resistances,
generated by arterial contraction. However, it critically depends also on blood
volume, mainly dependent on salt intake and kidney function. Blood volume, in
turn, affects cardiac output. All these functions need a permanent control by sensors
located in different sites of the cardiovascular tree (arteries, veins, heart). This
continuous setting (and resetting) needs both rapid and long-lasting responses
elicited by neuronal and hormonal mechanisms controlling heart activity, blood
volume, and peripheral resistances. The two major systems responsible for BP
control are the SAS and the RAAS. Their main role is to avoid a fall in BP and
therefore their activation increases BP. When not regulated by the counteracting
mechanisms, their activation is responsible for the occurrence of hypertension and,
in the long run, cardiovascular damages.

Their activation is maximal in conditions of a profound hypotension, such as
during large hemorrhage and dehydration: in these situations additional factors, such
as vasopressin and cortisol release, may be recruited to maintain tissue perfusion.

Blood volume mostly depends on sodium and water reabsorption in the kidney.
Both the SAS and the RAAS play a pivotal role at this level where other systems,
such as natriuretic peptides and dopamine, counteract their sodium- and water-
retaining action in an attempt to avoid excessive volume expansion.

Lastly, blood flow needs also a local, peripheral adjustment depending on tissue
demands. This fine regulation is attained by means of local, mainly endothelial,
vasodilating or vasoconstrictor factors, among which NO and endothelin-1 are the
main players.
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Abstract
The hypothalamic-pituitary-gonadal axis is unique among the hypothalamic-
pituitary hormonal systems in that it undergoes dramatic changes in biologic
activity during fetal, childhood, and adult development. Unlike the other pituitary
hormonal systems, the axis is quiescent for much of childhood, becoming active
at the developmental stage that defines puberty. Puberty begins when the
gonadotropin-releasing hormone (GnRH) neurons of the hypothalamus secrete
GnRH in a pulsatile manner. Pulsatile GnRH causes pituitary gonadotrophs to
synthesize and release luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH). LH and FSH in turn induce steroidogenesis and gametogenesis in
the gonads. Steroid production then causes the physical and physiological
changes associated with puberty. A single pathway or factor that triggers this
hormonal cascade at puberty has not been found, although several pathways have
been identified that affect GnRH neuron function at puberty. This chapter will first
discuss the physiology of the reproductive axis in intrauterine life and childhood,
detailing the hormonal signals and receptor function of normal puberty. Next,
genes implicated in pubertal timing will be discussed in context of the disease
processes that result from the genetic derangement. Finally, secular trends in
pubertal timing will be discussed.

Keywords
GnRH • Kisspeptin • Hypogonadotropic hypogonadism • Precocious puberty

Reproductive Axis Development

The reproductive axis undergoes dramatic changes during fetal life, infancy, and
childhood. Because the hypothalamic-pituitary-gonadal axis (Fig. 1) is active in the
fetus and newborn then enters a quiescent state during childhood, a discussion of the
factors involved in puberty is best started with a review of the development of the
neuroendocrine axis and the activity of the axis in various stages of infancy and
childhood.

Fetal Life

The hypothalamic peptide kisspeptin plays a role in triggering GnRH pulsatile
release at puberty (detailed below). Timing of kisspeptin neuron development in
humans is unknown, but the sequence of events can be inferred from rodent studies.
In adults, there are two populations of kisspeptin neurons in the hypothalamus, one
in the arcuate nucleus (ARC) and a different population in the preoptic area (POA).
Kisspeptin neurons of the arcuate nucleus seem to arise from proopiomelanocortin
(POMC) precursor cells (Sanz et al. 2015). The expression of the kisspeptin and its
receptor, GPR54 genes, starts in the midgestation period after GnRH expression is
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detected. There seems to be a sexual dimorphism in kisspeptin expression, with
females having greater amounts of kisspeptin expression (Knoll et al. 2013).
Kisspeptin neuron axons extend to the GnRH neuron with presumed established
synaptic connections in utero.

GnRH neurons are unique among neurons in that they arise outside of the
neuroectoderm in the olfactory pit. This occurs at week 6 postconception in humans.
The GnRH neuron begins to synthesize and secrete GnRH shortly thereafter. The
neurons then migrate via the forebrain, arriving at the hypothalamus by week
9 (Schwanzel-Fukuda et al. 1996). The location, number of GnRH neurons, and
projection to the median eminence are similar to adult animals. Migration is
supported by the gene products of the signaling proteins Kal1 (anosmin), PROK1
(prokineticin 1), FGF8 (fibroblast growth factor 8), as well as genes that encode
receptors such as FGFR1, PROKR2, and CHD7 (Bhagavath and Layman 2007).
Disorders caused by alterations in these genes will be discussed later in the chapter.
GnRH neuron migration is independent from kisspeptin neuron development and is
not dependent upon kisspeptin signaling.

The anterior pituitary gland arises from Rathke’s pouch, an invagination of
neuroectoderm, beginning at week 3 postconception. Supported by early-expressing
transcription factors such as bone morphogenetic protein 4 (BMP4), FGF8, FGF10,
Wnt 4, and Wnt 5, cells of Rathke’s pouch differentiate into pituitary cell lineage
precursors. Further differentiation into specific hormone-releasing cells occurs by

FSH

GnRH

Sex Steroids

+/-

LH

+/-

Kisspeptin

Fig. 1 Schematic of the
hypothalamic-pituitary-
gonadal (HPG) axis.
Kisspeptin neurons (green
stars) secrete kisspeptin
(green circles) that induces
gonadotropin-releasing
hormone (GnRH) neurons
(red starts) to secrete GnRH
hormone (red circles). GnRH
in turn induces the pituitary
gonadotrophs to synthesize
and secrete luteinizing
hormone (LH) and follicle-
stimulating hormone (FSH).
LH and FSH then induce
Leydig cells of the testes to
produce testosterone or theca
and granulosa cells to produce
estradiol. The sex steroids
result in secondary sex
characteristics of puberty
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week 12 postconception with the support of transcription factors such as Prop1,
LHx3/4, and Sox2/3. Thus, by week 12, gonadotrophs are synthesizing both the
common alpha and unique beta subunits of LH and FSH (Dattani and Gevers 2016).
In addition to the pituitary transcription factors required for differentiation into the
other pituitary secreting cells, gonadotroph development also requires the genes
steroidogenic factor 1 (SF1) and DAX1.

Gonadal development occurs completely separately from neuroendocrine devel-
opment. Before gestational week 6, the genital duct systems for male and female
duct systems coexist with an indifferent (bipotential) gonad. The presence or absence
of the Y chromosome, and thus the gene SRY, is the determining factor directing
development of the bipotential gonad into either testes or ovaries, respectively. SRY
is expressed by week 6 of gestation. SRY directs the expression of many genes that
direct the differentiation of the bipotential gonad into the Leydig (testosterone
producing) cells of the testes as well as the Sertoli cells (Achermann and Hughes
2016). SRY also induces expression of the gene SF1. SF1 in turn acts to induce
expression of anti-Mullerian hormone (AMH), which induces regression of the
female (Mullerian) duct structures. Mullerian structures include the fallopian
tubes, uterus, and upper third of the vagina. In the presence of two normal X
chromosomes, ovarian differentiation commences although less is known about
ovarian development. Formation of the bipotential gonad into testes or ovaries is
complete by week 8 gestation, while differentiation of the genital duct systems into
the male or female internal reproductive organs is complete by week 9 gestation
(Achermann and Hughes 2016).

External development of male or female structures is determined by the presence
or absence of testosterone (and thus the SRY gene). Further conversion of testoster-
one to dihydrotestosterone (DHT) is necessary for normal development of the penis
and prostate gland. In the absence of DHT, the lower two-thirds of the vagina and the
labia minora and majora develop.

Placental human chorionic gonadotropin (HCG) directs testosterone secretion by
the ever-expanding Leydig cell population after week 14 gestation. Testosterone, in
effect, directs formation of the external genitalia. LH and FSH are reaching peak
levels at midgestation, about 20–24 weeks. The testes and ovaries are responsive to
LH and FSH by week 20, and some primary follicles are seen in ovaries. However,
placental estrogen predominates, so estrogen secretion by the fetal ovary is thought
to be minimal. LH-directed testosterone synthesis is required for normal testicular
descent from the abdomen into the scrotal sac in late gestation as well as further
lengthening of the penis in late gestation. By the last half of the third trimester,
placental estrogen production provides negative feedback to the axis to cause LH
and FSH levels to decrease (Kaplan et al. 1976).

Kisspeptin expression slowly diminishes in late gestation, but GnRH expression
remains at the same level throughout gestation. Neuron secretion of these peptides
during gestation, however, is unknown given the difficulty in quantifying peptide
secretion from fetal neurons. It is believed that despite gene expression and transla-
tion, release of the neuropeptides does not occur.
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Neonatal Life

At birth, LH and FSH levels are low, but begin to increase again upon withdrawal
of placental estrogens. LH and FSH levels rise in the first few months of life, with
FSH levels higher in female infants than in male infants. Negative steroid regu-
lation of the axis is intact during this time, because agonadal human and primate
infants exhibit LH and FSH levels similar to that of agonadal adults (and higher
than intact persons) (Conte et al. 1975). In girls, LH and FSH levels fall to nearly
undetectable levels by the age of 2 years, while in boys the LH and FSH fall
sooner, by 12–18 months of life. This effect is independent of steroid feedback
because agonadal toddlers also experience the decrease in gonadotropin levels
(Ross et al. 1983). This fall in gonadotropin levels is thought to be due to
suppressive influences of the central nervous system that develop during the
first years of life.

The prolonged postnatal LH surge occurs only in primate species, and whether
hypothalamic events mediate these physiological events is not known. In rodents,
LH and testosterone levels are elevated in the first 4 h of life and then decrease
and remain low until the pubertal period. It is debated whether this event is
mediated by hypothalamic events or not. Postnatal GnRH and kisspeptin gene
expression in primates and rodents is sustained in early infancy and prepubertally
(Knoll et al. 2013). In the immediate postnatal period, murine GnRH neurons
release GnRH at high frequency but low amplitude (as measured by calcium-
dependent voltage changes across the membrane); this effect was noted in
neurons of late gestational and neonatal pups up to 1 week of age, sharply
diminishing in two-week-old pups. Amplitude of GnRH release increased in
peripubertal animals, but frequency did not change appreciably using this tech-
nique (Glanowska et al. 2014). This high-frequency GnRH release is not depen-
dent upon kisspeptin signaling, and the pituitary does not release LH in response
to the high-frequency GnRH release.

Early Childhood

The precise inhibitory mechanisms that diminish GnRH and LH release after the
perinatal period are not known. In addition, the activity of the HPG axis is not
well characterized between early infancy and the peripubertal period. However,
the axis seems to have detectable activity, at least in humans. Multiple groups
have shown that prepubertal children as young as 5 years of age have infrequent,
low-level LH and FSH peaks during sleep. Using ultrasensitive
immunofluorometric assays to measure LH and FSH, peaks have been detected
in boys and girls 3 years prior to the first physical signs of puberty (Apter et al.
1993; Mitamura et al. 2000; Wu et al. 1996). FSH peaks are higher than LH
peaks, and the gonadotropin peaks do not result in detectable steroid hormone
levels.
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Peripuberty

Girls. About 1 year prior to breast budding, prepubertal girls begin to experience
more frequent and higher peaks of LH exclusively during sleep. Brief nocturnal
increases in estradiol, barely above detectable, are noted. In a population sample, this
was manifested as an increase in estradiol concentration by ultrasensitive means
detectable in the morning. At the time that breast budding becomes detectable, LH
peak amplitude increases about tenfold, while FSH pulse amplitude doubles. These
changes produce a smaller FSH/LH ratio (Oerter et al. 1990). The augmentation of
LH pulse amplitude occurs because of increased pituitary responsiveness to GnRH.
There is a priming effect of GnRH on LH release by the gonadotroph and an increase
in the number of GnRH receptors on the gonadotroph. Pulse frequency increases to a
lesser extent and pulses become diurnal. Increases in estradiol also become more
prolonged. This is manifested in a population sample as average higher morning
estradiol levels.

Boys. Prepubertally, boys also have greater amount of detectable serum FSH than
LH (Wu et al. 1996). Boys exhibit a similar pattern of nighttime LH pulsation, with
an increase in LH amplitude about a year prior to achieving physical evidence of
pubertal onset. Very early pubertal boys also have further augmentation of nocturnal
LH pulse amplitude. LH pulses then become diurnal as puberty progresses. Similar
to girls, the LH pulses that become diurnal result in higher baseline testosterone
levels, which is manifested in a population sample as average higher morning
testosterone levels (Oerter et al. 1990).

Puberty

Girls. Subsequent changes in hormonal patterns are most readily discussed with
reference to standards developed by Tanner for staging female puberty on the basis
of physical changes of the breast and appearance of pubic hair (Tanner 1952). The
pubertal progression from Tanner stage 2 (breast budding) to 3 (increasing amount of
breast tissue and differing contour of the areola) is marked by further increases in LH
pulse amplitude, 20–40-fold increase from levels detected prepubertally (Oerter et al.
1990). LH pulse frequency increases to a far lesser extent (e.g., twofold). The highest
pulse amplitudes occur during sleep, but detectable LH pulses become present
during the day, with basal LH levels detectable at all times of day. Estradiol levels
become detectable at all hours as well. Girls without gonadal function do not
experience the day-night variation in LH pulse frequency, suggesting that ovarian
hormones be involved in inhibition of daytime gonadotropin pulses of early puberty.
Upon progression to breast Tanner stage 4, the pattern of gonadotropin release is not
appreciably different, but estradiol levels continue to rise. This suggests that ovarian
responsiveness to gonadotropins has increased, possibly via gonadotropin-induced
increase in enzymes necessary for steroidogenesis. Ovary release of the molecule
inhibin also rises during this time, possibly mediating some degree of negative
feedback on the axis (Sehested et al. 2000). In mid-late pubertal girls, FSH levels
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rise at night, whereas LH levels are detectable night and day. The degree of FSH rise
is only threefold from prepubertal levels, in contrast to the 10–20-fold increase in LH
levels. This is thought to be due to the inhibin negative feedback. Coincident with
the rise in nighttime FSH level is a lowering of activin A levels from daytime highs.
At this time, the LH and FSH secretion pattern resembles that of adult women, in
which pulses have higher amplitude during day than during the night. Menarche
occurs at mid-end of stage 4, after a year-long rise in daily estradiol output (Legro
et al. 2000). After menarche, high estradiol levels can exert negative feedback on the
axis to suppress it, leading to cyclic estradiol levels and uterine bleeding. At the time
of menarche, positive feedback of estradiol on the axis (to induce the LH surge) is
not established, so ovulation usually does not occur. Uterine bleeding occurs with
varying cyclicity until the mechanism of estradiol-induced LH surge is mature,
leading to regular ovulatory cycles. This process can take a year or more after
menarche to become fully established.

Boys. As in girls, the change in hormonal patterns of puberty is discussed in the
context of pubertal staging standards of Tanner (1952). Traditionally, testicular
volumes of 3 or 4 ml have both been described as predictive of the onset of
gonadotropin activation at puberty, with 4 ml being more predictive than 3 ml.
However, 10–20% of boys will exhibit these size testicles and not experience
progressive puberty (Rosenfield et al. 2012). For most boys, however, the evolution
of LH and FSH secretion during puberty is the same as girls. Early puberty is marked
by increases in nocturnal LH pulse amplitude and lesser increases in pulse frequency,
becoming diurnal by Tanner stage 4 (Wu et al. 1996). It is noted that the diurnal
pattern of LH pulsation is experienced earlier in puberty in girls than in boys.
Testosterone secretion is nocturnal in early puberty, becoming detectable during
the day upon stage 4 and 5 of puberty (Wu et al. 1996). Testicular size increases
gradually as puberty progresses; as testicular size is associated with sleep LH, it is
theorized that the LH-induced testosterone production leads to seminiferous tubule
development contributing to testicular size. Intratesticular testosterone is important
for spermatogenesis. A critical testosterone level that is associated with genesis of
viable sperm is not known, but it is generally accepted that sperm of an adult male
concentration and motility is not synthesized until late in puberty, Tanner stage
5. Testosterone also induces changes to the larynx, resulting in the deeper voice of
men. This starts to occur in Tanner stages 3 and 4, when testosterone becomes
detectable during the day as well.

Modulation by Obesity

The modulation of the gonadotropin release pattern by obesity has been studied more
in girls than in boys, given the observed trend of earlier onset of breast development
in obese girls. The limited studies show that early-mid pubertal obese girls do not
experience the vast difference in LH secretion between day and night that normal-
weight girls experience. In general, their wake LH secretion is lower than that in
normal-weight girls, while their nighttime LH secretion does not increase
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appreciably or to a lesser extent (Rosenfield and Bordini 2010). After menarche,
obese girls do not experience the full evolution of LH pulsatility to the adult female
pattern; their nighttime LH does not decrease to an extent that the LH of normal girls
does. This effect seems to be associated with hyperandrogenism both pre- and post-
menarche, as obese girls without hyperandrogenism have an LH pulse pattern
similar to normal-weight girls (Collins et al. 2014).

There has been only one study investigating the LH pulse pattern in obese boys.
In the low number of boys studied, no differences in LH pulsation were noted
between lean and obese boys (Rosenfield et al. 2012). Obese boys seem to experi-
ence similar increases in morning testosterone with pubertal progression until Tanner
stage 5, when their total testosterone levels are lower than lean boys. Later in
puberty, testicular volume also does not seem to increase to the same extent in
obese as in lean boys. The mechanisms underlying this difference are not known at
this time.

Adrenarche

Coincident with sex steroid production by the gonads during puberty, the adrenal
glands begin to secrete androgens that cause pubic and axillary hair development.
This androgen output by the adrenal gland is called adrenarche and is associated with
the development of the zona reticularis. Pubic hair generally develops at breast
Tanner stage 3 in girls, with 20% of normal girls experiencing pubic hair develop-
ment earlier in puberty or prepubertally. Pubic hair development generally occurs in
late in genital stage Tanner 2 in boys with a far lower percentage experiencing a
disordered timing of adrenarche. The factors causing development of the zona
reticularis and subsequent adrenal gland steroid production are unknown. Although
androgen production by the adrenal gland and sex steroid production by the gonad
coincide, they appear to be separate processes that are regulated independently. If
timing of adrenarche varies from the norm, it can be indicative of pathologic adrenal
secretion.

Hypothalamic Events of Puberty

In the late 1970s, Wildt and Knobil established that pulsatile GnRH is essential for
initiating puberty by inducing pulsatile LH and subsequent estradiol secretion and
physical changes in a prepubertal monkey upon pulsatile GnRH administration
(Wildt et al. 1980). Research since that time is centered on trying to tease out the
sequence and orchestration of hypothalamic events that results in the “reawakening”
of the GnRH neuron at puberty. It is postulated that the machinery within the GnRH
neuron is ready to reinitiate GnRH release, as application of various stimuli can
induce GnRH pulsatile secretion in a juvenile primate. Thus, it is viewed that events
and cells afferent to the GnRH neuron network integrate signals to initiate pubertal
onset and that possibly a biological “brake” on GnRH release is in effect prior to
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pubertal onset that is independent of gonadal steroids (Terasawa et al. 2013). This
postulated “brake” may be due to tonic inhibitory factor(s) or lack of stimulatory
input(s) or a combination of both. It is controversial whether rodent species experi-
ence a similar phenomenon, as it is unclear whether the decrease in gonadotropin
during the juvenile period is dependent or independent of gonadal steroids. Never-
theless, studies in rodents have yielded a wealth of data and will be discussed in
tandem with primate studies. Inhibitory, stimulatory, and nutrition-dependent signals
have been identified. Equally important, though less studied, is the hypo-
responsiveness of the pituitary gonadotroph to GnRH. Decades of research have
demonstrated that absence (or presence) of one factor within the experimental model
of puberty may not consistently modulate puberty; thus, redundant systems are in
place to regulate pubertal timing. This section discusses the signals postulated to
play a role in the reawakening of the GnRH neuron to result in puberty and the
emerging understanding of the hypothalamic network involved in controlling GnRH
neuron function.

Kisspeptin

The crucial role of kisspeptin and its receptor, GPR54, in the release of GnRH at
puberty was established by two independent research groups. Humans (and mice)
with mutations in the GPR54 gene leading to loss-of-receptor function have hypo-
gonadotropic hypogonadism. Gonadotrope release in these patients was induced by
exogenous GnRH, implying that the GPR54 acts upstream of GnRH to signal its
release (deRoux et al. 2003; Seminara et al. 2003). Before this seminal discovery, the
kisspeptin gene (KISS1) was cloned in 1996 at Pennsylvania State College of
Medicine in Hershey, Pennsylvania, also home to the famous chocolate product,
Hershey’s Kisses, from which the gene derives its name. As the resultant peptide was
found to initially suppress proliferation of cancerous cell lines, it was named
metastin. The Gq protein-coupled receptor, GPR54, was subsequently found to
bind metastin to mediate its effects.

In the ensuing decade, much work was done to investigate that cellular signaling
and pathways involved in GPR54-mediated GnRH neuron function. The culmina-
tion of this work is presented here as the function and biology of the kisspeptin
neuron which releases kisspeptin into the hypothalamic neuronal network, as well as
the events and signals that modulate kisspeptin expression and secretion.

The Kisspeptin Neuron

In rodents, primates, and other mammals, the administration of exogenous kisspeptin
quickly induces GnRH and gonadotropin release in prepubertal and adult animals;
thus, it is a major stimulating factor for GnRH release (Seminara 2006). As GnRH
antagonists block the stimulatory effect on gonadotropins, it is believed that
kisspeptin acts exclusively through GnRH to induce gonadotropin release.

The Endocrinology of Puberty 9



Mammalian kisspeptin neurons are found in the arcuate nucleus (ARC) of the medial
basal hypothalamus (or species-specific equivalent) (Terasawa et al. 2013). In all
mammals studied, females exhibit greater kisspeptin neuron cell number and axonal
fiber density. Kisspeptin neurons contact GnRH neuron cell bodies and dendrites via
axonal projections that approximate the GnRH neurons. Female rodents also have a
second population of kisspeptin neurons in the anteroventral periventricular nucleus
(AVPV) of the preoptic area of the hypothalamus; it is controversial whether
primates exhibit a similar population of neurons (Terasawa et al. 2013). In general,
expression of KISS1 in the ARC starts to increase prior to puberty in rodents, with
female mice exhibiting a more dramatic increase in KISS1 expression than male
rodents. Whether the increase in KISS1 expression is steroid dependent varies
between studies. In the AVPV of rodents, kisspeptin neuron number in females
increases until the age of puberty and is dependent upon estradiol. In primates,
KISS1 expression in the ARC increases with puberty in both sexes (Terasawa et al.
2013). GPR54 expression also seems to undergo an increase at the time of puberty.
Gain of function mutations in GPR54 in humans has been reported to cause
precocious activation of pubertal development (Macedo et al. 2014).

Studies in primates have characterized the pattern of kisspeptin release in relation
to GnRH around the time of puberty, as kisspeptin peptide (like GnRH peptide) can
be detected in the median eminence. These in vivo studies indicate that kisspeptin
release is pulsatile, and is not detectable in juvenile monkeys until pubertal age.
Kisspeptin increases in amplitude and frequency upon puberty in tandem with
GnRH release. The increase in kisspeptin pulsation is also observed in agonadal
animals, but it is to a greater extent, indicating that the puberty-related increase in
kisspeptin pulsation is independent of gonadal steroids (Terasawa et al. 2013). The
greater extent of the pulsation indicates that sex steroid negative feedback can
temper kisspeptin release. Whether kisspeptin pulsatile release precedes GnRH
release upon pubertal onset is unknown. Studies in primates also indicate that the
same dose of administered kisspeptin induces a greater GnRH surge in pubertal
vs. prepubertal animals. Thus, it is postulated that the sensitivity of GPR54 to
hypothalamic kisspeptin also increases upon puberty. This sensitivity of GPR54 to
kisspeptin also seems to be enhanced by sex steroids (Terasawa et al. 2013).

A subpopulation of kisspeptin neurons in the arcuate nucleus also contains the
proteins neurokinin B (NKB) and dynorphin (DYN). These neurons are dubbed
KNDy neurons and have extensive projections to other KNDy neurons and regular
kisspeptin neurons. NKB is important for human reproduction, as individuals with
mutations in its gene, TAC3 or the NKB receptor (TACR3), have hypogonadotropic
hypogonadism and absent puberty (Lippincott et al. 2013). Dynorphin is present in
few human kisspeptin cells, so it is unclear whether it plays a similar role to what is
proposed in other mammals. A theoretical model developed based upon studies in
female rodents and sheep posits that the KNDy neurons generate the pulsatile release
of kisspeptin from the larger cell population by the reciprocal interaction of NKB,
which stimulates peptide release, and DYN, which inhibits peptide release (Grachev
et al. 2014). The release of both stimulatory and inhibitory neuropeptides by the
KNDy neuron causes surrounding kisspeptin neurons and KNDy neurons to release

10 S.A. DiVall and C. DiBlasi



kisspeptin in an intermittent (e.g., pulsatile) manner, which then results in GnRH
pulsatile release from downstream GnRH neurons. As this pulse generator model
was developed based on studies in adult female rodents and sheep, it remains to be
seen whether it applies to primates, males, and peripubertal mammals. Studies using
agonists of NKB suggest that the physiological response of the hypothalamic-
pituitary system (as determined by serum LH changes) to acute activation of the
NKB receptor may depend upon the steroid milieu, sex, animal species, and pubertal
status of the animal. Indeed, unlike humans, mice with aberrations of their TAC3
gene have normal pubertal timing (Lippincott et al. 2013).

The KNDy neurons contain the estrogen receptor-α, androgen receptor, and the
progesterone receptor. This is in contrast to GnRH neurons, which have not been
definitely shown to contain the major estrogen receptor, ER-α. Thus, it has been
postulated that the kisspeptin neuron is the locus of negative feedback regulation of
estrogen on the HPG axis in adult females (Garcia-Galiano et al. 2012). Support for
this notion comes from studies that show that kisspeptin gene expression increases in
the absence of estradiol, decreasing with reintroduction of estradiol. Additionally,
animals lacking kisspeptin or GPR54 do not experience the post-gonadectomy rise
in gonadotropins. In female rodents the second population of kisspeptin neurons in
the AVPValso expresses the sex steroid receptors; this kisspeptin neuron population
does not synthesize NKB or DYN. There is evidence that this population of
kisspeptin neurons participates in the preovulatory GnRH/LH surge present in
adult females (Garcia-Galiano et al. 2012). Kisspeptin expression increases in
response to estradiol in this population of neurons, and kisspeptin antagonists can
block the LH surge.

Sex steroid effect on kisspeptin physiology during puberty in the APVP is
characterized most in rodents; studies have suggested that estradiol is necessary
for kisspeptin expression in this region during puberty. When rodents are gonadec-
tomized in the juvenile period, there is a blunted increase in kisspeptin during the
pubertal and adult times compared to intact rodents; kisspeptin expression is restored
to intact levels if low-dose estradiol is given post gonadectomy (Clarkson 2013). The
lack of robust increase in kisspeptin during the pubertal age is also seen in mice with
hypogonadotropic hypogonadism due to perturbations in GPR54 or GnRH and thus
has lifelong low sex steroid levels (Clarkson 2013). Interestingly, female mice that
lack ER-α specifically in their kisspeptin neurons have precocious puberty, implying
that estradiol signaling is necessary to serve as a pubertal “brake” (Dubois et al.
2016). Clearly, sex steroid regulation of kisspeptin during the pubertal transition is
complex and may involve both stimulatory and inhibitory mechanisms at different
developmental time points.

Glutamate

Glutamate is a major excitatory neurotransmitter in the hypothalamus. Glutamate
stimulates GnRH release via N-methyl-D-aspartic acid (NMDA) receptors, α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), or kainite receptors.
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Glutamate stimulates GnRH release, as inferred by LH release, in prepubertal
monkeys and rodents. Stimulation of NMDA receptors induces precocious puberty
in rats and monkeys (Claypool et al. 2000), and NMDA receptor blockers delay, but
do not prevent puberty in rodents. It is unknown which neuron or site within the
hypothalamus induces the response to glutamate, but it may be the GnRH neuron
itself. GnRH neurons contain NMDA and kainite receptors, which cluster on
dendritic spines opposite to presynaptic active zones (Iremonger et al. 2010). The
neuron(s) responsible for upstream release of glutamate is also not known. Gluta-
mate receptor expression within the GnRH neuron increases upon puberty. However,
glutamate activity on GnRH neurons is not a primary driver of puberty, as mice with
a GnRH neuron-specific deletion of NMDA and AMPA receptors have normal
puberty and fertility. Thus, the details of how glutamate influences reproductive
function have yet to be elucidated.

Growth Factors

Astroglia adjacent to GnRH neurons synthesize and release growth factors such as
transforming growth factor alpha and –beta (TGF-α and TGF–β), fibroblast growth
factor (FGF), epidermal growth factor (EGF), and insulin-like growth factor
1 (IGF-1). The hypothalamic expression of TGF and its receptor, erbB1, increases
at the time of puberty (Ojeda et al. 2006). Transgenic mice overexpressing TGF in
the hypothalamus experience precocious puberty. Additionally, defective erbB1
signaling has been implicated in the pathogenesis of hypothalamic hamartomas.

IGF-1 has been found to play a role in puberty in rodents. Intravascular infusion
of IGF-1 induces puberty in rates, while intraventricular infusion of IGF-1 antibody
delays puberty. IGF-1 increases GnRH expression in vitro, and mice that lack the
IGF-1 receptor on GnRH neurons have delayed pubertal onset associated with
delayed maturation of GnRH neuron dendritic pruning and development of spines
to receive afferent input in the pubertal period (Divall et al. 2010).

Gamma-Aminobutyric Acid (GABA)

GABA is made by specialized neurons of the hypothalamus and is a major inhibitory
neurotransmitter of the hypothalamus. GABA receptors are ligand-gated ion chan-
nels, most notably for chloride ions. The change in electrochemical gradient induced
by the chloride flux leads to depolarization or hyperpolarization of the neuron,
depending upon the direction of the flux of chloride neurons (into or out of the
cell, respectively). In most instances, GABA receptor stimulation leads to hyperpo-
larization of membrane potential and thus decreases in intrinsic pulsatile release of
neuropeptides. Interestingly, neuronal response to GABA switches from depolari-
zation to hyperpolarization during early postnatal development.

In primates, a reduction in GABA inhibition is thought to play a role in pubertal
onset. GABA secretion to the median eminence decreases at the onset of puberty in
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primates. Additionally, release of GABA inhibition by infusing GABAA receptor
antagonists to prepubertal animals results in pulsatile GnRH secretion to a greater
extent in prepubertal than pubertal animals, indicating that GABAergic tone is
higher in prepubertal animals. Treatment of prepubertal primates with GABAA

receptor antagonists results in precocious puberty (Keen et al. 1999). Associated
with an increase in GnRH secretion upon GABAA receptor antagonist infusion is an
increase in kisspeptin secretion. Mouse studies have indicated that both GnRH and
kisspeptin neurons contain GABAA receptors. Thus, it is quite possible that the
release of GABA inhibition of GnRH secretion is mediated via kisspeptin (Terasawa
et al. 2013). This supposition seems to be supported by the observation that mice that
lack GABAA receptor signaling in their GnRH neurons have no change in pubertal
timing (Herbison and Moenter 2011).

GABA signaling in GnRH neurons has been extensively studied in vitro.
Whether GABA has an inhibitory or stimulatory effect on GnRH neuron activity
is dependent upon experimental conditions, hormonal milieu, and even the cellular
location of the stimulus (soma vs. dendrite) (Herbison and Moenter 2011). The
in vitro effects of GABA on kisspeptin function are far less studied, but also seem to
be affected by steroid milieu and experimental conditions.

Nutritional Signals

That nutrition status affects pubertal onset is undisputed as many observations
support this supposition. In humans, children with chronic malnutrition and disease
states associated with malabsorption experience delayed puberty. The dramatic
decrease in age of menarche over the industrial age is thought to be due to improved
nutrition. In 1970, Frisch hypothesized that a threshold weight and fat mass must be
achieved before menarche can occur (Frisch and Revelle 1970). The site of integra-
tion of metabolic signals to the reproductive axis is at the hypothalamus, as studies in
nonprimates indicate that food deprivation dampens GnRH pulse frequency. Many
candidate metabolic signals have been studied for a possible role in pubertal timing;
some are discussed below.

Leptin. Leptin is a signal of nutritional status to the hypothalamus; thus, it has
been most extensively studied. Cumulative work indicates that leptin plays a per-
missive, rather than primary active role in pubertal onset. Humans with defects in
leptin production or signaling have delayed, not absent puberty. Yet in women with
anorexia (a low leptin state) and amenorrhea, menses return upon leptin administra-
tion (Welt et al. 2004). Intraventricular leptin does not advance puberty in primates.
In mice, the effect of leptin on function of the reproductive axis is more pronounced.
Administration of leptin can induce puberty in mice in some studies but not others
(Sanchez-Garrido and Tena-Sempere 2013). Mice with congenital absence of leptin
have obesity and hypogonadotropic hypogonadism; leptin treatment improves repro-
ductive axis function before significant weight loss occurs. The site of leptin action is
likely the hypothalamus, as leptin-deficient mice can achieve ovulation upon admin-
istration of gonadotropins. Many different mouse models have been developed with
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cell-specific absence of leptin signaling to elucidate the site of action of leptin on
reproductive axis function (Sanchez-Garrido and Tena-Sempere 2013). The GnRH
neuron does not contain leptin receptors. Although the kisspeptin neuron contains
leptin receptors, mice with absence of the leptin receptor in their kisspeptin neurons
do not have altered pubertal timing or fertility. Altered leptin signaling in other
hypothalamic neurons, such as GABAergic neurons or POMC neurons, may play a
role. However, whether these neurons act through the kisspeptin or GnRH neuron
remains to be seen (Sanchez-Garrido and Tena-Sempere 2013).

Insulin. Intraventricular release of insulin induces GnRH release in food-deprived
sheep and insulin-deficient rats. Mice with absence of the insulin receptor in neurons
have hypogonadism that improves with GnRH administration, indicating a hypo-
thalamic source for their reproductive dysfunction (Bruning et al. 2000). However,
mice that lack the insulin receptor in their GnRH neurons have normal pubertal
timing (Divall et al. 2010). Mice that lack the insulin receptor in the kisspeptin
neurons have delayed puberty but with normal fertility, implying that insulin plays a
role in kisspeptin neuron function (Qiu et al. 2013).

Other metabolic factors that have been studied include ghrelin, glucose, and free
fatty acids. Additionally, cellular energy sensors such as the proteins mammalian
target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and
phosphatidylinositol 3-kinase (PI3K) have also been implicated and are areas of
active investigation (Roa and Tena-Sempere 2014). However, the involved neurons
and mechanisms regarding how these sensors are involved in the nutritional regula-
tion of puberty are not known.

Disorders of Puberty: Insights into Physiology

The study of human individuals with variations in pubertal timing or inability to start
or complete puberty has provided tremendous insight into the physiology of normal
puberty. A number of these disorders, discussed in the context of the perturbation of
pubertal timing, are discussed below.

Genetic Disorders of Absent Puberty

Delayed puberty is commonly defined as the lack of sexual maturation at an age
greater than two SDs above the mean for a given population. In conventional clinical
practice, this leads to evaluation of boys who have not achieved testicular volume of
4 ml (as an indicator of LH stimulation) or greater by 14 years of age and girls
without breast development (as an indicator of estradiol production) by 13 years
of age.

The most common cause of delayed puberty is the entity known as constitutional
delay of growth and puberty (CDGP), in which children have delayed puberty and
delayed longitudinal growth patterns. CDGP seems to be highly heritable, with
50–80% of patients having a positive family history of delayed puberty. In the
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Table 1 Genes associated with pubertal disorders

Gene Gene product Phenotypes upon gene disruption

KISS1 Kisspeptin HH

Gonadotropin-dependent
precocious puberty

GPR54 Kisspeptin receptor HH

Gonadotropin-dependent
precocious puberty

GnRH GnRH HH

GnRHR GnRH receptor HH

NELF/
NSMF

Nasal embryonic LHRH factor �Anosmia, HH

TAC3 Tachykinin 3 (neurokinin B) �Anosmia, HH

TACR3 Tachykinin 3 receptor �Anosmia, HH

PROK2 Prokineticin 2 �Anosmia, HH

PROKR2 Prokineticin receptor 2 �Anosmia, HH, septo-optic
dysplasia

FGFR1 Fibroblast growth factor receptor 1 �Anosmia, HH, limb defects, cleft
lip/palate

FGF8 Fibroblast growth factor 8 �Anosmia, HH, craniofacial and
limb defects

KAL1 Anosmin-1 Anosmia, HH

FEZF1 FEX family zinc finger 1 Anosmia, HH

IL17RD Interleukin 17 receptor D Anosmia, HH

SEMA3A Semaphorin 3A Anosmia, HH

SOX10 SRY-related HMG box 10 Anosmia, HH

DMXL2 Rabconnectin-3α HH, polyendocrine-polyneuropathy
syndrome

LEP Leptin Hyperphagia, obesity, extremely
delayed puberty

LEPR Leptin receptor Hyperphagia, obesity, extremely
delayed puberty

NR0B1
(DAX1)

Dax1 HH, X-linked congenital adrenal
hypoplasia

OTUD4 OTU domain-containing protein 4 HH, Gordon Holmes syndrome

PCSK1 Proprotein convertase 1 HH, obesity, diarrhea,
hypopituitarism

PNPLA6 Patatin-like phospholipase domain-
containing protein 6

HH, ataxia, blindness

RNF216 Ring finger protein 216 HH, ataxia, dementia

AXL AXL receptor tyrosine kinase HH

CHD7 Chromodomain-helicase-DNA-binding
protein 7

HH, CHARGE syndrome

FGF17 Fibroblast growth factor 17 HH

HS6ST1 Heparan sulfate 6-sulfotransferase-1 HH

SEMA7A Semaphorin 7A HH

WDR11 WD repeat protein 11 HH

(continued)
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absence of underlying conditions, delayed puberty is typically self-limited, and
individuals progress through puberty before 18 years of age.

Greater than 30 genes have been implicated in the pathogenesis of idiopathic
hypogonadotropic hypogonadism, and these genes regulate the development, migra-
tion, and secretory function of GnRH neurons (Table 1).

Congenital hypogonadotropic hypogonadism (CHH) is a rare reproductive dis-
order that is primarily caused by GnRH deficiency but with significant genetic
heterogeneity (Kim 2015). In approximately 50% of cases, patients with CHH also
present with reduced or absent sense of smell (hyposmia or anosmia, respectively), a
condition termed Kallmann syndrome (KS). Although a rare disorder, CHH/KS is
the most common form of gonadotropin deficiency. The reported frequency varies
across studies, ranging from 1/8,000 males and 1/40,000 females. Patients with CHH
are commonly diagnosed in late adolescence or early adulthood. Delayed puberty is
defined as absence of breast development (Tanner stage 1) by 13 years in females
and absence of testicular enlargement (testicular volume <4 ml) by 14 years in
males. When either a micropenis (stretch penile length <2.5 cm) in 5–10% of cases
or cryptorchidism (30% of cases) is present in infant males in conjunction with lack
of HPG activation during the minipuberty of infancy, an early diagnosis of CHH can
be made and later confirmed with further hormonal assessment. Significant progress
in genetic research regarding CHH has led to the identification of more than
30 different putative loci for CHH, 17 of those are associated with KS. There is a
variable phenotype among individuals carrying the same mutation. CHH/KS may
present as either sporadic or familial form, following autosomal dominant, autoso-
mal recessive, or X-linked modes of inheritance (Kim 2015).

In the last decade, a number of genetic defects at various sites have been identified
as causing normosmic idiopathic hypogonadotropic hypogonadism (IHH), including
GnRHR (de Roux et al. 1999), KISS1R/G protein-coupled receptor 54 (GPR54)
(deRoux et al. 2003), nasal embryonic LHRH factor (NELF) (Miura et al. 2004),
fibroblast growth factor receptor 1 (FGFR1) (Pitteloud et al. 2006), fibroblast growth
factor 8 (FGF8) (Falardeau et al. 2008), and GnRH-1 (GNRH1) (Bouligand et al.
2009). Other forms of hypogonadotropic hypogonadism with known genetic muta-
tions are associated with adrenal hypoplasia congenital (DAX1) and with severe
infantile obesity (leptin and its receptor).

KISS1 and KISS1R (GPR54) mutation. The GPR54 gene is located on chromo-
some 19 (19p13.3), initially described as an orphan receptor, and binds a 54-amino-

Table 1 (continued)

Gene Gene product Phenotypes upon gene disruption

MKRN3 Makorin ring finger protein 3 Gonadotropin-dependent
precocious puberty

LHR LH receptor Familial male-limited precocious
puberty

GNAS Gs-α subunit McCune-Albright syndrome

HH Hypogonadotropic hypogonadism
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acid peptide derived by proteolysis from the KISS1 protein. The receptor is found in
the brain, pituitary, and placenta. GPR54 is formed of five exons. In 2003, two
groups revealed the link between hypogonadotropic hypogonadism and mutations in
GPR54. These studies showed that humans or mice in which GPR54 was mutated
did not enter puberty.

The frequency of mutations in KISS1R (GPR54) as a cause of IHH is relatively
low. To date, several mutations within the gene have been described. A hot spot of
biological significance does not seem to exist in KISS1R, and mutations span the
length of the gene, and almost every affected family has its own mutation. The
clinical phenotype appears to mirror the severity of their hormonal deficiency.
Underdeveloped external genitalia (cryptorchidism and micropenis) most likely
reflect insufficient secretion of gonadotropins and testosterone during the prenatal
period, although some male patients displayed intact external genitalia. This sug-
gests that some mutations have a more deleterious effect on the gonadotropin axis
activity, already expressed in the antenatal period (Nimri et al. 2011). According to
Seminara et al., the testes of patients bearing a GPR54 gene mutation may retain
functional response to gonadotropins (Seminara et al. 2003).

In 2008, Teles et al. reported a girl with a KISS1R (GRP54)-activating mutation,
causing prolongation of the intracellular signaling in response to kisspeptin, associ-
ated with central precocious puberty phenotype (Teles et al. 2008). In 2010, Silveira
et al. identified a KISS1 mutation associated with male central precocious puberty.
The mutation resulted in higher kisspeptin resistance to degradation in vitro,
suggesting greater kisspeptin bioavailability and a potential role in the precocious
puberty (Silveira et al. 2010).

KAL1 (ANOS1) mutation. Anosmin-1, a secreted extracellular matrix protein
encoded by KAL1 (ANOS1) gene, was the first mutated gene to be identified on
KS. Later it was shown that anosmin-1 binds to FGFR1 as a co-ligand. The classic
form of Kallmann syndrome is characterized by anosmia/hyposmia, hypo-
gonadotropic hypogonadism, and X-linked inheritance. KAL1 is located on
Xp22.3 locus of the X chromosome. The gene escapes X-inactivation. KAL1
encodes a 680-amino-acid glycoprotein called anosmin-1, a neural adhesion mole-
cule that guides the migration of GnRH neurosecretory neurons from the olfactory
placode to the medial basal hypothalamus. The immunoreactive distribution of
anosmin-1 in the human fetus demonstrates its widespread distribution including
the olfactory placode, mesonephros, metanephros, inner ear, precartilaginous skel-
eton, and cerebellum. Inconsistently associated defects are cleft lip and/or palate,
seizures, short metacarpal bone, pes cavus, neurosensory hearing loss, cerebellar
ataxia, nystagmus, oculomotor abnormalities, renal aplasia, or dysplasia, and limited
to the X-linked form is bimanual synkinesia (mirror movements of the upper
extremities).

A variety of deletions and mutations causing Kallmann syndrome have been
described and are shown in Table 1 (Kim 2015).

GnRHR. The action of GnRH is mediated through a G protein-coupled receptor
with seven transmembrane segments, present in the cell membrane of gonadotropes.
The human GnRHR gene encodes a 328-amino-acid protein. The gene was assigned
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to the long arm of chromosome 4. Activation of this receptor results in increased
activity of phospholipase C leading to hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) and formation of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). These second messengers are required for intracellular cal-
cium mobilization and protein kinase C activation. The mobilization of internal
IP3-sensitive calcium stores is followed by external calcium influx via voltage
sensitive calcium channels. The GnRHR also stimulates phospholipase A2 and
D. Pulsatile and continuous administration of GnRH stimulates the transcription of
the α-subunit gene. LH β-subunit gene transcription is only stimulated by pulsatile
administration of GnRH.

De Roux et al. described mutations on the receptor gene (GnRHR) causing partial
hypogonadotropic hypogonadism without anosmia (de Roux et al. 1999). These
studies of natural mutations of GnRHR in patients with hypogonadotropic hypo-
gonadism have highlighted three critical regions of the GnRHR: the first extracellu-
lar loop, the fifth transmembrane domain, and the third intracellular loop. The
phenotype is a continuum between partial and complete hypogonadism. However,
there is a highly variable degree of hypogonadism with the same mutation
suggesting that other genetic or environmental factors may modulate the phenotypic
expression of loss-of-function mutation of the GnRHR.

Other Genetic Disorders

Prader-Willi syndrome. Prader-Willi syndrome (PWS) is a multisystemic complex
genetic disorder caused by lack of expression of genes on the paternally inherited
chromosome 15q11-q13 region. PWS is recognized as a genomic imprinting disor-
der. Affected infants have significant hypotonia, feeding difficulties, and failure to
thrive, followed later in early childhood by hyperphagia with gradual development
of obesity, short stature and/or decreased growth velocity, intellectual disabilities,
and behavioral problems: skin picking and temper tantrums. Hypothalamic dysfunc-
tion has been implicated in many manifestations of PWS including hyperphagia,
temperature instability, sleep-disordered breathing, and hypogonadotropic hypo-
gonadism. Depending on the age, clinical expression of hypogonadism is extremely
variable and tends to be more prominent in males than females. Clinical signs of
hypogonadism in boys are cryptorchidism in 93%, scrotal hypoplasia, micropenis,
small testes volume, delayed or incomplete pubertal development, and infertility.
Clitoral and labia minora hypoplasia occurs in females. Most patients with PWS are
able to start puberty, but then have pubertal arrest (Radicioni et al. 2012). Interest-
ingly, recent studies demonstrated normal minipuberty of infancy hormonal profile
and a hormonal profile of testicular failure after the onset of puberty (elevated FSH
and low inhibin B). The pattern of gonadal dysfunction in PWS females seems to be
similar to those in males. Girls with PWS have normal or near normal secondary
sexual characteristics including breast development and menses, indicating a lesser
degree of hypothalamic-gonadal dysfunction.
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Primary Gonadal Disorders

Gonadal dysgenesis (XO, XY). Gonadal dysgenesis (45, XO) due to deficiencies on
the X chromosome is the most common cause of primary ovarian insufficiency. It is
due to a large deletion of X chromosome material, which is associated with a
variable phenotype called Turner syndrome. Fetuses with 45,XO karyotype undergo
a rapid reduction in the number of follicles, causing gonadal streaks via an acceler-
ated rate of apoptosis. Specific loci on the X chromosome are associated with
primary ovarian insufficiency. Xp11.2, Xq harbors two independent loci, in addition
to the fragile X premutation.

Klinefelter’s syndrome is the most common chromosomal abnormality associated
with primary testicular insufficiency and male infertility. The most prevalent karyo-
type is 47,XXY karyotype (97%). Parental origin of the extra X chromosome is
equal. The 47,XXY karyotype results from nondisjunction during the first meiotic
division in one of the parents. Nondisjunction of maternal chromosomes is the cause
of 47,XXY karyotype in two-thirds of affected men. Advanced maternal age is a risk
factor for nondisjunction. The mechanism by which the extra X chromosome renders
infertility in males is not known. X-inactivation in primary spermatocytes is neces-
sary for spermatogenesis to proceed through meiosis. It is possible that expression of
some X chromosome genes is detrimental to spermatogenesis.

The clinical features are small firm testes, small penis, gynecomastia, and tall
stature due to testosterone deficiency and an extra copy of the short stature
homeobox-containing gene (SHOX). Academic and emotional difficulties are com-
mon. The extra X chromosome affects both Leydig and Sertoli cell function.
Azoospermia is the rule in men with Klinefelter’s syndrome who have the 47,
XXY karyotype. Men with mosaicism might have germ cells in the testes. Testicular
architecture is relatively normal in fetal and prepubertal testes. The gonads experi-
ence loss of germ cells over time, culminating in fibrosis and hyalinization of the
seminiferous tubules causing infertility.

FMR premutation and ovary function. Fragile X syndrome accounts for about
one-half of cases of X-linked mental retardation and is the second most common
cause of mental impairment after trisomy 21, affecting 1/4,000 males and 1/8,000
females. Fragile X syndrome results from an expansion of the CGG repeat in the 50

untranslated region of the FMR1 gene. When the triplet repeat number exceeds
200, the gene is methylated (silenced). A repeat length of 55–200 is termed pre-
mutation, as it can expand to >200 repeats in progeny through the mother. The
definition of premutation and intermediate alleles is based on the likelihood that the
repeat will expand to a full mutation to cause fragile X syndrome in progeny, not to
describe ovarian function. FMR1 premutation repeat length of 55–200 can expand to
full within one generation, whereas the intermediate repeats (45–54) will need two or
more generations to expand to full mutation. There are different degrees of severity
of decreased ovarian reserve (Karimov et al. 2011). Women who carry the pre-
mutation may develop fragile X-associated primary ovarian insufficiency (FXPOI).
POI in all degrees of severity has been identified in women carrying the premutation.
Approximately 20% of women who carry the premutation experienced overt POI,
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in contrast with 1% of women in the general population. In addition, premutation
carriers experience earlier menopause (by ~5 years). It was considered possible that
FMR1 protein plays a role in oogenesis, because FMR1 is highly expressed when
oogenesis occurs.

Genetic Disorders of Precocious Puberty

Precocious puberty is defined as the development of secondary sexual characteristics
before the age of 8 years in girls and 9 years in boys. There are several causes of
precocious puberty. It is important to distinguish between central (gonadotropin-
dependent) precocious puberty, resulting from premature activation of the
hypothalamic-pituitary-gonadal axis, and gonadotropin-independent precocious
puberty. The timing of pubertal development is driven in part by genetic factors,
but only few rare molecular defects associated with precocious puberty have been
identified.

MKRN3. Makorin ring finger 3 (MKRN3) was first cloned in 1999 during a study
of the Prader-Willi/Angelman syndrome critical region. The role of MKRN3 in
pubertal initiation was first described in 2013 after the identification of deleterious
MKRN3 mutations in five families with central precocious puberty (Abreu et al.
2013). All affected persons inherited the mutations from their fathers. More recently,
it was found that mutation in MKRN3 causes sporadic cases of central precocious
puberty (Macedo et al. 2014). MKRN3 encodes the makorin ring finger protein
3. MKRN3 is an intronless gene, located on chromosome 15q11.2 in the Prader-
Willi syndrome critical region. This gene is maternally imprinted (silenced), and only
the paternal allele is expressed. MKRN3 is associated with protein ubiquitination, in
which a ubiquitin moiety is attached to a protein. Ubiquitination can have diverse
effects on the protein substrate, varying from proteasome-dependent proteolysis to
modulation of protein function and/or localization. Its precise function has not yet
been determined. The structural features of this gene and its pattern of expression in
the developing hypothalamus suggest that MKRN3 might function much like poly-
comb group proteins as silencers of downstream genes that activate puberty, such as
KISS1 (Ojeda and Lomniczi 2014). The similar incidence of central precocious
puberty in association with MKRN3 mutations in the two sexes in the affected
families is consistent with autosomal dominant inheritance with complete penetrance
but with exclusive paternal transmission, consistent with nonallelic expression of
MKRN3 (a maternally imprinted gene) (Macedo et al. 2014; Abreu et al. 2013). All
patients with central precocious puberty carrying loss-of-function mutations in
MKRN3 exhibited typical clinical and hormonal features of premature activation
of the reproductive axis, including breast and testes development, pubic hair, accel-
erated linear growth, and advanced bone age. In patients with central precocious
puberty due to MKRN3 defects, the median age of pubertal onset was 6.0 years in
girls (ranging from 3.0 to 7.5) and 8.25 years in boys (ranging from 5.9 to 9.0).

McCune-Albright syndrome. This disorder is caused by a somatic mutation at
codon R201 in exon 8 of the GNAS1 gene (20q13.2). The gene encodes for the Gs-α
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subunit protein that couples transmembrane receptors to adenylate cyclase. The
mutation causes the prolongation of Gs-α activity with reduced hydrolysis of the
protein due to dysfunction in the intrinsic GTPase domain in which the substitution
resides, causing hyperfunction and proliferation of target tissues. The R201 sub-
stitutions are postzygotic somatic mutations, which occur at various times during
embryogenesis and lead to cellular mosaicism with different proportion of mutated
cells in each tissue. The mutation is nearly always a substitution of the residue
arginine at position 201 by histidine or cysteine. Very infrequently, arginine is
replaced by serine, glycine, or leucine. No differences in phenotype have been
detected between the different substitutions (Weinstein 2006).

The McCune-Albright syndrome (MAS) is a sporadic disorder classically defined
by the triad of café au lait skin pigmentation, fibrous bone dysplasia, and peripheral
precocious puberty. Gonadotropin-independent precocious puberty is the most fre-
quent endocrinopathy associated with MAS and usually presents between 2 and
6 years. Its estimated prevalence is between 1/100,000 and 1/1,000,000. LH receptor
signaling involves Gs-α activity to stimulate steroidogenesis in theca and granulosa
cells of the ovary. The GNAS mutation causes stimulation of the steroidogenesis
pathways in the absence of LH, leading to unregulated estradiol production and
gonadotropin-independent precocious puberty. The disease is very rare in males, but
when males are affected, they can present with bilateral (rarely unilateral) macro-
orchidism, without other signs of precocious puberty. Testicular microlithiasis is
present in 62%. The macroorchidism is due to Gs-α mutations in the Sertoli cells
causing its hypertrophy. If the mutation occurs in Leydig cells (<15% of cases), it
causes peripheral precocious puberty because of unregulated testosterone produc-
tion. Various mechanisms have been described to account for the phenotypic features
of the macroorchidism: Gs-α imprinting, a different early embryonic origin of pre-
cursors contributing to Sertoli and Leydig cell lineages, and over-expression of anti-
Mullerian hormone (AMH) and its inhibitory effect on Leydig cell function and
maturation.

McCune-Albright Syndrome can also include other endocrinopathies in endo-
crine tissues that rely on G proteins in signaling transduction. Other endo-
crinopathies include pituitary adenomas capable of producing LH, FSH, ACTH,
GH, and/or prolactin. Hyperthyroidism is also reported, as is Cushing syndrome due
to autonomous multinodular hyperplasia in the thyroid and adrenal gland, respec-
tively. The GNAS1 R201 mutation detection rate in patients with MAS can be
influenced by different factors, such as the progressive nature of the disease, cellular
mosaicism, and the unavailability of the affected tissues. The detection rate in
peripheral blood is low when only one or two features of the classic triad are present.
Testing on leukocytes DNA is possible, but it is unreliable. There is no known
genotype/phenotype correlation.

Familial male-limited precocious puberty. The luteinizing hormone receptor
(LHR) presents primarily in the ovary and testes. The receptor can bind either
pituitary LH or the nearly identical placental hormone human chorionic gonadotro-
pin (hCG). In postpubertal males, LHR stimulation activates (via Gs-α signaling
cascade) testosterone synthesis by the Leydig cells of the testes. In postpubertal
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females, LHR signaling plays several roles. During the follicular phase, LHR
signaling stimulates theca cells to synthetize androgens, later aromatized to estradiol
by the granulosa cells under stimulation of follicle-stimulating hormone (FSH). The
midcycle surge of LH induces follicular maturation and ovulation. During the luteal
phase, LHR signaling induces the formation of the corpus luteum and stimulates
progesterone synthesis.

LHR is composed of 11 exons, and the gene has been mapped to 2p21. The high-
affinity binding of the hormone is mediated by the extracellular N-terminal domain
of the receptor (Latronico and Segaloff 1999). The primary pathway of the LHR is
the Gs/adenylyl cyclase/cAMP pathway. Naturally occurring mutations in G protein-
coupled receptor genes can cause human disease by producing either gain- or loss-
of-receptor function (Latronico and Segaloff 1999). Familial male-limited preco-
cious puberty (FMPP), also known as testotoxycosis, is a gonadotropin-independent
disorder that is inherited in an autosomal dominant, male-limited pattern. LH
receptor is a member of the family G protein-coupled receptor. Several constitutively
activating mutations of the LH receptor gene, resulting in high basal cyclic AMP
levels, have been identified. Precocious puberty is observed only in males carrying
activating mutations of the LHR gene and not in females. It has been suggested that
females require the activation of both LHR and FSHR for the induction of puberty.
The disease usually presents by age 1–4 years, with physical signs of puberty, rapid
virilization, growth acceleration, skeletal advancement, and elevated testosterone
levels despite prepubertal levels of LH.

Secular Trends in Pubertal Timing

Even though the tempo and series of events in puberty are remarkably conserved in
different populations, the onset of puberty occurs across a wide range of ages in
normal children. The age of pubertal transition has changed through the centuries.
The age of menarche, a sentinel event of late female puberty, dramatically fell
between the eighteenth and twentieth centuries, thought to be due to the improved
nutrition associated with industrialization. Puberty in boys is not marked by such a
sentinel event, so the trend over the centuries is more difficult to track. However,
historical data on the age and composition of the Leipzig Boys Choir (soprano
(no voice cracking), alto (some voice cracking), and tenor (full deep voice achieved))
suggested that in the 1700s, the average age of altos was 16, whereas in 1950s
England it was 13.5 years (Daw 1970). In the twentieth and twenty-first centuries,
data on age of menarche is available for more diverse populations and countries
(Fig. 2); the secular trend of an earlier age of menarche is continuing, although
measured in months, not years.

Reliable data on age of pubertal onset is more difficult to gather for both sexes, as
the physical changes of early puberty are subtle. Longitudinal studies of English
children by Marshall and Tanner in the 1960s established the median age of pubertal
onset (breast budding) in girls as around 10.75 years with a 3–97% range of
8.5–13 years (Marshall and Tanner 1969). Earlier studies (1940s) in North America
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suggested the median onset of breast development (as later defined by Tanner) as
10.5–10.75 years of age. Both studies were in Caucasian girls and used visual
inspection. Studies in boys by Tanner in the 1960s established the median age of
testicular volume enlargement to the pubertal threshold in males as age 11.5 years
with a 3–97% range of 9.5–13.5 years. These studies were performed by visual
inspection on <200 subjects (Marshall and Tanner 1970). Studies in North America
for Caucasian boys suggested the median onset was 11.5 years as well. The defini-
tion of delayed and precocious puberty, based upon these studies, is pubertal onset
outside of the 2.5 standard deviation from the mean. Thus, the age of precocious
puberty in girls was defined as breast development before age 8 and testicular
enlargement before age 9 in boys with delayed puberty in girls as no breast
development by age 13 in girls and no testicular enlargement by age 14 in boys.

The age of pubertal onset in girls in the developing world was thought to be
relatively stable over the last 50 years, but a controversial study published in 1997
put that belief into question. Herman-Giddens et al. published a cross-sectional study
of 17,000 girls in the Pediatric Research in Office Settings (PROS) network
(Herman-Giddens et al. 1997). Upon visual inspection of girls seen for regular office
visits, 6.5% of white girls and 27.5% of black girls had breast or pubic hair
development before the age of 8 years. Therefore, application of the traditional
definitions of precocious puberty would result in a high number of potentially
normal girls undergoing extensive and expensive testing for precocious puberty.
Initial reaction to this study was mixed, as some experts supported the findings of
this study and suggested revised guidelines (Kaplowitz et al. 1999), while others
expressed uncertainty of the findings and conclusions because of concerns of

Fig. 2 Trend in median age of menarche in multiple countries from 1940 to 2010. If multiyear data
is available for a particular country, it is depicted by a line connecting the years of available data
(Data compiled from Sun et al. (2002), Wu et al. (2002), and (Parent et al. 2003))
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ascertainment bias and the lack of palpation to verify the visual inspection (Finlay
et al. 2000; Rosenfield et al. 2000).

In the ensuing nearly two decades since this study, this secular trend in girls has
been studied more extensively in the USA and elsewhere (Fig. 3). In the USA, data
from the National Health and Nutrition Examination Survey (NHANES), a recurrent
cross-sectional study of participants designed to represent the diverse ethnic makeup
of the US population in general, was analyzed. Data from these studies also showed
an earlier trend toward pubertal onset in girls compared to NHANES studies from
previous decades, but not as pronounced as the PROS study (Sun et al. 2002; Wu
et al. 2002). Nonwhite girls and girls with higher BMI were noted to have a higher
prevalence of breast development before age 8 in these studies (Kaplowitz et al.
2001; Rosenfield et al. 2009). Since the early 2000s, longitudinal studies have been
initiated that have incorporated palpation in an attempt to more accurately assign
girls with true thelarche versus lipomastia. A multicenter study in the US (Breast
Cancer and the Environment Research Centers, BCERC) enrolled 1,200 girls aged
6–8 and assessed their growth and pubertal development over time. In this multi-
ethnic study, it was found that the median age of breast development was 9.7 years in
white girls, 9.3 years in Asian girls, and 8.8 years in black girls. For all ethnicities,
girls with a higher BMI had an earlier onset of breast development by palpation (Biro
et al. 2013). This study is ongoing; thus, the question of whether the tempo of
puberty is also different is unknown. In Denmark, evaluation of breast development
(using palpation) of 995 school-age girls from study dates 2006–2008 was compared
to 1,100 girls from study dates 1991–1993 (Copenhagen Puberty Study). Using the

Fig. 3 Trend in median age of breast development (Tanner stage 2) in multiple countries from 1940
to 2010. If multiyear data is available for a particular country, it is depicted by a line connecting the
years of available data (Data compiled from Sun et al. (2002); Wu et al. (2002); Aksglaede et al.
(2009), Biro et al. (2013), and (Parent et al. 2003))
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same examiners in each decade, it was found that the mean age of breast develop-
ment was 10.8 years in the 1991–1993 cohort and 9.8 years in 2006–2008 cohort
(Aksglaede et al. 2009). The authors of the study posited that the decrease in age of
breast development over the ~15 years was not due to overweight/obesity, as the
prevalence of overweight/obesity was not different between the cohorts. In the
Netherlands, the median age of breast development was 10.7 years in 1997 and
11.0 years in 1965 (Mul et al. 2001). Other studies documenting age of onset of
breast development in girls use maternal or self-report of Tanner staging, which has
variable concordance with clinical visual inspection and/or palpation.

There is far less data about the secular trend in pubertal onset in boys (Fig. 4). Sexual
maturity in males is difficult to assign by visual inspection, as the demarcation
between different stages is subtle. Additionally, the threshold in testicular size that
is the hallmark of pubertal activation of testes in males is also difficult to detect by
visual inspection and varies between studies as �3 ml or �4 ml. Using visual
inspection, the Bogalusa study in the USA of 1,800 boys indicated that the median
age of pubertal onset as determined by gonadal stage was age 11.8 for Caucasian
boys and 11.2 for black boys in the years 1973–1974 (Foster et al. 1977).
NHANESIII data, also by visual inspection, indicated that in the years 1988–1994,
the median age of pubertal onset was 10.1 year in Caucasian boys, 9.3 years in black
boys, and 10.3 years in Mexican-American boys (Herman-Giddens et al. 2001;
Karpati et al. 2002; Sun et al. 2002). In attempts to supply more accurate data on
pubertal onset in boys using physical examination, the PROS network in the USA

Fig. 4 Trend in median age of Tanner stage 2 genitalia development in boys in multiple countries
from 1940 to 2010. If multiyear data is available for a particular country, it is depicted by a line
connecting the years of available data (Data compiled from Herman-Giddens et al. (2012) and
(Parent et al. 2003))
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was again employed. This study of 4,131 boys between years 2005 and 2010
indicated that the median age of �3 ml testes was 9.9 in Caucasian males, 9.7 in
African-American boys, and 9.63 in Hispanic boys, while median age of �4 ml was
11.5 years in Caucasian boys, 11.75 in African-American boys, and 11.29 years in
Hispanic boys (Herman-Giddens et al. 2012). The genital maturity rating to stage
2 via visual inspection (most comparable to earlier studies) was 10.1 years in
Caucasian boys, 9.14 in Caucasian boys, and 10.0 in Hispanic boys. This is the
only study that presented data on achieved age of testicular volume of 3 ml vs. 4 ml.

In countries outside the USA, studies by Prader indicated that the threshold of
�3 ml testes was indicative of central puberty (Largo and Prader 1983); this study of
142 Swiss boys in the late 1970s indicated that the median age of this size of the
testes was 11.8 years. In Sweden, the median age of �3 ml testes in 55 boys was
12.3 years, which was correlated with increase in testosterone (Ankarberg-Lindgren
and Norjavaara 2004). Using a testicular volume of �4 ml, the average age of mean
age of attainment of pubertal onset in the Netherlands was 12.0 years in 1965 and
11.5 years in 1997 (Mul et al. 2001). The Copenhagen Puberty Study indicated that
the mean age of attainment of testicular volume �3 ml was 11.9 in 1991–1993 and
11.66 in 2006–2008 (Sorensen et al. 2010).

Therefore, in both girls and boys, there is an earlier age of pubertal onset over the
last 50 years or so, possibly more dramatically in the latter two decades of the
twentieth century and into turn of the twenty-first century. It remains to be seen
whether the tempo of puberty has also changed, as observations suggest that girls
with early normal puberty may have a slower tempo of puberty (Marti-Henneberg
and Vizmanos 1997). Indeed, the less dramatic change in age of menarche vs. age of
breast development suggests that the duration of puberty may be longer. The
longitudinal studies by Biro et al. will help to answer this question.

Hypotheses Regarding Changing Secular Trends of Puberty

As both boys and girls are entering puberty earlier, what would be the causal factors?
Obesity is an obvious candidate, as the rate of obesity in children in the USA has
increased dramatically since the 1970s (Broyles et al. 2010; Freedman et al. 2012).
This secular trend toward increased childhood obesity is observed in 42 countries
using data from the World Health Organization Burden of Disease Program (Wang
and Lobstein 2006). Data from both the PROS study and BCERC study indicate that
girls with a higher BMI have earlier breast development (Biro et al. 2013; Kaplowitz
et al. 2001). However, it is controversial whether girls with a higher BMI have earlier
menarche, as some studies note a trend (Rosenfield et al. 2009), while others do not
(Anderson and Must 2005; Bau et al. 2009). Interpretation is complicated by the fact
that girls at later stages of puberty have higher BMI. Interestingly, it appears that
boys with overweight have earlier puberty, but those with obesity may have pubertal
timing coincident with or later than their normal-weight peers (Lee et al. 2016).

The developmental origins of adult disease posit that fetal and/or early life
environmental experiences influence metabolic phenotype in adulthood (Dyer and
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Rosenfeld 2011). This hypothesis is formed from the observational cohort studies
showing that adults born small for gestational age (SGA) have higher rates of
obesity, type 2 diabetes mellitus, and hyperlipidemia (reviewed in Dyer and
Rosenfeld 2011). Extending this hypothesis to childhood and puberty, multiple
studies have indicated that lower birth weight is associated with earlier menarche
and pubertal development in girls (reviewed in Roth and DiVall 2016). It was also
noted that children with rapid weight gain in early childhood also experience earlier
pubertal development and/or menarche. There is also evidence of the same phenom-
enon in boys, but the data is less extensive.

Another hypothesis for the relatively rapid change in pubertal timing since the
second half of the twentieth century is the increasing exposure to endocrine
disrupting chemicals (EDCs). As detailed earlier in this chapter, the hypothalamic-
pituitary-gonadal axis may be particularly sensitive to epigenetic regulation that
ultimately affects pubertal timing. Much of the evidence gathered is from epidemi-
ologic studies or rodent studies. Epidemiologic studies give data on population
exposure and disease association, whereas rodent studies give insight into mecha-
nisms of disease underlying the associations and the particular developmental
window that conveys susceptibility to the exposure. Implicated EDCs include
persistent organic pollutants that have long half-lives and persist for decades in
soils and organic tissue. Chemicals in this class include pesticides, industrial
by-products, and flame retardants. Short-lived EDCs include those chemicals used
in plastics such as bisphenols or phthalates. EDCs can have estrogenic, androgenic,
corticosteroidogenic, or leptogenic properties. Studies in rodents indicate exposure
to a particular EDC during fetal or the immediate postnatal life can have an opposite
effect on pubertal timing as when the exposure is closer to pubertal onset (reviewed
in Parent et al. 2015). In addition to the developmental stage of the EDC exposure,
the particular dose and route of administration of the EDC result in different effects
on pubertal timing. Given the constant and extensive exposure to EDCs during
human fetal and postnatal life, it is extremely difficult to tease out which of the
different EDCs that children are potentially exposed lead to variations in pubertal
timing.

Summary

The molecular mechanisms regulating initiation and timing of puberty are still
largely unknown. “What triggers puberty” is a compelling research question that
has driven myriads of scientists for decades. The answer to this question will be
ascertained only with stepwise advances in biochemistry, molecular biology, genet-
ics, physiology, population genetics, and clinical investigation. Clinical observation
and characterization of patients with disorders of pubertal development have yielded
information that has provided new directions in the field of puberty and reproduction
research. This underscores the importance of the bedside-to-bench approach of
translational investigation in advancing our knowledge of this very critical process
– a process that is necessary for the propagation of our species.
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Abstract
The endocrinology of human pregnancy is dominated by multiple placental
hormones that induce physiologic changes in the mother in favor of pregnancy.
Hormones synthesized by the placenta include chorionic gonadotropin which
prevents regression of the ovarian corpus luteum during the first several weeks of
pregnancy and progesterone which promotes uterine quiescence. Placental
somatotrophins such as placental lactogen and placental growth hormone gener-
ate maternal metabolic changes in the mother that are favorable to the fetus,
though in some cases can contribute to gestational diabetes. In addition to
metabolic changes, pregnancy can impact a wide range of other maternal endo-
crine systems including thyroid function and the renin-angiotensin-aldosterone
system. The placenta is also an extremely vascular organ and thus also secretes
several angiogenic factors, many of which may play a role in the development of
pre-eclampsia. Understanding the broad and complex hormonal changes that
occur in pregnancy is important understanding the pathophysiology of pregnancy
and for clinicians who providers care to reproductive age women.

Keywords
Endocrinology • Parturition • Placental hormones • Pregnancy

Introduction

Perhaps no other medical event exists which generates as many profound physio-
logic changes in as wide a range of organ systems as occurs in pregnancy, with
alterations to the endocrine system being among the most important. Not only does
pregnancy impact all of the existing maternal endocrine glands but the placenta itself
is a complicated endocrine organ, the optimal function of which bears responsibility
for nothing less than the continued propagation of the species. Even if a clinician
does not deliver babies or practice obstetrics, an understanding of maternal physi-
ology is crucial for any physician called upon to care for pregnant women with
endocrinopathies. This chapter covers the endocrine function of the placenta, phys-
iologic endocrine changes of the mother, and the endocrinology of pregnancy
maintenance and parturition. The endocrinology of ovulation, conception, and
implantation as well as the endocrine development of the fetus and neonate is not
covered. Other excellent reviews and texts are available for these areas.
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Fetal Contributions to the Endocrinology of Pregnancy

The Placenta

Known hormones synthesized within and secreted by the human placenta are listed
in Table 1. Given the breadth and depth of this list, an argument can be made for the
placenta being the most complicated of all human endocrine organs. Hormone
production begins shortly after conception and even before implantation, as
evidenced by the identification in maternal serum of chorionic gonadotropin
(CG) only a few days after ovulation in a fertile cycle. During the early stages of
blastocyst formation, the cells which will form the placenta, the trophoblasts,
distinguish themselves from the cells which will form the embryo and are referred
to at this stage as cytotrophoblasts. During implantation and villi formation, the
cytotrophoblasts which are in direct contact with the maternal blood supply begin to
fuse their collective cell membranes and become a large, singular multinucleated
structure known as the syncytiotrophoblast. The syncytiotrophoblast is the primary
source of subsequent placental hormone synthesis, the products of which are
secreted directly into the maternal circulation. It is not a two-way street, however,

Table 1 Hormones synthesized by the human placenta

Neuropeptides
Pituitary-like
hormones Steroid hormones

Monoamines and adrenal-
like peptides

CRH ACTH Progesterone Epinephrine

TRH TSH Estradiol Norepinepherine

GnRH GH Estrone Dopamine

Melatonin PL Estriol Serotonin

Cholecystokinin CG Estetrol Adrenomedullin

Met-enkephalin LH 2-Methoxyestradiol

Dynorphin FSH Allopregnanolone

Neurotensin B-Endorphin Pregnenolone

VIP Prolactin 5α-Dihydroprogesterone
Galanin Oxytocin

Somatostatin Leptin

CGRP Activin

Neuropeptide Y Follistatin

Substance P Inhibin

Endothelin

ANP

Renin

Angiotensin

Urocortin

From Reis and Petraglia (2001)
VIP vasoactive intestinal peptide, CGRP calcitonin gene-related peptide, ANP atrial natriuretic
peptide
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and the syncytiotrophoblast blocks the majority of maternal hormones (as well as
pharmaceuticals and many other agents) from crossing into the fetal circulation.
Thus the fetus can enjoy its own endocrine homeostasis according to its develop-
mental program. In addition to the syncytiotrophoblast, the maternal endometrium
that is in contact with the placenta and fetal membranes, known as the decidua, also
becomes an important source of hormone synthesis. Decidual hormones include
several agents that are secreted across the fetal membranes or into the uterine muscle
(the myometrium) and help control of onset of labor. These include relaxin, prosta-
glandins (PGs), and cytokines.

Chorionic Gonadotropin

No other placental hormone is as quintessential as CG (commonly referred to as
human (h)CG) if for no other reason than the fact that it is clinically used to diagnose
pregnancy and is the earliest clinically recognized hormone secreted by the new
conceptus. Like all gonadotropins it is a glycoprotein heterodimer with an α and β
subunit. CG is structurally similar to LH and predominantly functions through the
LH receptor. Its primary importance is immediately after conception and during the
first several weeks of pregnancy when it prevents regression of the ovarian corpus
luteum and as such promotes continued generation of progesterone. Progesterone is
necessary for the establishment and continuation of pregnancy, and in the first
several weeks, it prevents sloughing of the endometrial lining and allows implanta-
tion to advance. Thus, the initial stages of pregnancy are dependent on the corpus
luteum as the primary source of progesterone. At around the sixth to tenth week of
pregnancy, however, the syncytiotrophoblast of the placenta becomes a major source
of progesterone obviating the need for the ovarian corpus luteum for the remainder
of pregnancy. After its rapid rise through the first half of pregnancy, CG concentra-
tions subsequently plateau. Maternal LH and FSH levels are low (essentially
undetectable) during pregnancy due to negative feedback effect of placental steroids
(see below) on the maternal hypothalamic-pituitary axis.

Measurement of CG in pregnancy has multiple useful clinical applications, the
most basic of which is the diagnosis of pregnancy. Additionally, serial quantitative
CG measurements in early pregnancy can assist in establishing the viability of an
uncertain gestation as well as a possible ectopic pregnancy. The trophoblasts of
genetically abnormal conceptions, such as those with trisomies 13, 18, and
21, secrete either abnormally high or low levels of CG, and thus it is included in
the first and second trimester maternal serum genetic screening. Additionally, cho-
riocarcinomas and molar gestations generate very high concentrations of CG, and in
turn declining and subsequently undetectable serum concentrations of CG can be
used to monitor treatment and recurrence.
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Mother

Cholesterol
Progesterone synthesis

Progesterone

Hypethalamus

CRH

ACTH

Adrenal

Pituitary

DHEA-S
(Dehydro-

epiandrosterone
sulfate)

DHEA
DHEA-SAdrenal

15-OH-
DHEA-S

LiverEstrogen synthesis

            16-OH-DHEA-S

P450scc

3β-HSD

3β-HSD

17β-HSD

Estriol

Estetrol

Estradiol
Estrone

Aromatase

Placenta Fetus

P450c17

Fig. 1 Biosynthesis of progesterone and estrogens by the human placenta. Progesterone is
produced mainly from maternal cholesterol. P450c17 is not expressed in the human placenta, and
therefore, progesterone cannot be converted to C19 androgens. Instead, estrogens are
biosynthesized from C19-androgen precursors (mainly DHEAS) provided by the maternal and
fetal adrenals (From Mesiano (2001); Artwork from Boron and Boulpaep,Medical Physiology, 3rd
edition)
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Placental Steroids

Progesterone: The human placenta synthesizes and secretes estrogens and proges-
terone from precursors supplied by the mother and fetus (Fig. 1). The most important
of the placenta steroids is progesterone. Though CG may be the most quintessential
placental hormone, progesterone is necessary for the maintenance of pregnancy at all
stages and promotes numerous physiologic changes required for the success of
pregnancy. A major function of progesterone during pregnancy is to promote
myometrial relaxation and quiescence and immunosuppression of the maternal-
fetal interface by affecting decidual cell function. Its importance for pregnancy
maintenance is not just embedded in its name (a condensation of “pro,” “gestation,”
and “steroid hormone”) but more importantly is demonstrated by clinical studies
showing that inhibition of progesterone activity by treatment with progesterone
receptor (PR) antagonists (e.g., mifepristone) terminates pregnancy by augmenting
uterine contractility and inducing the full parturition cascade (Christin-Maitre et al.
2000). In fact, in all viviparous species examined so far, studies of progesterone
receptor (PR) antagonists show that progesterone is essential for pregnancy mainte-
nance and any disruption of its synthesis or action induces parturition.

During most of human pregnancy, the placenta is the major source of progester-
one producing approximately 250–300 mg/day at the peak of its production (Strauss
et al. 1996). The human placenta synthesizes progesterone from maternal choles-
terol. Synthesis of progesterone appears to be constitutive, and the amount of
progesterone secreted is a function of placental mass and especially the synthetic
capacity of the syncytiotrophoblast.

Estrogens: The human placenta produces large amounts of estrogens in the form
of estradiol, estrone, and estriol, especially during the second and third trimesters. As
with progesterone, the syncytiotrophoblast cannot synthesize estrogens de novo and
instead has a very high capacity for aromatization of C19 androgens to estrogens.
The precursors for placental estrogen synthesis are provided by the fetal adrenal
cortex that produces large amounts of dehydroepiandrosterone sulfate (DHEAS)
after the 10–15th week of gestation (Mesiano and Jaffe 1997). In syn-
cytiotrophoblast the sulfate moiety, via the sulfatase enzyme, is removed, and then
the aromatase enzyme converts DHEA to estradiol and estrone. Interestingly, some
DHEAS is converted to 16-hydroxy-DHEAS (16OH-DHEAS) by the fetal liver.
16OH-DHEAS is then converted to estriol by the syncytiotrophoblast (Siiteri and
MacDonald 1966). Expression of the 16-hydroxylase enzyme by the liver occurs
only during fetal life and is lost soon after delivery. Estriol constitutes greater than
90% of the placental estrogens in the maternal circulation. Consequently, levels of
estriol in the maternal circulation are therefore an indication of the fetal adrenal/liver
steroidogenic activity. The functional interaction between the fetal adrenal cortex
and the syncytiotrophoblast for the synthesis of estrogens is referred to as the
fetoplacental unit (Siiteri and MacDonald 1963).

Estrogens are important stimulants of uterine growth and blood flow as well as
maternal breast development in preparation for lactation. Insight into the role of
placental estrogens in the regulation of human pregnancy can be gained from
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congenital conditions that disrupt the fetoplacental unit. In congenital adrenal
hyperplasia, DHEAS production by the fetal adrenal cortex is increased and conse-
quently so too is placental estrogen production (Miller and Levine 1987; Morel and
Miller 1991; New 1998). These pregnancies are normal with normal parturition at
term suggesting that higher estrogens are not detrimental to pregnancy outcome
(Price et al. 1971). Pregnancy and parturition timing are also not affected by
abnormalities that decrease placental estrogen production such as anencephaly or
placental aromatase deficiency (Milic and Adamsons 1969; Honnebier and Swaab
1973; Shozu et al. 1991; Harada et al. 1992; Mullis et al. 1997). It should be noted,
however, that conditions of placental estrogen deficiency do not exclude a role for
estrogens in the physiology of human pregnancy since the levels of maternal
estrogens, although low compared with normal pregnancies, are similar to levels
reached in the mid-cycle and luteal phases. Estrogen is produced by other sources
(e.g., ovarian follicles and adipose tissue) in the maternal compartment. Thus,
despite conditions that affect placental estrogen synthesis, there are no natural
conditions in which pregnancy and normal parturition occur in the complete absence
of estrogens.

Glucocorticoid metabolism: In addition to steroid hormone synthesis, the syn-
cytiotrophoblast also plays an important role in catalyzing existing maternal steroid
hormones in order to prevent them from entering the fetal circulation. Specifically
the placenta expresses 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) which
inactivates cortisol, the normal concentration of which is several times higher in the
maternal than fetal circulation (Sun et al. 1999). This barrier to maternal glucocor-
ticoid is likely essential for the normal development of the fetal hypothalamic-
pituitary-adrenal axis.

The barrier, however, has clinical implication since administration of glucocorti-
coid to the fetus is desired in cases of threatened preterm birth to stimulate matura-
tion of the fetal lungs and in rare cases to provide direct fetal endocrine therapy. To
circumvent the placental barrier, synthetic glucocorticoids such as betamethasone
and dexamethasone, which are not metabolized by 11ß-HSD2, are used clinically.

Somatotrophins

In addition to steroid synthesis and CG, the placenta also produces an array of
somatotrophins which are structurally and genetically similar to growth hormone.
The primary placental somatotrophins are placental lactogen (PL) and placental
growth hormone (PGH). The word “lactogen” in PL is a historical remnant from
the original assays used for its detection. Ironically it is unclear if PL has any actual
impact on lactation, which is predominantly controlled by prolactin, oxytocin, and
sex steroids, and the administration of PL to nonpregnant adults does not generate
lactation. Instead both somatotrophins activate the growth hormone (GH) receptor
and stimulate maternal metabolic changes, which in turn promote fetal growth. Their
maternal peripheral concentrations increase progressively through pregnancy in
concert with increasing total placental mass. In much the same manner that placental
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CG makes maternal pituitary LH and FSH virtually undetectable during pregnancy,
the increasing concentrations of placental somatotrophins eventually make maternal
pituitary GH undetectable.

Placental somatotrophins are responsible for many of the maternal metabolic
changes of pregnancy including impaired glucose tolerance, decreased insulin sen-
sitivity, and increased circulating free fatty acids (Samaan et al. 1968). In an
otherwise healthy mother, these changes are all advantageous as they ensure an
appropriate supply of energy to the rapidly growing fetus. In women with borderline
insulin resistance at conception, however, these changes can generate overt though
transient diabetes (i.e., gestational diabetes). Additionally, for patients with pre-
existing diabetes, the further increase in insulin resistance and mobilization of free
fatty acids during pregnancy can both worsen the blood sugar control overall and
generate a predisposition to ketogenesis. Diabetic ketogenic acidosis (DKA), a major
life-threatening complication of diabetes, occurs mainly in patients with type I
disease, but may also occur in patients with type II disease; of note, the underlying
predisposition to ketogenesis in pregnancy allows DKA to develop at serum blood
glucose levels which are only slightly elevated (Cullen et al. 1996). DKA can have
potentially devastating impacts on the mother and fetus, and thus providers of
clinical care for pregnant patients should be cautious regarding its potential
occurrence.

Angiogenic Factors

The placenta is an extremely vascular organ, and thus the 40 weeks from conception
to delivery during which it dramatically increases in size is obviously an intense
period of angiogenesis. Likewise the placenta produces several angiogenic factors,
including platelet-derived endothelial cell growth factor and vascular endothelial
growth factor (VEGF), among others. The placenta, however, also produces several
anti-angiogenic factors, which may guard against placental overgrowth or even
invasion. Significant advancements have occurred in the last 20 years in our under-
standing of placental angiogenic factors and their roles, particularly with regard to
preeclampsia (Levine et al. 2004).

Preeclampsia is an elusive and mysterious disease which is limited to pregnant
humans and currently lacks an optimal clinical treatment, though the condition
resolves after delivery of the placenta. The clinical criteria include hypertension
and proteinuria with more severe manifestations including headache, pulmonary
edema, seizures (eclampsia), and platelet and hepatic impairment. The root cause of
all of these manifestations, however, is endothelial dysfunction which is now known
to primarily stem from excessive placental anti-angiogenic factors (Zhou et al. 2002;
Tsatsaris et al. 2003). Specifically, the human placenta secretes the soluble variant of
the fms-like tyrosine kinase-1 (sflt-1) receptor into the maternal circulation. The full-
length flt-1 is a membrane protein which is a receptor for VEGF and whose signaling
on endothelial cells broadly serves to promote angiogenesis and optimal endothelial
cell function. In contrast sflt-1 is a truncated version which lacks the intramembrane
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portion of the protein and is thus soluble. In the maternal circulation, it binds VEGF
and as such functions as a competitive VEGF inhibitor and anti-angiogenic factor.
Maternal serum concentrations of sflt-1 are increased both during preeclamspia and
are even increased earlier in pregnancy in patients who are known to have subse-
quently developed preeclampsia at a later date (McKeeman et al. 2004). In vitro
human trophoblast will increase sflt-1 production in response to hypoxia
(Nagamatsu et al. 2004), and it is hypothesized that in vivo conditions which
generate impaired trophoblast oxygenation increase sflt-1 secretion and thus in
turn clinical preeclampsia. Potential causes of trophoblast hypoxia include the
known risk factors for preeclampsia itself such as vascular disease secondary to
diabetes, hypertension, or thrombosis. The discovery of sflt-1 and its role in pre-
eclampsia has tremendous clinical potential with regard to both early screening tests
and treatments.

Other Hormones

Though CG, sex steroids, somatotrophins, and angiogenic factors account for the
majority of the clinical manifestations attributable to the placenta, the total number
of placental hormones is extensive as evidenced in Table 1. A full description of all
hormonal products generated by the placenta is beyond the capacity of this chapter,
and in many cases their actual physiologic roles, if any, have not yet been elucidated.
In a broader sense, it is unclear why the placenta generates such a vast array of
hormonal products. It is possible that some of them represent evolutionary holdovers
which no longer have a specific function. Many of them, however, have redundant
functions. For example, in addition to the two primary somatotrophins, many other
placental hormones, such as leptin and neuropeptide Y, alter maternal metabolism in
manners favorable to the fetus. Given the profound evolutionary importance of
securing appropriate fetal nutrition, the benefits of such redundancy would be
logical. In many cases, however, the functions of different hormonal products are
explicitly antagonistic toward one another. In addition to the described angiogenic
and anti-angiogenic factors, another clear example would be the inhibins and
activins which are both secreted and have exact opposite functions. In these cases,
the placenta can potentially exert exact control over a physiologic process by
increasing or decreasing antagonistic hormones. Likewise many of these agonist/
antagonist pairs regulate vascular and endothelial functions, which must be carefully
balanced to ensure appropriate placental perfusion while also protecting maternal
health. Given the system complexity and current lack of understanding of many
hormonal pathways, the placenta will likely remain a very fertile area of research for
years to come.
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Physiologic Changes of the Maternal Endocrine System
in Pregnancy

Glucose Metabolism

Normal pregnancy is characterized by significant alterations in glucose metabolism.
Basal hepatic glucose production increases by approximately 30% by late preg-
nancy, while insulin-mediated glucose uptake decreases by 50–60% (Catalano et al.
1991). These changes are driven in part by placental hormone production and
cytokine release, with the overall effect of increasing insulin resistance and nutrient
shunting to the fetus, particularly in the third trimester. In healthy nondiabetic
women, this progressive increase in insulin resistance is matched by an increase in
insulin secretion. In response to a glucose load, insulin secretion increases by
200–250% above basal levels in order to suppress hepatic gluconeogenesis and to
maintain euglycemia (Catalano et al. 1999). However, in women with underlying
insulin resistance or a genetic predisposition toward developing diabetes, the longi-
tudinal changes in insulin secretion and sensitivity that occur over the course of
pregnancy may result in overt or subclinical diabetes.

The mechanism of insulin resistance in normal pregnancy is multifactorial.
Hormonal control has historically been attributed to PL, which increases up to
30-fold during gestation and acts as an insulin secretagogue in cultured islet cells
(Brelje et al. 1993; Lombardo et al. 2011), in addition to estrogen, progesterone, and
cortisol. In euglycemic-hyperinsulinemic clamp studies, however, changes in mater-
nal placental hormone levels do not correlate directly with changes in insulin
responsiveness (Kirwan et al. 2002). Increasing evidence now exists for a physio-
logic blunting of insulin signaling pathways that occurs due to local cytokine
production, altered fatty acid metabolism, and increased lipolysis, which together
produce a state of low-grade, chronic inflammation (Hotamisligil et al. 1994; Liu
et al. 1998; Kirwan et al. 2002; Yu et al. 2002; Barbour et al. 2007). Tumor necrosis
factor alpha (TNF-α), an inflammatory cytokine, likely plays a key role in this
process through both transcriptional regulation and cell signaling pathways (Moller
2000; Kirwan et al. 2002).

At the cellular level, the ability of insulin to stimulate glucose uptake is dependent
on multiple steps: tyrosine phosphorylation of the insulin receptor (IR); activation of
downstream signaling via insulin receptor substrate-1 (IRS-1), protein kinase B, and
phosphoinositide 3-kinase (PI3K); and translocation of glucose transporter type
4 (GLUT4) from the cytoplasm to the plasma membrane (Czech and Corvera
1999; Pessin and Saltiel 2000). Inhibition of this signaling process may occur at
multiple levels, thereby decreasing the cellular response to insulin. Placental secre-
tion of tumor necrosis factor alpha (TNF-α) has been shown to inhibit IRS-1
signaling through phosphorylation of IR and IRS-1 and also through induction of
free fatty acids, which also inhibits signaling through PI3K (Hotamisligil et al. 1994;
Liu et al. 1998; Moller 2000; Yu et al. 2002). At the transcriptional level, TNF-α
downregulates genes required for normal insulin action and inhibits expression of
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adiponectin, a key insulin-sensitizing hormone, in maternal adipocytes (Moller
2000; Bruun et al. 2003).

The longitudinal changes in insulin sensitivity and resistance that occur during
pregnancy are also a reflection of the prepregnant metabolic state (Fig. 2). Lean
women usually have greater pre-gravid insulin sensitivity as compared with obese
women and are more likely to be able to maintain normoglycemia during pregnancy
despite a similar 50–60% increase in insulin resistance (Catalano et al. 1991, 1999).
In the setting of obesity, however, increased production of cytokines and fatty acids
from adipose tissue contributes to increased systemic inflammation and further
dampening of insulin signaling pathways. Obesity is further associated with
decreased mRNA and protein expression of GLUT4 in both skeletal muscle and
adipose tissue (Colomiere et al. 2010). Obese women have a three- to tenfold
increased risk of developing gestational diabetes mellitus (GDM) as compared to
women of normal weight (Sebire et al. 2001), with significant implications for
maternal and fetal health. A continuous positive association exists between increas-
ing plasma glucose concentrations and the risk of fetal macrosomia and cesarean
section (Group et al. 2008; Hartling et al. 2012). Poorly controlled maternal hyper-
glycemia is associated with an increased risk of congenital anomalies, preterm
delivery, and intrauterine demise (Cundy et al. 2000; Biggio et al. 2010). The insulin
resistance of pregnancy reverses rapidly after delivery. However, women who
develop GDM carry an increased lifetime risk of type II diabetes and cardiovascular
disease, while their offspring have higher rates of childhood obesity and metabolic
syndrome (Lee et al. 2007; Moore 2010).

Fig. 2 The longitudinal changes in insulin sensitivity in average (BMI<25), overweight (BMI
25–30), and obese (BMI>30) women over time (BMI body mass index) (Adapted from Catalano
and Ehrenberg (2006))
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Thyroid Function

Significant alterations in maternal thyroid function occur in pregnancy due to
increased metabolic demand and hormonal stimulation of the hypothalamic-
pituitary-thyroid axis. Triiodothyronine (T3) and thyroxine (T4) syntheses increase
by 30–100% above nonpregnant levels (Fantz et al. 1999), largely due to the
thyrotropic effects of CG and to increasing levels of thyroxine-binding globulin
(TBG), the main carrier of T4 in the bloodstream.

In early pregnancy, rising CG levels directly stimulate thyroid hormone produc-
tion via binding of the CG β-subunit to maternal thyroid stimulating hormone (TSH)
receptors (Yoshimura and Hershman 1995). Total T3 and T4 levels peak at
10–15 weeks gestation, in parallel with the normal CG peak that occurs near the
end of the first trimester; TSH levels nadir concurrently due to feedback loop
inhibition (Haddow et al. 2008; Grun et al. 1997). In approximately 3–5% of
pregnancies, a transient and self-limited hyperthyroidism occurs at this time in
association with hyperemesis gravidarum, a syndrome of excessive nausea,
vomiting, electrolyte disturbance, and weight loss in pregnancy (Tan et al. 2002).
Levels of TBG rise due to estrogen-induced sialylation and decreased hepatic
clearance, doubling by 16–20 weeks (Ain et al. 1987; Yoshimura and Hershman
1995; Glinoer 1999). Decreased levels of unbound T3 and T4 in turn trigger
additional feedback stimulation and TSH secretion to maintain normal circulating
levels of free thyroid hormone. The maternal thyroid gland enlarges in size by
10–15%, while iodine uptake increases in order to compensate for ongoing urinary
excretion and the continual transfer of T4 and iodine to the fetoplacental unit
(Rasmussen et al. 1989; Liberman et al. 1998; Glinoer 1999, 2001; Pearce 2008).

The sustained, higher output demand of pregnancy constitutes a stress test for the
maternal thyroid. As a result, women with low thyroid reserve or relative iodine
deficiency may develop hypothyroidism during the course of pregnancy; similarly,
pregnancy may unmask or exacerbate underlying autoimmune dysfunction (Galofre
et al. 2010). The use of pregnancy- and trimester-specific reference ranges is
recommended for the diagnosis of hypo- or hyperthyroidism, given the normal
physiologic and longitudinal changes that occur (Soldin et al. 2004; Stagnaro-
Green et al. 2011). If trimester-specific reference ranges for TSH are unavailable
in the laboratory, the following reference ranges are recommended by the American
Thyroid Association: 0.1–2.5 mIU/L in the first trimester, 0.2–3.0 mIU/L in the
second trimester, and 0.3–3.0 mIU/L in the third trimester (Stagnaro-Green et al.
2011).

The regulation of placental deiodination and transfer of maternal T4 is essential
for normal fetal growth and is particularly important for the early stages of fetal brain
development. T4 is converted to T3 and reaches adult levels in the fetal cerebral
cortex by mid-gestation. Differential expression of iodothyronine deiodinases is
likely needed for spatial and temporal regulation of T3 bioavailability, according
to the varying needs of different brain structures over the course of pregnancy
(de Escobar et al. 2004). A population-based study in the Netherlands reported
that both maternal hypothyroidism and hyperthyroidism during pregnancy were
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associated with lower IQ in childhood and decreased cortical volume on MRI,
independent of neonatal TSH levels or thyroid peroxidase antibodies (Korevaar
et al. 2015). In animal models, neuronal migration into cortical layers, early syn-
aptogenesis, cell differentiation, and myelination can be disrupted even by transient
periods of moderate hypothyroxinemia; conversely, premature differentiation and
impaired function are associated with hyperthyroxinemia (Noguchi and Sugisaki
1984; Adamo et al. 1990; Auso et al. 2004; de Escobar et al. 2004; Bernal 2007).
However, screening for subclinical thyroid deficiencies in early pregnancy does not
lead to improved neurologic outcomes in clinical trials (Lazarus et al. 2012) and is
thus not recommended by professional organizations (American College of Obste-
tricians and Gynecologists. Practice bulletin no. 148: 2015).

Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone system (RAAS) plays an essential role in the
regulation of systemic blood pressure, electrolytes, and fluid balance. In response
to low circulating blood volume and sodium levels, renin is rapidly synthesized and
released from renal juxtaglomerular cells (Johnston 1976; Thurau et al. 1982). Renin
cleaves angiotensinogen to produce angiotensin I (ANG I), which is then cleaved by
angiotensin-converting enzyme (ACE) to the biologically active angiotensin II
(ANG II). ANG II signals primarily through its type 1 receptor (AT1R) subtype,
which is expressed abundantly on vascular smooth muscle cells and adrenal
glomerulosa cells. ANG II binding induces vasoconstriction as well as aldosterone
secretion, with the net effect of increasing sodium resorption, intravascular volume,
and blood pressure. ANG II signaling through its type 2 receptor (AT2R) has the
opposing effect of vasodilation (de Gasparo et al. 2000; Carey and Siragy 2003).
While AT2R is minimally expressed in systemic vasculature, it is the predominant
ANG II receptor found in the myometrium and uterine arteries (Cox et al. 1996;
Matsumoto et al. 1996), suggesting a biologic role in the hemodynamic regulation of
pregnancy. Local tissue-specific RAAS has also been identified in cardiac, ovarian,
placental, and decidual tissue, with local production of angiotensins which likely
modulate circulatory RAAS function (Poisner 1998; Kumar et al. 2007; Irani and
Xia 2008).

Numerous hemodynamic changes occur during pregnancy, including an approx-
imate 40% increase in total blood volume, 30% decrease in systemic vascular
resistance (SVR), and a 10- to 12-fold increase in uteroplacental blood flow (Ueland
1976; Krishna and Bhalerao 2011; Mahendru et al. 2014). Significant RAAS
activation is therefore required, with estrogen-mediated increases in hepatic produc-
tion of angiotensinogen beginning early in the first trimester (Lumbers and Pringle
2014). Endogenous progesterone functions as a potent mineralocorticoid receptor
antagonist, and the increased urinary excretion of sodium triggers a compensatory
increase in renin secretion, ATII production, and plasma aldosterone (Oelkers 1996).
Ovarian, placental, and decidual secretion of prorenin also directly contributes to
increased RAAS activity (Itskovitz et al. 1987; Downing et al. 1996; Pringle et al.
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2015). Despite significant sodium retention with a net gain of approximately
1,000 mg prior to delivery, the increased pituitary secretion of antidiuretic hormone
(vasopressin) that occurs during pregnancy contributes to even greater water reten-
tion and the characteristic hyponatremic hypervolemia of pregnancy (Cheung and
Lafayette 2013).

In the setting of major RAAS upregulation, the mechanisms through which
maternal blood pressures are maintained in a state of relative hypotension during
normal pregnancy are incompletely understood. As compared to systemic blood
vessels, uteroplacental vessels demonstrate less sensitivity to ANG II-induced vaso-
constriction (Cox et al. 1996), potentially due to predominant expression of AT2R on
uterine artery smooth muscle; however, uteroplacental vessels are much more
sensitive than systemic vasculature to norepinephrine-induced vasoconstriction.
Increasing evidence has accumulated over the past two decades for a new branch
of the RAAS regulatory pathway, which may function to counter the ACE/ANG
II/AT1R receptor axis. Both ANG I and ANG II can be cleaved by ACE2, an enzyme
homologous to ACE, to produce ANG 1–7, a heptapeptide with vasodilatory,
natriuretic, and antiproliferative effects. In animal models, ACE2 gene expression
is activated by both acute and chronic inflammation, and studies suggest that it may
be required for normal development of both the kidney and the microvascular
capillary bed of the heart (Zhang et al. 2001; Burrell et al. 2005; Zisman 2005).
ACE2 knockout mice demonstrate greater sensitivity to both ANG II and
phenylephrine-induced arterioconstriction, placental hypoxia, and reduced umbilical
blood flow velocity (Yamaleyeva et al. 2015). The effects of ANG 1–7 are
conflicting, but may depend on the context. In pregnant rats, for example, ANG
1–7 induces diuresis associated with downregulation of aquaporin-1, while opposite
effects of water retention and aquaporin-1 upregulation are seen in virgin rats
(Joyner et al. 2008).

Aberrant RAAS signaling is implicated in the development of preeclampsia.
ANG 1–7 levels are decreased in preeclamptic women as compared with normoten-
sive pregnant women (Brosnihan et al. 2000). An AT1R autoantibody with agonist
activity has been identified in both human and animal models of preeclampsia,
which may contribute to impaired angiogenesis, adrenal dysfunction, and the
complement-mediated inflammatory cascade (Zhou et al. 2008; Wang et al. 2012;
Siddiqui et al. 2013).

Calcium Metabolism

Calcium homeostasis is an important aspect of maternal and fetal physiology during
pregnancy. Ongoing placental transfer of calcium is required for fetal skeletal
mineralization, with net deposition of approximately 25–30 g over the course of
pregnancy, 80% of which occurs in the third trimester. Increased fetal requirements
are met through increased maternal intestinal absorption of calcium, with minimal
contribution from the maternal skeleton (Kovacs 2001).
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The changes in mineral absorption and calciotropic hormones that occur during
pregnancy are well characterized (Kovacs and Kronenberg 1997; Kovacs 2001). A
clinically insignificant drop in total serum calcium occurs in the first trimester due to
physiologic hemodilution and decreased serum albumin levels; however, levels of
ionized calcium, phosphate, and magnesium remain constant. Parathyroid hormone
(PTH) may decrease to low-normal values in the first trimester, increasing back to
mid-normal ranges by term in normal women with calcium-replete diets; in women
with extremely calcium-deficient diets, however, secondary hyperparathyroidism
may occur. A twofold increase in 1,25-dihydroxyvitamin D (calcitriol) occurs
starting in early pregnancy; this increase appears to be independent of PTH and
driven instead by PTH-related protein (PTHrP), estradiol, prolactin, and placental
lactogen-mediated 1α-hydroxylase activity in the maternal kidneys (Fleischman
et al. 1980; Turner et al. 1988). While increased glomerular filtration leads to
increased urinary calcium excretion, a doubling of intestinal calcium absorption by
12 weeks of gestation compensates for renal losses (Kovacs 2001).

Limited data exist on the effect of pregnancy-related hormones on bone metab-
olism and calcium homeostasis. Nuclear progesterone receptors (PRs) are present in
both osteoclasts and osteoblasts, with increased osteogenesis and total bone mass
seen in PR knockout mice (Yao et al. 2010). Prolactin may have a similar inhibitory
effect on bone mineralization by decreasing osteoblast differentiation
(Seriwatanachai et al. 2009). Conversely, osteoclasts are inhibited by both estradiol
and oxytocin (Colucci et al. 2002; Oursler 2003; Tamma et al. 2009). Urinary
markers of bone turnover are increased as early as 10 weeks of gestation, although
maternal-fetal transfer of calcium in the first trimester is minimal; of note, these
markers of bone turnover are not significantly elevated even in the third trimester
when fetal calcium requirements are at a peak. Sequential imaging studies of
maternal bone density have been mixed in regard to whether or not significant
bone loss actually occurs during pregnancy (Kovacs 2001; Pearson et al. 2004;
Salari and Abdollahi 2014). Hence, while maternal bone metabolism may provide
some contribution to fetal calcium demands, upregulation of intestinal calcium
absorption appears to be much more significant.

Cortisol Secretion

Significant activation of the hypothalamic-pituitary-adrenal (HPA) axis occurs dur-
ing pregnancy, accompanied by profound suppression of the stress response. In
response to normal stressors, corticotrophin-releasing hormone (CRH) is released
from the paraventricular nucleus of the hypothalamus. CRH in turn stimulates
release of adrenocorticotrophin hormone (ACTH) from the anterior pituitary, and
ACTH stimulates secretion of cortisol from the adrenal cortex. The physiologic
hypercortisolemia of pregnancy is driven in part by high levels of estrogen (Coe et al.
1986), which lead to an increase in corticosteroid-binding globulin (CBG) and an
increase in free cortisol levels. Maternal cortisol also stimulates placental synthesis
of CRH, which drives additional adrenal secretion of cortisol in a positive feedback

The Endocrine Control of Human Pregnancy 15



cycle (Mastorakos and Ilias 2003). Circulating cortisol levels are increased by
approximately 200% by the third trimester. At the same time, however, hypotha-
lamic production of CRH is significantly depressed secondary to feedback inhibition
by high serum cortisol levels. Allopregnanolone, a neuroactive progesterone metab-
olite, may also indirectly inhibit norepinephrine release in the paraventricular
nucleus to further suppress maternal CRH production (Brunton et al. 2009). The
ability of the maternal HPA axis to respond to physiologic stress in pregnancy is thus
significantly decreased.

Although maternal cortisol increases by two- to fourfold over the course of
pregnancy (Mastorakos and Ilias 2003; Sandman et al. 2006), only a small fraction
crosses the placenta to reach the fetus. Approximately 80–90% of maternal cortisol
is inactivated by placental 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2),
which serves as a partial barrier against excessive fetal cortisol exposure. Levels of
placental 11β-HSD2 decrease rapidly toward the end of the third trimester, when
increased cortisol is required for fetal lung maturation and surfactant production
(Edwards et al. 1996; Sun et al. 1997; Ma et al. 2003; Togher et al. 2014). Although
the fetal adrenal gland is also a functional source of cortisol, the extent to which fetal
cortisol regulates in utero development is uncertain; of note, fetuses with markedly
decreased endogenous cortisol production due to congenital adrenal hyperplasia are
generally born at term without apparent signs of lung immaturity (Byers et al. 2012).

Growing evidence suggests an important role for dysregulation of the maternal
HPA axis in fetal “programming” of disease. Maternal HPA activity and 11β-HSD2
expression are affected by both acute and chronic stress, malnutrition, injury, and
illness and may result in increased placental transfer of cortisol. Higher glucocorti-
coid exposure in utero is associated with preterm birth and lower birth weight and
may also be correlated with lower cognitive skills in offspring, changes in brain
volume, and higher incidence of neuropsychiatric disorders (Lesage et al. 2001;
LeWinn et al. 2009).

The Endocrine Control of Parturition

The Process of Parturition

For most of pregnancy, the uterus serves to house, contain, and protect the devel-
oping conceptus (fetus, placenta, membranes, and amniotic fluid). The uterine cervix
remains closed and rigid, and the myometrium (major component of the uterine wall)
is in a state of relaxed quiescence and grows and distends to accommodate the
growing conceptus. At some time, however, pregnancy must end and the fetus must
be born. This process, referred to as parturition, involves dramatic biophysical
changes in the uterus and gestational tissues such that the fetus and associated tissues
are actively ejected. Three distinct processes occur:

(1) The extracellular matrix of the uterine cervix remodels so that the cervix no
longer restricts the uterine outlet but instead softens and stretches in response to
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increased intrauterine pressure and eventually dilates enough to allow passage of
the fetus and placenta (i.e., the gateway opens).

(2) The uterine myometrium transitions from a relaxed and quiescent state to the
highly excitable and contractile state to produce the rhythmic contraction of
labor (i.e., the engine for birth is activated) forcing the contents of the uterus
against the cervix to further promote dilation.

(3) The amnion membrane, especially the zone overlying the cervix, weakens such
that it ruptures in response to increased intra-amniotic pressure.

These processes are controlled by a balance between hormones that modulate uterine
function and growth, known as uterotropins (e.g., estrogens, progesterone), and
hormones that directly affect myometrial contractility, known as uterotonins (e.g.,
oxytocin, PGF2α, PGI2). For most of pregnancy, progesterone and relaxatory
uterotonins promote myometrial quiescence, uterine growth, and distensibility, and
cervical closure prevail. At parturition, the balance shifts to favor estrogens and
prolabor uterotropins that promote myometrial contractions and cervical softening.
Some of the key hormones controlling the functional state of the gravid uterus
especially in the context of parturition are discussed below.

Progesterone

Arpad Csapo, in the 1950s, proposed the “progesterone block” hypothesis, which
posits that progesterone maintains pregnancy by promoting myometrial relaxation,
cervical closure, and decidual quiescence and that progesterone withdrawal initiates
parturition. Indeed, in most animals, parturition is preceded and triggered by a
systemic decrease in maternal circulating progesterone levels (Young et al. 2010).
In women, however, maternal progesterone levels do not decrease prior to the onset
of labor at term or preterm, but instead the placenta continues to produce large
amount of progesterone throughout pregnancy and until it is delivered at parturition
(Tulchinsky et al. 1972; Okada et al. 1974). In this regard, human parturition is
distinct from other species in that it is not triggered by a systemic progesterone
withdrawal. Instead, human parturition is thought to be triggered by a functional
progesterone withdrawal, whereby progesterone target cells (myometrial, cervical,
and decidual cells) desensitize to the pro-pregnancy action of progesterone. In all
species studied to date, including human, interventions that block PR signaling
increase myometrial contractility and promote cervical softening and dilation to
induce parturition at all stages of pregnancy (Chwalisz and Garfield 1994). Thus,
it is clear that the progesterone block to parturition operates, at least in part, through
progesterone-/PR-mediated mechanisms and that parturition in women can be
induced by a functional withdrawal (or modulation) of PR-mediated progesterone
actions in myometrial, cervical, and decidual cells. Several mechanisms for
PR-mediated functional progesterone withdrawal have been proposed including
PR isoform switching (Mesiano et al. 2002; Merlino et al. 2007; Tan et al. 2012),
decrease in PR transcriptional coactivators (Condon et al. 2003), and inhibition of
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PR signaling by other transcription factors (Kalkhoven et al. 1996; Lindstrom and
Bennett 2005). Progesterone withdrawal also may be mediated by the conversion of
progesterone to a less active form with diminished progestin activity in target cells
(Mahendroo et al. 1999; Andersson et al. 2008; Williams et al. 2012).

Progesterone Therapy to Prevent Preterm Birth

The discovery that progesterone maintains pregnancy naturally led to the idea that
preterm birth could be prevented by treating women with progesterone (Csapo
1956). Early studies showed that high doses of progesterone administered to
women in active labor decreased contraction frequency and responsiveness to
oxytocin (Hendricks et al. 1961; Pinto et al. 1965). Although those data supported
the core idea that progesterone therapy suppresses labor, subsequent clinical trials of
chronic progestin therapy to prevent preterm birth produced mixed outcomes (John-
son et al. 1975; Hartikainen-Sorri et al. 1980; Hauth et al. 1983; Yemini et al. 1985)
and were underpowered to produce statistically meaningful data. The issue was
readdressed in the early 2000s using larger randomized trials. Those trials showed
prophylactic treatment with progesterone administered vaginally (DeFranco et al.
2007), or 17α-hydroxyprogesterone caproate (17HPC) given as a long-acting intra-
muscular injection (Meis et al. 2003) decreased the incidence of preterm birth and
improved neonatal outcome. However, the effect was detected only in women with
an increased risk for preterm birth (based on a prior preterm birth); no benefit was
found in the general population. Subsequent studies showed that the preterm birth
rate was not affected by progesterone administered vaginally (O’Brien et al. 2007)
and that 17HPC failed to alter the preterm birth rate in twin pregnancies (Rouse et al.
2007). A recent large clinical trial also failed to show any beneficial effects of
vaginal progesterone prophylaxis for the prevention of preterm birth (Norman
et al. 2016). The only positive data to emerge from recent clinical trials is that
vaginal progesterone therapy decreased the incidence of preterm birth in women
with a short cervix, which is also an indication of heightened preterm birth risk
(DeFranco et al. 2007; Fonseca et al. 2007; Hassan et al. 2011; Romero et al. 2012;
Conde-Agudelo et al. 2013; Conde-Agudelo and Romero 2016). Thus, prophylactic
progesterone supplementation therapy to prevent preterm, although widely used,
may be effective only in small subset of women at increased risk for preterm birth.
The mechanism for this effect remains a conundrum since the PRs in uterine target
cells are saturated by high levels of placental progesterone throughout pregnancy
(Tulchinsky and Okada 1975). Other mechanisms of progesterone action, possibly
via PRs distinct from the classical nuclear PRs, may operate. Further research is
needed to resolve this issue. Nonetheless, progesterone/PR signaling remains a
logical therapeutic target to clinical control parturition and prevent preterm birth.
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Estrogens

Estrogens are potent uterotropic agents that promote growth and blood flow in the
myometrium, decidua, and cervix (Pepe and Albrecht 1995; Mesiano and Jaffe
1997; Albrecht et al. 2000). These effects are clearly necessary for the maintenance
of pregnancy, and it is noteworthy that no naturally occurring conditions are known
in which human pregnancy exists in the complete absence of estrogens. The placenta
is the main source of estrogens for most of pregnancy, but pregnancy is not
compromised if placental estrogen synthesis fails (Shozu et al. 1991; Harada et al.
1992; Harada 1993). This may be because low, but physiologically relevant, levels
of estrogens are produced by the maternal tissues (e.g., adipocytes). Thus, it is
generally considered that for most of pregnancy, estrogens, like progesterone,
exert pro-pregnancy actions.

At parturition, estrogens appear to oppose the actions of progesterone to promote
the expression of genes in myometrial, decidual, and cervical cells whose products
increase contractility and promote cervical ripening and membrane rupture. This
implies that estrogenic action on the uterus increases as part of the parturition
process. This is clearly apparent in most species where estrogen levels are low
during most of pregnancy and increase in conjunction with systemic progesterone
withdrawal prior to parturition (Pasqualini and Kincl 1985). In women, however,
estrogen levels are high during the second and third trimesters and increase expo-
nentially during the final weeks of gestation (Tulchinsky et al. 1972), yet the uterine
tissue appears to be refractory to its prolabor effects. To explain this inconsistency, it
is proposed that prolabor actions of estrogens on the uterine tissues are controlled by
modulation of target cell responsiveness in much the same manner as progesterone
actions are regulated to facilitate functional progesterone withdrawal (Mesiano et al.
2002). In this case, however, the modulation causes functional activation of prolabor
actions. According to this scenario, the absolute levels of estrogens in the maternal
system are less important than target cell responsiveness provided that sufficient
hormone is present when responsiveness to the prolabor estrogenic actions is
activated. This may explain why pregnancy and parturition are normal in cases
where estrogen levels are low due to decreased placental estrogen production but
sufficient to affect responsive cells (Shozu et al. 1991; Harada et al. 1992; Harada
1993).

Cortisol

In contrast to its critical role in inducing parturition in sheep (Liggins 1974), cortisol
does not appear to be involved in the human parturition process. It is, however,
crucial for the maturation of fetal organ systems prior to birth, and as such admin-
istration of synthetic glucocorticoid is used to promote fetal lung development in
cases of threatened preterm birth. Although clinical administration of synthetic
glucocorticoids does not advance the parturition process, it does not rule out the
possibility that cortisol from maternal or fetal origin is involved in triggering
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parturition onset. However, human parturition occurs normally at term in pregnan-
cies where the fetus cannot produce cortisol suggesting that unlike the sheep, human
parturition is not dependent on cortisol from the fetal compartment (Price et al. 1971;
Honnebier and Swaab 1973).

Oxytocin

Oxytocin (OT), a small nine amino acid peptide, is a potent uterotonin that increases
the frequency and force of myometrial contractions. OT is synthesized by
magnocellular neurosecretory cells in the supraoptic and paraventricular nuclei of
the hypothalamus whose axons terminate in the posterior pituitary. It is also pro-
duced by the decidua, amnion, and chorion, although at low levels compared with
the amount released by the posterior pituitary during active labor and in response to
cervical distention. The production of OT by the maternal hypothalamic-pituitary
axis likely represents a mechanism for maternal control of parturition in response to
factors such as circadian cycles and environmental stressors. OT is also secreted as
part of the milk letdown reflex during lactation and therefore is critical for nurturing
of the neonate.

OT secretion from the maternal posterior pituitary is triggered by cervical and
vaginal distention during labor. This is part of a positive feedback loop whereby
distention of the cervix due to the contractions of labor induces the release of OT that
stimulates myometrial contraction to further distend the cervix. This direct
uterotonic effect of OT occurs predominantly during the expulsive phase of labor,
and the positive feedback interaction plays key role in successful parturition.

OT is administered to augment labor. However, because of its potent uterotonic
effects, risk for uterine abruption and hemorrhagic detachment of the placenta from
the uterine wall increases if excessive amounts of OT are administered (Golan et al.
1980). OT is far less effective as an uterotonin when administered before the onset of
active labor. This is because the uterus is relatively insensitive to OT at this time due
to low levels of OT receptor (OXTR) expression. In the myometrium expression of
OXTR is increased at term and in response to estrogens and progesterone withdrawal
(Fuchs et al. 1982; Soloff et al. 1983). Distention also increases OXTR expression in
myometrial cells (Terzidou et al. 2005). Thus, the parturition process includes
increased OXTR expression in the myometrium in response to progesterone with-
drawal, increased estrogenic stimulation, and stretch to augment uterine responsive-
ness to OT. In experimental animals inhibition of OXTR signaling represses labor
and delays parturition, and clinical trials of OXTR antagonist demonstrate limited
effectiveness in repressing preterm labor without any benefit to neonatal health
(Romero et al. 2000).

Despite the unequivocal effects of OT as a stimulatory uterotonin during labor,
studies of women with posterior pituitary dysfunction and in animal models lacking
OT show that it is not essential for successful parturition but absolutely required for
lactation (Schellenberg 1995; Renfree et al. 1996). The current consensus, therefore,
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is that OT is essential for lactation, but redundant mechanism operates to allow
successful parturition in its absence.

Tissue-Level Inflammation

Human parturition is associated with significant sterile tissue-level inflammation in
each of the uterine compartments (Kelly 1996; Romero et al. 2007). Increased
edema, neutrophil infiltration, activation of resident macrophages, and expression
of pro-inflammatory cytokines, chemokines, and PGs occur in the myometrium,
cervix, and decidua during the prepartum period (Young et al. 2002; Osman et al.
2003, 2006). Tissue-level inflammation is considered causal to labor onset. Preterm
birth is commonly associated with intrauterine infection (Gomez et al. 1995),
clinically silent upper genital tract infection, and bacterial vaginosis (Romero et al.
2007), and normal term birth is preceded by increased inflammation, especially in
the myometrium, decidua, and cervix (Thomson et al. 1999; Osman et al. 2003).
Multiple studies in animal models show that administration of pro-inflammatory

Fig. 3 Proposed model for the interaction of inflammation with progesterone signaling in the
control of human parturition. Prolabor signals comprise multiple pro-inflammatory stimuli on the
myometrium, decidua, and cervix, the net effect of which is to exert an inflammatory load on the
pregnancy uterus. For most of pregnancy, progesterone prevents the inflammatory load from
reaching a level that induces the tissue-level inflammation leading to the onset of labor. However,
an inflammatory load threshold exists above which the transcriptional activity of PR-A is modulated
such that it causes a tissue-level functional progesterone withdrawal. This leads to amplification of
local inflammation leading to increase local PG levels that transform the uterine tissue to the
laboring state
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cytokines or factors that induce a pro-inflammatory response initiates preterm labor
(Romero et al. 1991; Hirsch et al. 1995; Sadowsky et al. 2006). The process appears
to involve a tissue-level positive feedback inflammatory loop that amplifies the
inflammatory state. The pro-inflammatory nuclear factor-κB (NF-κB) transcription
factor complex appears to be a key mediator of this loop. Studies in myometrial cells
suggest that progesterone prevents the pro-inflammatory feedback loop by inhibiting
NF-κB activity (Tan et al. 2012). This implies that progesterone promotes uterine
relaxation in part by preventing inflammation. The concept that progesterone pro-
motes pregnancy by suppressing pro-inflammatory responses in the gestational
tissues was proposed by Siiteri and colleagues in the 1970s (Siiteri et al. 1977).
Recent studies have shown that progesterone via the PRs inhibits responsiveness of
myometrial cells to pro-inflammatory stimuli and that this anti-inflammatory effect is
abolished by a switch in the PR isoform ratio (Hardy et al. 2006; Tan et al. 2012).
However, studies also have shown that pro-inflammatory stimuli such as PGF2α and
interleukin 1ß (IL-1ß) affect the expression and activity of the PR-A isoform such
that its capacity to repress the transcriptional activity of PR-B is increased to cause
functional progesterone withdrawal (Madsen et al. 2004). Thus, it is possible that for
most of pregnancy, progesterone acting via the type-B PR isoform (PR-B) promotes
uterine quiescence in part by repressing responsiveness to prolabor/pro-
inflammatory stimuli (e.g., uterine distention). However, as pregnancy advances,
the net inflammatory load from multiple prolabor/pro-inflammatory stimuli (e.g.,
uterine distention, fetal stress, placental senescence) gradually increases until it
reaches a threshold, whereby local inflammatory cytokines activate the trans-
repressive activity of PR-A to inhibit PR-B activity. This may produce a local
pro-inflammatory positive feedback state leading to tissue-level inflammation and
the production of multiple inflammatory cytokines, including uterotonic PGs (espe-
cially PGE2 and PGF2α) and IL-1ß that promote cervical softening, myometrial
contractions, and membrane weakening (Fig. 3).

Prostaglandins

PGs are potent uterotonins (stimulatory and relaxatory) and act locally within
uterine/gestational tissues to play critical roles in the control of parturition. The
principal PGs involved in parturition are PGE2 and PGF2α. Levels of PGE2 and
PGF2α in the amniotic fluid increase prior to the onset of labor, and treatment with
agents that inhibit PG function (PG synthesis inhibitors or PG receptor antagonists)
suppresses labor and inhibits parturition (Gibb 1998). Thus, the production and
action of PGs in the gestational tissues is a pivotal step in the parturition cascade.
Administration of PGF2α induces parturition at all stages of human pregnancy
(Thiery 1979). This suggests that PGs (especially PGF2α) are capable of inducing
the full parturition cascade. In the context of tissue-level inflammation, this becomes
an important issue because it raises the possibility that locally produced PGF2α can
reach a critical level where it induces a positive feedback cycle that amplifies
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inflammation within the uterine tissues to overcome the progesterone block and
transform the uterus to the laboring state.

Placental Corticotrophin-Releasing Hormone

In general, most hormones produced by the placenta affect maternal physiology in
favor of maintaining pregnancy and providing resources to the developing fetus. One
placental hormone, corticotrophin-releasing hormone (CRH), however, may play a
key role in the control of parturition and mediating fetal stress signals to the
parturition trigger mechanism.

Placental CRH, which is identical to hypothalamic CRH, is produced by the
syncytiotrophoblast, fetal membranes, and decidua (Frim et al. 1988). Placental
CRH is secreted into the maternal compartment and can be detected in the maternal
circulation from as early as the 10–15th week of gestation. Its levels then increase
markedly until term (McLean et al. 1995). The rate of maternal CRH increase with
advancing gestation is predictive of gestation length, with a rapid rise indicative of
eventual preterm birth, and a slow rise indicative of post-term birth (McLean et al.
1995). Although the exact function of placental CRH in the control of human
pregnancy and parturition is not known, its role as a potential biomarker for preterm
birth risk is well established.

Given the role of hypothalamic CRH as a key mediator of the stress response, it is
possible that placental CRH mediates a fetal/placental stress response to trigger the
parturition process. This may occur when its levels in the maternal compartment
reach preset threshold. Thus, the faster the rise in CRH, the earlier in gestation the
parturition trigger threshold is reached, and vice versa. CRH receptors have been
identified on myometrial cells, decidual cells, and amnion cells, and in vitro studies
show that it affects myometrial contractility and PG production by decidua and
amnion (Quartero and Fry 1989). The exact mechanism by which it contributes to
the parturition process however remains unclear.

Interestingly, unlike hypothalamic CRH production which is inhibited by gluco-
corticoid, a distinguishing feature of placental CRH is that its production by the
syncytiotrophoblast is increased by glucocorticoid (Robinson et al. 1988; Korebrits
et al. 1998). This may be part of a positive feedback endocrine loop whereby
placental CRH stimulates the maternal and/or fetal pituitary-adrenal axis to secrete
cortisol which in turn stimulates more CRH secretion from the placenta. In the fetus,
this would cause an increase in cortisol and DHEAS production by the fetal adrenal
cortex which are both induced by adrenocorticotropin (ACTH). CRH also increases
the basal- and ACTH-induced production of DHEAS by human fetal adrenal cortical
cells directly suggesting that it affects the function of the feto-placental steroidogenic
unit (Smith et al. 1998; Chakravorty et al. 1999; Ibanez et al. 1999).
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Abstract
The endocrine system coordinates and regulates various physiological functions
and has a profound influence on the aging process. Studies from multiple model
organisms indicate that hormones that regulate growth and metabolism can also
play central roles in aging and the incidence of age-related diseases. The growth
hormone (GH) and insulin-like growth factor 1 (IGF-1) signaling pathways
represent perhaps the most potent and best characterized pro-aging axis. In
mammals, GH and IGF-1 activity also contributes to age-related diseases, includ-
ing cancer and diabetes. Growth factors can affect disease progress, in part, by
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regulating cellular resistance to stress and by the inhibiting stem cell-dependent
regeneration. Here, we discuss the GH-IGF-1 axis, its connections with the
recently identified mitochondrial-derived endocrine factor, and their effect on
aging and age-related diseases.

Keywords
Growth hormone • Insulin-like growth factor 1 (IGF-1) • Caloric restriction •
Mitochondrial-derived peptides • Humanin • MOTS-c

Introduction

Aging is accompanied by a progressive dysfunction of the endocrine system that
ultimately affects hormone levels. Based on studies from model organisms, hor-
mones, particularly those involved in growth, can regulate the rate of aging and
incidence of age-related diseases. The growth hormone (GH) and insulin-like growth
factor 1 (IGF-1) (GH/IGF-1) axis includes a set of genes, which have well charac-
terized pro-aging functions in various model organisms. In mice and possibly
humans, high GH/IGF-1 axis activity also contributes to diseases, including cancer
and diabetes. One possible connection between growth factors and diseases is their
effect on both the sensitization to stress of a variety of cell types and their role in the
inhibition of stem cell-dependent regeneration. Here, we discuss the GH/IGF-1 axis,
its effect on aging and age-related diseases, and its connections with the recently
identified mitochondrial-derived endocrine factors in the regulation of aging.

The Somatotropic Axis

The GH/IGF-1 Axis Overview

Growth hormone (GH), also called somatotropin, is synthesized and secreted by
somatotropic cells in the anterior pituitary gland in a pulsatile manner. Release of GH
in humans, which is strongly associated with sleep, exercise, and metabolism, begins
to decline after age 20 (Bartke et al. 2013). Its secretion is largely regulated by the
hypothalamic growth hormone-releasing hormone (GHRH) and somatostatin (SST).
A key role of GH is to induce IGF-1 expression in the liver via specific receptors,
which are also expressed in other cell types including adipocytes and muscle
(156, 208). Hepatic production accounts for >80% of circulating IGF-1, which is
known to be a major mediator of many GH actions. The sharp age-related fall in GH
secretion and serum concentration is accompanied by the decline in circulating
IGF-1 levels (Bartke et al. 2013; Ho et al. 1987; Iranmanesh et al. 1991; Zadik
et al. 1985; Juul et al. 1994), which is affected by protein intake (Levine et al. 2014)
(Fig. 1).
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GH exerts mitogenic and metabolic effects both directly and through the stimu-
lation of IGF-1 and the inhibition of insulin actions. The GH/IGF-1 axis is a major
regulator of fetal and postnatal growth (Baker et al. 1993; Cohen et al. 2010;
Randhawa and Cohen 2005). Also, when nutrients are abundant, the GH-induced
stimulation of IGF-1 and insulin is important for anabolic storage and growth of lean
body mass (LBM), adipose tissue, and glycogen reserves (Kaplan and Cohen 2007).
However, under nutrient-restricted conditions, such as fasting, GH acts as a lipolytic
factor that largely targets adipose tissue, leading to an increased release of free fatty
acids (FFAs) into the circulation (Vijayakumar et al. 2010; Gormsen et al. 2007;
Moller et al. 2003).

GH/IGF-1 Axis and Aging

The GH/IGF-1 axis is strongly implicated in the regulation of aging and age-related
diseases. Mice with congenital GH deficiency experience a dwarf phenotype and
significantly extended lifespan and healthspan. Ames, Snell, and little mice carry
mutations (prop-1, pit-1, Ghrhr, respectively) that cause GH deficiency, leading to
dwarfism and extended lifespan (>50%, >40%, and >20%, respectively) (Brown-
Borg et al. 1996; Flurkey et al. 2001). GH receptor/binding protein (GHR/BP)
knockout mice (GHRKO), which were initially developed to model the human
Laron syndrome, exhibit a 90% reduction in circulating IGF-1 levels and dwarfism

Fig. 1 Circulating IGF-1 levels of subjects with different protein consumptions among 50–65 and
>66 years of age. IGF-1 levels were measured in 2,253 participants of NHANES III, a nationally
representative, cross-sectional study. Subjects were categorized by percent of calorie intake from
protein into a (i) high-protein group (20% or more of calories from proteins), a (ii) moderate-protein
group (10–19% of calories from proteins), or a (iii) low-protein group (less than 10% of calories
from proteins). Data points represent the mean � SEM. �p < 0.01 (Figure adapted from Levine
et al. 2014)
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and an approximately 50% increase in lifespan (Zhou et al. 1997; Coschigano et al.
2000). On the contrary, GH-overexpressing transgenic mice can exhibit a 50%
decrease in mean lifespan (Bartke 2003) and experience kidney dysfunction,
increased age-dependent liver alterations, and neoplasms (Wolf et al. 1993). IGF-1
is potentially a major mediator of the effects of GH on aging, and inhibiting its
signaling can result in lifespan extension. Notably, a common characteristic of the
GH-deficient and GHRKO mice is the significant decrease of circulating IGF-1
levels. The heterozygous deletion of IGF-1 receptor (IGF-1R) extends lifespan in
female, but not male, mice (Holzenberger et al. 2003). In contrast, transgenic mice
expressing an antagonistic analog of GH, which has a very modest reduction in
serum IGF-1 and eventually reach normal body size, are not long-lived (Coschigano
et al. 2003). However, mice with liver-specific IGF-1 gene deletion (LID) or
inactivation at 1-month postnatal (LI-IGF-1 �/�), which lead to ~75% reduction
in circulating IGF-1 and a compensatory increase in GH levels, are slightly smaller
and only live longer (16%) if they are female (Sjogren et al. 1999; Yakar et al. 1999;
Svensson et al. 2011). Because both GH- and GHR-deficient mice live over 40%
longer and considering that they affect both IGF-1 and insulin, as well as many other
pathways, it is likely that IGF-1 signaling is only an effector of the pro-aging role of
GH. In humans, GHR deficiency also causes severe IGF-1 deficiency and has been
shown to protect against cancer (Guevara-Aguirre et al. 2011; Steuerman et al. 2011)
and diabetes (Guevara-Aguirre et al. 2011, 2015), but data on lifespan is yet to be
collected.

At the cellular level, IGF-1 acts through its specific receptor (IGF-1R) and, with
less affinity, to the structurally related insulin receptors (IRs) in various tissues
(Slaaby 2015). Insulin receptor substrates 1 and 2 (IRS-1 and IRS-2) transduce
signals from the IGF-1R and the IR that activate several signaling cascades. The
global deletion of Irs1 (Irs1�/�) caused a 17% increase in lifespan in female mice
(Selman et al. 2008a, 2011), and the global deletion of Irs2 (Irs2�/�) significantly
shortened lifespan, largely due to diabetes (Selman et al. 2008a). In contrast, mice
carrying a heterozygous mutant Irs2 (Irs2+/�) have been reported to experience an
increase in mean lifespan of 17% by one group (Taguchi et al. 2007), but not by
another group due to unresolved differences (Selman et al. 2008b). The insulin/IGF-
1 signaling (IIS) pathway also involves a highly conserved nutrient-sensing network,
which includes PI3K/AKT, the target of rapamycin (TOR) kinase and its down-
stream S6 kinase (S6K), all implicated as pro-aging factors (Fontana et al. 2010).
Recently, IGF-1 signaling has also been connected to another pro-aging enzyme
implicated in aging in both yeast and mice: the protein kinase A (PKA) (Fabrizio
et al. 2001; Cheng et al. 2014).

In yeast, which does not express an IGF-1-like gene, deleting the orthologs of
genes functioning in mammalian GH/IGF-1 signaling causes a major extension of
longevity (Fabrizio et al. 2001). Mutations in RAS (RAS2) and/or TOR-S6K (TOR-
SCH9) increase lifespan by more than 200% while elevating stress resistance against
oxidants, genotoxins, and heat shock (Longo and Finch 2003). Similarly, in
C. elegans, mutations in the human homologs of insulin/IGF-1 receptor (daf-2)
and PI3K (age-1) extend lifespan to 200% and show increased resistance to thermal
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and oxidative stress (Kleemann andMurphy 2009). InD. melanogaster, mutations in
the insulin receptor substrate (Chico) lead to a 150% lifespan extension (Giannakou
and Partridge 2007). In humans, a functional mutation in the IGF-1R, which confers
partial IGF-1 resistance, was more prevalent in centenarians, as compared to controls
without familial longevity (Suh et al. 2008). Further, in exceptionally long-lived
individuals (nonagenarians), low levels of circulating IGF-1 were correlated with
their prolonged survival in cancer-free females, but not males, and in both sexes with
a history of cancer (Milman et al. 2014). Another study showed that the offspring of
centenarians had relatively lower circulating IGF-1 bioactivity compared to
offspring-matched controls, which was inversely related to insulin sensitivity (Vitale
et al. 2012).

Dietary Restriction (DR) GH/IGF-1 Signaling and Aging

Caloric restriction (CR), which if it includes a restriction of protein intake reduces
also both insulin and IGF-1 levels, is the most effective and reproducible interven-
tion known to decelerate the rate of aging and increase healthspan in model organ-
isms ranging from yeast to worms, flies, rodents, and nonhuman primates (Fontana
et al. 2010). In 1934, Crowell and McCay reported that white rats fed with a calorie-
restricted diet with sufficient nutrients from the time of weaning resulted in lifespans
nearly doubling (McCay et al. 1989). A 30+ year longitudinal adult-onset CR study
in rhesus monkeys performed at the Wisconsin National Primate Research Center
(WNPRC) shows that CR (30%) delays disease onset and mortality, with a 50%
decrease in cancer incidence (Colman et al. 2009, 2014). However, a comparable 20
+ year study performed at the National Institute on Aging (NIA) does not show
extended lifespan in CR monkeys, although this dietary intervention reduces the
incidence of diabetes and cancer and thus improves healthspan (Mattison et al.
2012). The disparities between the WNPRC and NIA studies were largely attributed
to differences in diet composition and the genetic origin of the monkeys. However,
there are multiple trade-offs resulting from a severe and chronic CR, which include
impaired wound healing (Hunt et al. 2012) and immune responses (Kristan 2008).
Also, because proteins and amino acids are the major regulators of GH/IGF-1 axis
activity, it is not clear whether CR without protein restriction can actually be
effective in lifespan and healthspan. In both mice and humans, a high-protein intake
combined with CR reversed its beneficial effects (Brandhorst et al. 2013; Fontana
et al. 2008).

The long-lived GH/IGF-1 mutant mice and wild-type mice on CR share several
phenotypes, including reduced levels of circulating IGF-1 and enhanced insulin
sensitivity (Lee and Longo 2011; Masternak et al. 2009; Bonkowski et al. 2009;
Dominici et al. 2002). They are also both protected against several age-related
pathologies and conditions, such as cancer and insulin resistance (Omodei and
Fontana 2011; Ikeno et al. 2013). The anticancer effect of CR on spontaneous and
induced tumors can be mediated, at least in part, by the reduction in IGF-1 levels and
an increase in corticosteroid levels (Longo and Fontana 2010). GHRKO mice do not
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benefit from further lifespan extension and improved insulin sensitivity by CR,
suggesting overlapping mechanisms (Bonkowski et al. 2009; Arum et al. 2009),
whereas the GH-deficient Ames mice showed further increase in lifespan by CR
(Bartke et al. 2001). These studies suggest that the GH/IGF-1 axis and CR affect
aging in overlapping, but not identical, mechanisms, and additional components,
such as diet and metabolic signals, should be carefully considered.

Although CR can extend lifespan and/or healthspan, it is undoubtedly a very
challenging dietary regimen with potential malnutrition. Thus, a CR-mimicking diet
that delivers the beneficial effects without severe abstinence from food would be an
exciting field of investigation. A recent report showed that a fasting-mimicking diet
(FMD), designed based on its ability to reduce IGF-1, increases IGFBP-1, reduces
glucose, and increases ketone bodies comparably to water-only fasting, while
maximizing nourishment, and minimizing adverse effects, showed significant
increase in median lifespan (25.5 vs. 28.3 months) in mice (Brandhorst et al.
2015). A pilot randomized clinical trial in which subjects consumed an FMD for
five consecutive days every month for 3 months and returned to normal diet in
between FMDs showed a significant reduction of circulating IGF-1 (~24%) and had
beneficial effects on fasting glucose, the inflammatory marker CRP, and abdominal
fat (Brandhorst et al. 2015). Notably, the FMD reduced body weight without loss of
lean mass relative to total weight (Brandhorst et al. 2015).

Interventions Targeting the GH/IGF-1 Axis

Interventions to inhibit the GH/IGF-1 axis to increase lifespan and healthspan are
promising but should be approached with caution. As mentioned above, this axis is
integrated with other endocrine systems, such as insulin, and, thus, targeted inter-
ventions may lead to diabetic symptoms. For instance, somatostatin analogs, which
lower GH production and reduce circulating IGF-1 levels, also suppress insulin
secretion. A more promising approach may be to target the GHR using compounds
similar to pegvisomant, a dominant negative GH mimetic that is FDA approved for
the treatment of acromegaly. Pegvisomant reduces serum IGF-1 levels by up to 90%
(20 mg/day for 12 weeks) (Trainer et al. 2000) and also acts as an insulin sensitizer
that counters the diabetogenic action of GH and thus improves glucose metabolism
(Thankamony et al. 2014; Higham et al. 2009).

GH/IGF-1 Axis and Mitochondrial-Derived Endocrine Factors

Mitochondrial dysfunction is strongly implicated in aging, but the mechanistic
details are poorly understood. Mitochondria are increasingly being appreciated as
signaling organelles, especially in light of recent studies that clearly indicate the
importance of a balanced mitochondrial-to-nuclear communication in coordinating
homeostasis. Mitochondria have retained a semiautonomous genetic system, com-
plete with its own independent genome known to encode for 13 proteins that are all
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part of the electron transport chain. The recently discovered two peptides (MDPs), as
described below, expand the mitochondrial genetic repertoire and provide a novel
category of hormones that may influence aging and age-related diseases. Notably,
MDPs may represent a novel mitochondrial component of the GH/IGF-1 signaling
pathway that regulates longevity.

Humanin

Humanin was the first short open reading frame (sORFs) to be identified in the
mtDNA, suggesting the existence of a larger mitochondrial genetic repertoire (Lee
et al. 2013; Hashimoto et al. 2001a; Guo et al. 2003). Humanin is a conserved
polypeptide (Guo et al. 2003) encoded as a 75 bp polycistronic sORF within the 16S
rRNA, discovered in 2001 from an unbiased functional screen using a cDNA library
created from the surviving brain fraction of an Alzheimer’s disease (AD) patient
(Hashimoto et al. 2001a, b). Its expression is age dependent (Bachar et al. 2010;
Muzumdar et al. 2009) and found in various tissues and also in circulation in rodents
and humans (Hashimoto et al. 2001a). Humanin is secreted from cells and found in
circulation (Hashimoto et al. 2001a; Muzumdar et al. 2010) and is proposed to act
through two different types of receptors (Ying et al. 2004; Hashimoto et al. 2009).
Humanin binds to IGF-binding protein 3 (IGFBP-3), which regulates IGF-1 bioac-
tivity, with high affinity and specificity (Ikonen et al. 2003). Notably, circulating
humanin levels are (i) negatively correlated with circulating IGF-1 levels and
(ii) positively correlated with longevity (Lee et al. 2014). The long-lived Ames
mice and Laron syndrome patients, mentioned above, had elevated circulating
humanin levels, whereas short-lived GH-transgenic mice had reduced levels (Lee
et al. 2014). Furthermore, GH or IGF-1 treatment reduced circulating humanin levels
in both mice and human subjects (Lee et al. 2014). This suggests a potential
coordinated mitochondrial element to the GH/IGF-1 regulation of aging. At the
cellular level, humanin acts as an antiapoptotic factor that binds to and inhibits the
activity of the proapoptotic protein BAX (Guo et al. 2003). Its cytoprotective effects
were first tested and confirmed in vitro against mutant forms of amyloid precursor
protein (APP) and presenilins 1 and 2 (PS1/2), which cause familial AD, in neurons
(Hashimoto et al. 2001a). A wide range of in vitro and in vivo studies, which cause
variable levels of oxidative stress, now indicate that humanin protects against
various types of stress or disease states, including AD, cancer, and type 1 diabetes
(Lee et al. 2013; Yen et al. 2013).

MOTS-c

MOTS-c (mitochondrial ORF of the 12S rRNA-c) is a recently identified MDP. As
its name implies, it is encoded as a polycistronic 51 bp gene within the 12S rRNA of
the mtDNA, yielding a 16-amino acid peptide (Lee et al. 2015; Zarse and Ristow
2015). It is detected in various tissues and in circulation in an age-dependent manner
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(Lee et al. 2015). Its primary target organ appears to be the skeletal muscle, and its
cellular actions inhibit the folate cycle and its tethered de novo purine biosynthesis,
causing a significant accumulation of AICAR and consequent AMPK activation;
MOTS-c shares strikingly similar effects with the pro-longevity diabetes drug
metformin (Martin-Montalvo et al. 2013; Hall 2015), which has also shown to target
the folate/purine cycle (Cabreiro et al. 2013; Corominas-Faja et al. 2012). The
intracellular effect of MOTS-c on glucose metabolism is mediated by AMPK and
SIRT1 (Lee et al. 2015), two major proteins that work in concert with the GH/IGF-1
pathway to regulate aging (Lopez-Otin et al. 2013). This suggests that MOTS-c,
similar to Humanin, may be a mitochondrial signal that is integrated with the GH/
IGF-1 axis. In mice, MOTS-c regulates glucose homeostasis and significantly
improves insulin sensitivity in aged and high-fat diet-fed mice, largely by targeting
skeletal muscle (Lee et al. 2015). Notably, the mitochondrial m.1382A>C polymor-
phism, which is found specifically in the D4b2 haplogroup that is associated with
exceptional longevity in the Japanese population (Alexe et al. 2007), causes a
Lys14Gln variation that may have functional alterations (Fuku et al. 2015). Further
studies are required to test if MOTS-c, and its analogs, can positively extend
healthspan and/or lifespan in model organisms.

Conclusion

The GH/IGF-1 axis and its conserved downstream IIS pathways have been central to
aging research and have provided much mechanistic insight into the regulation of
lifespan and healthspan. Recent discoveries of additional age-dependent humoral
factors, such as mitokines and MDPs, further expand the mechanistic breadth of the
aging process. As mentioned above, the GH/IGF-1 axis seems to have overlapping,
but not identical, mechanisms with CR on longevity, suggesting additional
metabolism-related factors to be involved. Connecting these novel endocrine factors
with DR and the GH/IGF-1 axis may unveil a more integrated multicomponent
regulatory system of aging and also provide insight into the coordination of differ-
ential aging rates of various tissue types. Further, these endocrine factors can be used
as biomarkers for the development of interventions that extend healthy lifespan.
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Principles of Endocrine Diseases

Elizabeth Lowden and Peter Kopp

Abstract
Broadly defined, endocrine diseases can be defined as disorders of (1) hormone
deficiency, (2) hormone excess, (3) hormone resistance, (4) defects in transport
proteins, and (5) benign or malignant tumors of the hormone-producing glands.
These diseases can, in part, be caused by mutations in single genes (monogenic
disorders), others result from the interaction of genetic predisposition and life-
style factors (complex or multifactorial disorders), some are solely due to envi-
ronmental factors (nutritional iodine deficiency), and several disorders are the
result of a dysregulated immune system (autoimmune disorders). A detailed
understanding of the underlying pathophysiology is of significant importance
because it can provide means for an accurate diagnosis, therapy and intervention,
and the development of novel therapeutic modalities.
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Introduction

The endocrine system consists of several endocrine glands that secrete hormones
into the blood stream. Hormones are chemical mediators that have been traditionally
defined as exerting their action on one or several distant organs, but some can also
exert local effects (Kronenberg et al. 2016; Jameson 2011). Together with the
nervous and the immune system, the endocrine system plays a key role in the
communication between different tissues in a multicellular organism and thus in
the integration of fundamental physiologic processes such as development, growth,
differentiation, reproduction, metabolism, circadian and other biological rhythms,
and behavior.

Chemically, hormones are very diverse, and they can consist of amino acid
derivatives (glycoproteins, peptides, modified amino acids, and amines), steroids,
and eicosanoids. Some hormones require transport proteins to reach their site of
action. Hormones exert their effect by binding to membrane receptors or intracellular
cytosolic and nuclear receptors. Some but not all hormones exerting intracellular
actions require transporters or channels to cross the plasma membrane, and defects in
these transporters can result in diminished hormone action. Hormone effects can be
of stimulatory or blocking nature, and they can be mediated through non-genomic or
genomic actions. Some hormones have a multitude of target tissues, and their effect
may vary between tissues and also depend on the developmental window, sex, age,
or biorhythm. Other hormones have a single known target tissue. Some biological
processes are under the control of several hormones with complex interactions, while
others are regulated by a single hormone.

Categories of Disease

Very broadly defined, endocrine diseases can be defined as disorders of (1) hormone
deficiency, (2) hormone excess, (3) hormone resistance, (4) defects in transport
proteins, and (5) benign or malignant tumors of the hormone-producing glands.
There is, however, frequent overlap between these categories. Many endocrine
disorders are caused by mutations in single genes involved in the development or
function of endocrine glands or hormone synthesis (monogenic disorders), while
others result from the interaction of genetic predisposition and lifestyle factors
(complex or multifactorial disorders) (Jameson and Kopp 2015a). Iodine deficiency,
which can lead to endemic goiter and cretinism (abnormal development and mental
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impairment due to hypothyroidism), is an example of an isolated nutritional defi-
ciency resulting in abnormal growth and dysfunction of an endocrine gland, the
thyroid. Several chromosomal disorders can include endocrine abnormalities, among
other manifestations.

Dysregulation of the immune system plays an important etiological role in
common disorders such as autoimmune thyroid disease and diabetes mellitus type
1. A detailed understanding of the underlying pathophysiology resulting in endo-
crine disease is of significant importance because it can provide means for an
accurate diagnosis, therapy and intervention, and the development of novel thera-
peutic modalities.

Hormone Deficiency

Insufficient hormone synthesis and secretion is a common phenomenon underlying
endocrine disorders (Table 1). Deficiencies in hormone production by endocrine
glands such as the thyroid, adrenal glands, ovaries, and testes are designated as
primary deficiencies, whereas deficient pituitary or hypothalamic hormone secretion
are often described as secondary or tertiary or central defects.

The mechanisms leading to hormone deficiency can consist in developmental
defects of the endocrine organ; inborn defects in hormone synthesis; autoimmune
processes that result in the disruption or stimulation of the hormonogenic process

Table 1 Selected examples of hormone deficiency disorders

Hormone deficiency Phenotypic manifestation

Hypothalamus Vasopressin Diabetes insipidus

Growth hormone-releasing hormone
(GHRH)

Dwarfism

Gonadotropin-releasing hormone
(GnRH)

Hypogonadotropic hypogonadism

Pituitarya Growth hormone (GH) Dwarfism

Luteinizing hormone (LH)
Follicle-stimulating hormone (FSH)

Hypogonadotropic hypogonadism

Thyroid-stimulating hormone (TSH) Central hypothyroidism

Prolactin Absent milk production

Adrenocorticotropic hormone (ACTH) Secondary adrenal insufficiency

Thyroid Thyroxine (T4)
Triiodothyronine (T3)

Hypothyroidism

Adrenal
cortex

Cortisol Adrenal insufficiency

Pancreas Insulin Diabetes mellitus

Ovaries Estradiol
Progesterone

Hypogonadism, amenorrhea,
infertility

Testes Testosterone Hypogonadism, infertility
aCombined pituitary hormone deficiencies can include several or all anterior pituitary hormones
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and/or inflammatory destruction of the gland; destruction of the gland by infectious,
infiltrative, hemorrhagic, or malignant processes; or drugs that inhibit hormone
synthesis or lead to partial or permanent tissue damage. For example, hypothyroid-
ism, the insufficient production of thyroid hormones, is a common disorder caused
by a multitude of mechanisms (Table 2). Most commonly, it is caused by an
autoimmune thyroiditis (Hashimoto’s thyroiditis) that leads to the destruction of
the gland, most frequently after puberty (Tomer 2014). Hypothyroidism can, how-
ever, be congenital due to defects in the development of the thyroid gland or thyroid
hormone biosynthesis. Similarly, defects in the hypothalamic-pituitary axis can also
lead to isolated central hypothyroidism or hypothyroidism associated with other
hormone deficiencies (combined pituitary hormone deficiency, CPHD). Therapy of
hyperthyroidism with radioiodine or surgical removal of the thyroid can result in
iatrogenic hypothyroidism.

The consequences of hormone deficiencies are generally well characterized, and
the specific role of endocrine glands has historically been identified through the
removal or destruction of these organs in experimental animals or human patients.
For example, the preeminent role of thyroid in regulating growth and metabolism has

Table 2 Examples of various etiologies of hypothyroidism

Category Comments

Congenital
hypothyroidism

Developmental defects of the
thyroid

Athyreosis
Hemiagenesis
Ectopic thyroid

Defects in thyroid hormone
synthesis

Multiple defects in the biochemical
steps involved in thyroid hormone
synthesis

Isolated or combined pituitary
defects resulting in deficient TSH
secretion

Central hypothyroidism

Partial or complete resistance to the
stimulatory effects of TSH

Thyroid hypoplasia. Compensated or
overt hypothyroidism

Acquired
hypothyroidism

Autoimmune thyroid disease
(Hashimoto’s thyroiditis)

Blocking antibodies and/or
destruction of the gland through
inflammatory autoimmune process

Destruction of the thyroid gland by
radioiodine therapy or surgery

Consequence of therapy for
hyperthyroidism or thyroid cancer

Thyroiditis Infectious or infiltrative processes
Often preceded by hormone excess
during the destructive process

Drugs leading to inflammation and
typically transient destruction of the
gland
Characteristic examples of involved
drugs include amiodarone,
interferon, tyrosine kinase
inhibitors, immune checkpoint
inhibitors

Often preceded by hormone excess
during the destructive process
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been recognized after surgical removal of goiters in human patients. The resulting
phenotype, termed cachexia strumipriva (cachexia caused by removal of a struma,
i.e., an enlarged thyroid), led to recognition that cretinism (congenital thyroid
hormone deficiency resulting in severe mental retardation) and myxedema (the
historical designation for hypothyroidism) all result from absent or malfunctioning
thyroid tissue. These observations then led to the first successful therapeutic attempts
with extracts from animal thyroid tissue in the late nineteenth century, years before
thyroxine (tetraiodothyronine, T4), the most abundant thyroid hormone, could be
isolated and synthesized.

Similarly, diabetes mellitus type 1 is caused by the autoimmune destruction of the
insulin-secreting pancreatic beta cells. The recognition that the annihilation of the
pancreatic tail harboring the insulin-producing islets in animal models results in
diabetes mellitus was essential for the subsequent isolation of insulin in 1921. The
amino acid structure was then solved in the 1950s. The isolation of the coding
sequence of the human insulin (INS) gene was the foundation for the synthesis of
insulin by recombinant technologies, and, nowadays, biosynthetic recombinant
insulin or insulin analogues with altered kinetic profiles have largely replaced insulin
products obtained from animal sources.

Hormone deficiency can be partial or complete thereby resulting in a broad
phenotypic spectrum ranging from very mild to very severe manifestations. While
overt hormone deficiency is usually readily recognized, the detection of partial
hormone deficiencies can, in part, be challenging, and it may need so-called dynamic
testing.

Diagnosis of Hormone Deficiency
Hormone deficiencies are typically associated with characteristic signs and symp-
toms that permit to suspect the absence or decreased hormone levels. Mild deficien-
cies, particularly if developing insidiously over time, can be more difficult to
recognize. In many instances, the direct measurement of hormones allows
establishing the diagnosis (Sluss and Hayes 2016). Very often, this is combined
with the determination of the associated pituitary hormones. For example, for the
diagnosis of hypothyroidism, it is routine practice to measure thyroid stimulating
hormone (TSH) and free or total thyroxine (T4). Because of the decrease in the
negative feedback exerted by thyroid hormone on the pituitary thyrotrope cells, TSH
is elevated while T4 levels are low. Some hormone measurements are only mean-
ingful or more informative under conditions of dynamic testing (growth hormone
(GH), cortisol). For example, partial adrenal insufficiency may only be apparent
under conditions of stress, when the endogenous secretion of cortisol needs to
increase in order to cover physiological needs. Dynamic testing for cortisol defi-
ciency/adrenal insufficiency can be performed through injection of insulin and
subsequent hypoglycemia in the insulin-tolerance test; under these conditions,
cortisol levels should double and exceed a certain level.

In other instances, the diagnosis of hormone deficiency is established by mea-
suring a key metabolite. This is best illustrated by diabetes mellitus, which results in
elevated glucose levels. In the case of deficient vasopressin secretion, which leads to
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diabetes insipidus, the characterization of inappropriate volumes of dilute urine
together with high fluid intake usually permits establishing the diagnosis.

Ancillary tests, for example, imaging studies of the hormone-secreting organ, can
complement the biochemical characterization of hormone deficiencies in some
instances (for details see Chaps. 6–13).

Therapy of Hormone Deficiency
The therapy of hormone deficiencies is in general reasonably straightforward
because many hormones or hormone derivatives are available for substitution
therapy. For hormones with no or little circadian variation, replacement therapies
can achieve serum levels that are similar to the physiological condition. For hor-
mones that have variable circadian levels or that quickly respond to external stimuli,
for example, cortisol, it is more difficult to approximate the physiological rhythmic-
ity. In diabetes mellitus type 1, insulin substitution requires administration of
so-called basal insulin, the insulin required during the fasting state, and prandial
insulin, which is required to store glucose and lipids in the liver, muscle, and fat
tissue.

Hormone Excess

Excessive hormone production can occur in essentially all hormone-producing
glands (Table 3). The underlying etiologies are very diverse. They can include
hypersecretion of hormones by benign or malignant tumors, activation of cellular
growth, and hormone production by stimulating antibodies as exemplified by
hyperthyroidism due to Graves’ disease, constitutive activation of hormone-bind-
ing receptors or downstream signaling molecules by gain-of-function mutations,
inappropriate release of hormone through the destruction by inflammatory pro-
cesses, and ectopic hormone secretion in the context of paraneoplastic syndromes
(see below).

Diagnosis of Hormone Excess
As with overt hormone deficiency, significant hormone excess is often readily
recognized because it results in characteristic signs, symptoms, and abnormal phys-
ical findings. It can be more challenging to recognize mild forms or fluctuating
hormone excess. The direct measurement of the suspected hormones is at the core of
establishing the diagnosis (Sluss and Hayes 2016). For certain diagnoses (e.g., GH
and cortisol excess), dynamic testing is often also required. For example, GH is
physiologically released in pulses and single measurements are not clinically useful.
Therefore, GH measurements to diagnose excessive hormone secretion are only
informative under conditions of suppression. This can be performed by the admin-
istration of glucose, which should result in suppression of GH secretion. The
measurement of metabolites is also used for the diagnosis of hormone excess. GH
stimulates the secretion of insulin-like growth factor type 1 (IGF-1), which promotes
the effects of GH on peripheral tissues. In contrast to GH, IGF-1 levels are stable
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rather than pulsatile, and its measurement is useful for the diagnosis of GH excess or
deficiency.

Therapy of Hormone Excess
The therapy of disorders caused by hormone excess is significantly more challenging
and diverse than the therapy of hormone deficiency. Therapeutic modalities include
surgical removal of the hormone-secreting gland, benign or malignant tumors within
the affected gland, or treatment with drugs that block thyroid hormone synthesis or
action. For a detailed discussion of therapeutic options, the reader should refer to the
individual chapters covering these disorders.

Hormone Resistance

Although hormone resistance syndromes are rare, they have played an enormous
role in the elucidation of the mechanisms involved in hormone action (Spiegel

Table 3 Selected examples of disorders caused by hormone excess

Hormone Phenotypic manifestation

Hypothalamus Antidiuretic hormone/vasopressin Syndrome of inappropriate
antidiuretic hormone secretion
(SIADH)

GHRH Acromegaly

Pituitary Growth hormone (GH) Acromegaly

Luteinizing hormone (LH) Interference with ovulation
and conception

Thyroid-stimulating hormone (TSH) Central hyperthyroidism

Prolactin Galactorrhea, hypogonadism

Adrenocorticotropic hormone (ACTH) Cushing’s disease

Thyroid Thyroxine (T4)
Triiodothyronine (T3)

Hyperthyroidism

Adrenal cortex Cortisol Cushing’s syndrome

Aldosterone Hyperaldosteronism,
hypertension

Adrenal medulla Epinephrine
Norepinephrine

Pheochromocytoma/
paraganglioma

Pancreas Insulin Insulinoma

Glucagon Diabetes mellitus

Ovaries Estradiol
Progesterone

Precocious puberty

Androgens Hirsutism, virilization

Testes Testosterone Precocious puberty

Paraneoplastic
syndromes (see
Table 9)

Ectopic secretion of hormones such as
adrenocorticotropic hormone (ACTH),
antidiuretic hormone (ADH)

ACTH: hypokalemia,
metabolic alkalosis, Cushing’s
syndrome
ADH: SIADH
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1999). The concept of hormone resistance was first described in 1942 by Fuller
Albright (a preeminent endocrinologist who has characterized a large number of
disease entities), who recognized end-organ insensitivity to the action of parathyroid
hormone (PTH). In resistance to PTH, the serum PTH level is elevated, but it fails to
exert its action at the level of the target cell, hence resulting in a phenotype
mimicking hormone deficiency (Mantovani et al. 2016). Since the description of
resistance to PTH, resistance to hormone action has been recognized for the majority
of hormones (Table 4). The phenotypic spectrum is large and spans from complete
resistance to mild resistance. For example, in the complete androgen insensitivity
syndrome (CAIS, which has also been referred to as testicular feminization), XY
male fetuses do not respond at all to the action of (dihydro)testosterone due to
mutations in the nuclear androgen receptor (AR) (Mongan et al. 2015). This prevents
the masculinization of the male genitalia in the developing fetus and the develop-
ment of secondary sexual characteristics, and therefore the affected individuals have
a female external appearance. However, the vagina consists only of a short blind
pouch and the uterus and ovaries are absent. The testes are located intraabdominally
or in the inguinal canal. In contrast, in the partial androgen insensitivity syndrome
(PAIS, also referred to as Reifenstein syndrome), the virilization of the external
genitalia is partial, resulting in a micropenis, often with hypospadias (a malformation
of the penis with an incorrectly localized and malformed opening of the urethra). As
another example, nephrogenic diabetes insipidus can be caused by an absent or
impaired response of the kidney to the action of vasopressin (AVP). Nephrogenic
diabetes insipidus can be hereditary due to mutations in the X-linked AVPR2
receptor or the aquaporin 2 water channels, or it can be acquired due to insults to
the principal cells in the collecting ducts of the kidney.

Mechanistically, resistance syndromes are typically caused by mutations in
membrane receptors, signaling molecules, or nuclear receptors. Loss-of-function
mutations of both alleles are the norm for membrane receptors, and this can be
associated with autosomal or X-linked recessive inheritance (Table 4). Mutations in
nuclear receptors can result in dominant negative properties whereby the mutated
allele impedes the action of the corresponding wild type allele. In this instance, the
defect can be inherited in an autosomal dominant fashion. This is, for example,
illustrated by mutations in the thyroid hormone receptors alpha (THRA) and beta
(THRB). In other instances, the mechanisms of resistance are incompletely under-
stood. This applies, for example, to diabetes mellitus type II which is characterized,
at least in part, by an acquired insulin resistance that has a multifactorial origin
involving genetic factors as well as lifestyle factors (Table 4).

Diagnosis and Therapy of Hormone Resistance
The diagnosis and therapy of resistance syndrome can be complex. The key to
establishing the diagnosis is the recognition of a phenotype consistent with hormone
deficiency at the levels of target organs in combination with elevated hormone
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Table 4 Selected examples of resistance to hormone action

Site of resistance Mechanism Phenotypic manifestation

(A) Mutations in
membrane
receptors

TRH receptor Resistance to TRH
Inactivating mutation in
GPCR

Central hypothyroidism due to decreased
secretion of TSH

GHRH receptor Resistance to GHRH
Inactivating mutation in
GPCR

GH deficiency: short stature/dwarfism

GnRH receptor Resistance to GnRH
Inactivating mutation in
GPCR

Hypogonadotropic hypogonadism

AVPR2 receptor Resistance to vasopressin
Inactivating mutation in
GPCR

X-linked nephrogenic diabetes insipidus

TSH receptor Resistance to TSH
Inactivating mutation in
GPCR

Thyroid hypoplasia
Overt or compensated hypothyroidism

LH/CG receptor Resistance to LH
Inactivating mutation in
GPCR

Females: primary or secondary amenorrhea
and infertility
Male: pseudohermaphroditism

FSH receptor Resistance to FSH
Inactivating mutation in
GPCR

Females: delayed pubertal development,
primary or secondary amenorrhea,
premature ovarian failure
Males: defect in spermatogenesis

ACTH receptor Resistance to ACTH
Inactivating mutation in
GPCR

Adrenal insufficiency, high ACTH,
hyperpigmentation

GH receptor Resistance to GH
Inactivating mutation in
cytokine receptor

Short stature/dwarfism

Insulin receptor Resistance to insulin
Inactivating mutation in
tyrosine kinase receptor

Insulin-resistant diabetes mellitus,
acanthosis nigricans, leprechaunism,
Rabson-Mendenhall syndrome

Anti-Müllerian
hormone type II
receptor

Resistance to Anti-
Müllerian hormone
Mutations in TGFbeta
serine kinase receptor

Persistent Müllerian duct syndrome

(B) Mutations in
signaling
molecule

Gsα Resistance to PTH:
Pseudohypoparathyroidism
Resistance to TSH
Resistance to FSH

Albright’s hereditary osteodystrophy
Hypocalcemia
Hypothyroidism
Hypogonadism

(continued)
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levels. Depending on the particular resistance syndrome, this may need ancillary
biochemical studies, determination of the karyotype, imaging, and genetic testing.

In some instances, partial hormone resistance can be compensated by the admin-
istration of supra-physiological doses of the hormone. For example, in patients with
X-linked nephrogenic diabetes insipidus, a subset of mutated AVPR2 receptors can
be stimulated by pharmacologic doses of vasopressin, thereby decreasing the

Table 4 (continued)

Site of resistance Mechanism Phenotypic manifestation

C) Mutations in
nuclear receptors

Thyroid hormone
receptor beta
(THRB)

Resistance to thyroid
hormone
Dominant negative
mutations in THRB

High T4 and T3, inappropriately high TSH,
goiter, tachycardia

Thyroid hormone
receptor alpha
(THRA)

Resistance to thyroid
hormone
Dominant negative
mutations in THRA

Low serum T4/T3 ratio; cognitive
impairment, short lower limbs, skeletal
dysplasia, delayed bone and dental
development, constipation, anemia

Androgen receptor
(AR)

Resistance to (dihydro)
testosterone
Completely or partially
inactivating mutations in
X-linked AR

Complete or partial androgen insensitivity
syndrome

Estrogen receptor
(ER)

Resistance to estrogen
Inactivating mutations in
ER

Osteoporosis
Gigantism due to absent closure of
epiphyses

Glucocorticoid
receptor (GR)

Resistance to
glucocorticoids
Inactivating mutations in
GR

Adrenal insufficiency

Mineralocorticoid
receptor (MR)

Resistance to aldosterone
Inactivating mutations in
MR

Pseudohypoaldosteronism type 1 (PHA1):
neonatal salt loss, hyponatremia,
hyperkalemia, metabolic acidosis

Vitamin D
receptor (VDR)

Resistance to vitamin D
Inactivating mutations in
VDR

Vitamin D-resistant rickets

D) Post-receptor
defect

Multifactorial Resistance to insulin
Genetic and environmental
factors

Diabetes mellitus type 2

TRH TSH-releasing hormone, GPCR G-protein-coupled seven transmembrane receptor, GHRH
GH-releasing hormone, GnRH gonadotropin-releasing hormone, AVPR2 vasopressin 2 receptor,
TSH thyroid-stimulating hormone, LH/CG receptor luteinizing hormone/chorionic gonadotropin
receptor, LH luteinizing hormone, FSH follicle-stimulating hormone, ACTH adrenocorticotropic
hormone, GH growth hormone, TGFβ transforming growth factor β, PTH parathyroid hormone,
Gsα stimulatory G-protein subunit α
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polyuria. In instances of complete resistance, therapeutic possibilities may be lim-
ited. For example, in the CAIS, the phenotype cannot be corrected, and affected
individuals are raised as females. Affected individuals need appropriate psycholog-
ical support if confronted with the diagnosis, and a careful discussion of the
infertility and difficulties with sexual function associated with CAIS. The testes
need to be removed because of the risk of developing germ cell tumors.

Alterations in Binding Proteins

Many hormones are bound to transport proteins in the serum. The bound hormone
fraction results in a large hormone pool that can serve as a buffer system, while the
very small free hormone pool exerts the biological actions.

Alterations in the concentration or the affinity of the bound hormone(s) can alter
the total concentration of the respective hormone on biochemical testing, but in most
instances, they have no other consequences. Binding protein abnormalities can be
inherited or acquired. Recognition of these conditions is of clinical importance in
order to prevent unnecessary treatments. Only rarely, the abnormal binding protein is
associated with clinical abnormalities.

The best-studied binding proteins are the ones involved in thyroid hormone
transport. They are characterized by abnormal total T4 or T3 concentrations with
normal free hormone concentrations. Because of the normal free hormone concen-
trations, the individuals do not have any signs of hyper- or hypothyroidism. Thyroid
hormones are bound to three major serum transport proteins: thyroxine-binding
globulin (TBG), transthyretin (TTR), and human serum albumin (HSA) (Table 5).
TBG has the strongest affinity for thyroid hormones. TBG deficiency (complete or
partial) can be caused by inherited mutations in the X-linked TBG gene, and TBG
excess can result from gene duplication or triplication. The diagnosis of inherited
TBG defects requires genetic analysis. TBG concentrations can also be influenced
by endogenous and exogenous hormones. For example, increased estrogen concen-
trations (pregnancy, therapy with oral contraceptives) lead to an increase in serum
TBG because of a prolonged half-life of the protein. TTR mutations are divided into
amyloidogenic and non-amyloidogenic variants. Autosomal dominant gain-of-func-
tion mutations that are associated with increased total T4 concentrations are
non-amyloidogenic. The dominant amyloidogenic mutations do not alter thyroid
hormone concentrations but cause familial amyloidotic polyneuropathy (FAP),
which is characterized by neuropathy and cardiomyopathy due to amyloid deposi-
tion. Lastly, gain-of-function mutations in HSA can cause elevated total T4 levels
(familial dysalbuminemic hyperthyroxinemia) or T3 levels (familial
dysalbuminemic hypertriiodothyroninemia).

Sex hormone-binding globulin (SHBG) serves as the major transport protein for
testosterone and estradiol. SHBG levels are regulated by numerous factors including,
among others, diet and body weight, androgens and estrogens, thyroid hormone,
insulin, liver function, and numerous drugs (Table 5). These variations impact the
distribution between the protein-bound and the free fraction of the respective
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hormones. Differences in plasma SHBG levels and activity are also influenced by
polymorphisms in the coding region and the regulatory regions of the SHBG gene.
Complete deficiency in SHBG due to biallelic missense mutations has been
described; it does result in low total testosterone levels, but gonadal development
and spermatogenesis are normal. Recent genetic studies suggest that specific poly-
morphisms in the SHBG gene influence the risk for diabetes mellitus type 2 and the
metabolic syndrome.

Table 5 Selected examples of abnormal binding protein affinities or concentrations

Transport
protein

Transported
hormone Phenotypic manifestation Condition

Thyroxine-
binding
globulin

Thyroxine (T4) Partial or complete
deficiency: decreased total
T4 concentration

X-linked: mutations in the
TBG gene
One family with autosomal
dominant inheritance; defect
not known

Thyroxine-
binding
globulin

Thyroxine (T4) Excess: increased total T4
concentration

Duplication or triplication of
the TBG gene

Thyroxine-
binding
globulin

Thyroxine (T4) Excess: increased total T4
concentration

Endogenous estrogen
increase: pregnancy
Exogenous estrogen increase:
oral contraceptives

Transthyretin Thyroxine (T4) Isolated total T4 elevation
with normal free hormone
levels, no other
consequences

Autosomal dominant,
non-amyloidogenic
mutations in TTR

Transthyretin Thyroxine (T4) Familial amyloidotic
polyneuropathy (FAP)
with neuropathy and
cardiomyopathy

Autosomal dominant,
amyloidogenic mutations in
TTR

Albumin Thyroxine (T4) Isolated total T4 elevation
with normal free hormone
levels, no other
consequences

Autosomal dominant gain-of-
function mutation: Familial
dysalbuminemic
hyperthyroxinemia

Albumin Triiodothyronine Isolated total T3 elevation
with normal free hormone
levels, no other
consequences

Autosomal dominant gain-of-
function mutation: Familial
dysalbuminemic
triiodothyroniemia

Sex-
hormone
binding
globulin

Testosterone
Estradiol

Decrease in total hormone
concentrations

Obesity, nephrotic syndrome,
hypothyroidism,
glucocorticoids, androgen,
progestins

Sex-
hormone
binding
globulin

Testosterone
Estradiol

Increase in total hormone
concentrations

Aging, hepatic cirrhosis,
hyperthyroidism,
anticonvulsants, estrogens,
HIV infection

TBG thyroxine-binding globulin, TTR transthyretin, HIV human immunodeficiency virus
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Benign and Malignant Tumors of the Endocrine System

Neoplasms of the endocrine glands are quite common (Table 6). In the majority of
cases, these are benign nodules or adenomas (monoclonal neoplasms) that are not
secreting any hormones. However, benign and (more rarely) malignant tumors of all
endocrine glands can synthesize and secrete excessive amounts of the respective
hormones (Table 1).

Hormone deficiency associated with benign neoplasms of the endocrine system is
less common but can, for example, be present in pituitary adenomas compressing the
anterior pituitary cells.

The most common form of malignant tumors of the endocrine system is thyroid
cancer, but malignant tumors can occur in all endocrine glands, albeit rarely. Thyroid
cancer originates most commonly from thyroid follicular cells (papillary thyroid
cancer (PTC) ~80–90%, follicular thyroid cancer (FTC) 5–10%), or calcitonin-
producing parafollicular cells (medullary thyroid cancer (MTC) <5%) (Cabanillas
et al. 2016). The highly aggressive anaplastic thyroid cancer is rare. Over the past
three decades, the incidence of thyroid carcinomas in the United States has nearly
tripled with 62,980 new cases diagnosed in 2014. This increase is mainly due to an
increased diagnosis of small papillary thyroid carcinomas, which typically have a
good prognosis in terms of long-term survival.

Malignant tumors of other endocrine glands are less common but can affect the
ovaries, adrenal glands (cortex and medulla), pancreas, testes, and the pituitary.

Endocrine tumors can be part of tumor syndromes. This includes the Multiple
Endocrine Neoplasia syndromes 1 and 2 (MEN1 and MEN2) and pheochromocy-
tomas/paragangliomas (see below).

The pathogenesis of benign and malignant tumors involves somatic mutations
(mutations limited to the affected tissue) in genes controlling cell growth, survival,
and differentiation. The development of some endocrine tumors is associated with a
predisposition conferred by hereditary germline mutations (Jameson and Kopp
2015a). The multiple endocrine neoplasia syndromes 1 and 2 (MEN1 and MEN2)
are excellent examples to illustrate this.

Multiple Endocrine Neoplasia
MEN1 is an autosomal dominant tumor syndrome that includes parathyroid adeno-
mas, pituitary adenomas, pancreatic tumors, and gastrinomas (Table 6). It is caused
by biallelic mutations in the tumor suppressor gene menin. The germline mutation is
inherited in an autosomal dominant fashion inactivating one the two menin alleles. If
the second allele gets inactivated by a somatic mutation or by epigenetic silencing,
this will lead to neoplastic growth (Knudson two-hit concept) (Jameson and Kopp
2015b). The need for the second hit provides an explanation for the fact that tumors
only develop later in life and that the tumor burden can be different among affected
individuals.

MEN2 is also an autosomal dominant tumor syndrome (Table 6). Multiple
endocrine neoplasia type 2 is divided into three subtypes depending on its clinical
manifestations: familial medullary thyroid carcinoma (FMTC), multiple endocrine
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Table 6 Selected examples of benign and malignant tumors of the endocrine system

Hormone Phenotypic manifestation

Hypothalamus Craniopharyngioma Mass effect
Anterior and posterior pituitary hormone
deficiency

Pituitary Non-secreting adenoma Mass effect possible, hormone deficiencies

Prolactinoma Hypogonadotropic hypogonadism,
galactorrhea

GH-secreting adenoma Acromegaly, gigantism

ACTH-secreting adenoma Cushing’s disease

TSH-secreting adenoma Central hyperthyroidism

FSH, LH, subunits Mass effect, hypogonadism

Thyroid Benign nodule with normal
hormone secretion

None, mass effect

Toxic adenoma: benign nodule
with autonomous hormone
secretion

Hyperthyroidism

Papillary thyroid cancer Thyroid mass. Locoregional and distant
metastases possible

Follicular thyroid cancer Thyroid mass. Locoregional and distant
metastases possible

Medullary thyroid cancer Thyroid mass. Locoregional and distant
metastases possible

Anaplastic thyroid cancer Rapidly growing thyroid mass. Very
aggressive malignancy, high lethality

Parathyroid Parathyroid adenoma Hyperparathyroidism, osteoporosis

Parathyroid hyperplasia
involving all glands

Hyperparathyroidism in the context of
MEN1

Parathyroid carcinoma Hyperparathyroidism with significant
hypercalcemia

Adrenal
cortex

Non-secreting adenoma Usually incidental finding

Glucocorticoid-secreting
adenoma

Cushing’s syndrome

Aldosterone-secreting adenoma Hypertension, hypokalemia

Adrenal cell carcinoma Without or with excessive hormone
secretion

Adrenal
medulla

Pheochromocytoma Hypertensive crises
Malignant behavior in a subset of tumors

Pancreas Insulinoma Hypoglycemia

Glucagonoma Impaired glucose tolerance or diabetes
mellitus, dermatitis, weight loss

VIPoma Watery diarrhea, hypokalemia,
achlorhydria, flushing

Somatostatinoma Diabetes mellitus, gall stones, diarrhea,
steatorrhea

(continued)
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neoplasia type 2A (MTC, parathyroid hyperplasia, and pheochromocytomas), and
multiple endocrine neoplasia type 2B (MTC, pheochromocytomas and
ganglioneuromas). MEN2 is caused by gain-of-function mutations in a membrane
tyrosine kinase receptor, the RET (rearranged in transformation) receptor. Given that
the oncogenic event is driven by a gain-of-function mutation, only one allele needs
to be affected, which contrasts with the situation in MEN1. The availability of
mutational analysis of the RET gene in affected patients and their relatives is greatly
facilitating carrier detection and clinical management. Importantly, specific RET
mutations (genotype) are associated with the age of onset and aggressiveness of
MTC and the development of other endocrine neoplasms (phenotype), a phenome-
non referred to as genotype-phenotype correlation. The recognition of this phenom-
enon has allowed classifying all known mutations, and it permits making
recommendations on the timing of prophylactic thyroidectomy and the screening
for other manifestations of the syndrome. It is a classic example how molecular
medicine can impact and improve patient care and an illustration of the potential of
“precision medicine” (Collins and Varmus 2015).

Pheochromocytomas/Paragangliomas
Pheochromocytomas/paragangliomas can occur in a sporadic or inherited fashion
(Table 6). It has become apparent that seemingly sporadic pheochromocytomas are
relatively often associated with germline mutations in several genes (RET, VHL (von
Hippel-Lindau), succinate dehydrogenase type D and B (SDHD, SDHB), among
others), and screening for these mutations is of increasing clinical importance
because it permits early detection of these tumors through genetic testing in relatives
(Castro-Vega et al. 2016).

As in other fields of medical oncology, a thorough understanding of the molecular
events governing the development of endocrine malignancies is essential for the
development of novel therapeutic modalities. For example, thyroid cancers derived
from thyroid follicular cells frequently harbor mutations in the RAS-BRAF-MAPK
pathway. Therapy with tyrosine kinase inhibitors now provides a means to increase

Table 6 (continued)

Hormone Phenotypic manifestation

Ovaries Several forms of benign and
malignant germ cell tumors

Mass effect

Several forms of benign and
malignant stromal cell tumors

Often hormone secreting. Precocious
puberty dysfunctional bleeding, virilization
possible.

Testes Leydig cell adenoma Precocious puberty

Several forms of malignant
tumors: seminoma and
non-seminomas

Testicular mass. Locoregional and distant
metastases possible

GH growth hormone, ACTH adrenocorticotropic hormone, TSH thyroid-stimulating hormone, FSH
follicle-stimulating hormone, LH luteinizing hormone, VIP vasointestinal peptide
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the progression-free survival of patients with advanced thyroid cancers. Similar
strategies are under active investigation for other endocrine malignancies.

Diagnosis of Endocrine Tumors
Endocrine tumors are recognized because of the appearance of a mass, the incidental
finding of a tumor on imaging studies for other purposes, or because of the diagnosis
of hormone excess or hormone deficiencies. Pituitary adenomas that secrete hor-
mones such as prolactin, GH, ACTH, or TSH are associated with characteristic
clinical presentations. Non-secreting tumors of the pituitary can come to medical
attention because of mass effects (headaches, compression of the optic chiasm with
visual defects, leakage of cerebrospinal fluid) or because they compress the remain-
der of the pituitary resulting in anterior pituitary hormone deficiencies. Thyroid
neoplasms are either found on palpation or through imaging studies of the neck
region. Adrenal tumors manifest themselves through excessive secretion of hor-
mones of the adrenal cortex (cortisol, aldosterone) or the adrenal medulla (adrena-
line, noradrenaline), or they are detected incidentally on imaging studies of the
abdomen. Hypersecretion of hormones of the pancreatic tail is relatively uncommon
but can result in characteristic manifestations. Excessive sex steroid secretion by the
gonads is also rare, and ovarian and testicular tumors are usually detected by
demonstration of a mass.

Dedicated imaging studies (computerized tomography, magnetic resonance imag-
ing, ultrasound, nuclear medicine studies) are essential to characterize size, features,
and exact location of masses in endocrine tissues. Thyroid nodules that have
suspicious features on ultrasound are evaluated with fine-needle aspiration. Cyto-
logical results of these aspirations often provide a definitive diagnosis. If the
diagnosis remains indeterminate because of inconclusive findings, analysis of gene
mutations or mRNA (messenger ribonucleic acid) expression profiles is now enter-
ing clinical practice and can provide further indication whether a lesion is benign or
malignant.

Therapy of Endocrine Tumors
For a detailed discussion of the therapeutic modalities used for the treatment of
endocrine tumors, the reader is referred to the individual chapters. Prolactinomas can
be treated successfully in the majority of patients by administering dopamine
agonists, which inhibit prolactin secretion and result in shrinkage of the tumor.
Other pituitary tumors (non-secreting tumors, tumors secreting GH, ACTH, TSH)
are most commonly surgically removed by transsphenoidal pituitary surgery.
GH-secreting tumors can be treated with somatostatin analogues. Targeted radiation
of pituitary tumors (cyber knife) can be used for tumors that have been incompletely
excised or that recur.

Partial or total thyroidectomy is used for benign and malignant thyroid tumors.
Thyroid carcinomas may be associated with metastases to locoregional lymph nodes,
which requires appropriate dissection of the affected neck compartments. Thyroid
carcinomas that originate from thyroid follicular cells (PTC, FTC) typically retain
the ability to accumulate iodine. This permits to use radioiodine for the detection and
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therapy of residual or recurrent locoregional and metastatic disease, hence a very
specific way of treating these carcinomas (Cabanillas et al. 2016). For advanced
thyroid carcinomas (PTC, FTC, MTC, ATC), targeted therapy with kinase inhibitors
can have a significant impact on progression-free survival. Parathyroid adenomas are
treated surgically or, more rarely, with agonists targeting the calcium-sensing recep-
tor (CASR). Adrenal tumors are removed through laparoscopic or open surgery.
Adrenolytic drugs or drugs inhibiting glucocorticoid synthesis and action can be
used in select cases of adrenal carcinomas secreting excessive amounts of cortisol or
other steroids. Pancreatic islet tumors and gonadal tumors are typically treated with
surgical excision.

Autoimmune Disorders and Autoimmune Polyglandular Syndromes

Autoimmune disorders play an important role as cause of endocrinopathies
(Table 7). All endocrine glands can be targeted by the immune system through an
autoimmune mechanism. This can result in dysfunction of individual glands or in
polyglandular syndromes that also involve non-endocrine organs. Autoimmune
disorders such as Hashimoto’s thyroiditis, Graves’ disease, and diabetes mellitus
type are quite common, whereas lymphocytic hypophysitis, autoimmune hypopara-
thyroidism, adrenal insufficiency, and ovarian failure occur much more rarely.
Hallmarks of these disorders include lymphocytic infiltration of the affected gland
and the development of autoantibodies against several antigens (Tomer 2014). The
etiology is multifactorial and includes genetic and environmental components. An
association with certain human leukocyte antigen (HLA) variants is well established,
and recent genome-wide association studies (GWAS) have identified other risk
alleles.

The autoimmune polyglandular syndromes (APS) are diverse group of disorders
that have, in part, endocrine components together with non-endocrine autoimmune
manifestations (Table 7) (Michels and Gottlieb 2010). They include the monogenic
APS I and complex genetic disorders such as APS II and APS III.

APS I manifests itself often already in infancy or early childhood. Hallmarks
include hypoparathyroidism, adrenal insufficiency, and chronic candida infections.
In addition, there are multiple other possible disease manifestations (Table 7). APSI
is a rare autosomal recessive syndrome, but there are certain populations with an
increased prevalence. It is caused by mutations in the autoimmune-suppressor gene
(AIRE, for autoimmune regulator), which encodes a transcription factor that controls
the expression of autoantigens by medullary thymic epithelial cells. Patients with
APS I need replacement of deficient hormones and treatment of the candidiasis.
These patients need close lifelong monitoring.

APS II (Schmidt’s syndrome) is a more common disorder and consists of
Addison’s disease in combination with disorders such as hypothyroidism, diabetes
mellitus type 1, pernicious anemia, celiac disease, and vitiligo. It is a complex
genetic disorder that has been associated with particular human leukocyte antigen
(HLA) alleles, and it is more common in females. Treatment includes hormone
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replacement as necessary. Glucocorticoids should be started before initiating therapy
with levothyroxine in patients with Addison’s disease and hypothyroidism. Patients
with celiac disease need a gluten-free diet.

APS III is defined by the presence of autoimmune thyroid disease in combination
with other autoimmune disorders except adrenal insufficiency, hypoparathyroidism,
and chronic candidiasis.

Chromosomal Disorders

Several chromosomal disorders are associated with characteristic endocrine defi-
ciencies (Table 8) (Jameson and Kopp 2015a). Among them, numerical abnormal-
ities in sex chromosomes are relatively common and relevant from an endocrine

Table 7 Autoimmune disorders and autoimmune polyglandular syndromes

Disease entity Phenotypic manifestation Comments

Lymphocytic hypophysitis Anterior pituitary hormone deficiency

Hashimoto’s thyroiditis Hypothyroidism Common
More
prevalent in
females

Graves’ disease Hyperthyroidism Relatively
common
More
prevalent in
females

Addison’s disease Adrenal insufficiency

Diabetes mellitus type 1 Diabetes mellitus

Oophoritis Premature ovarian failure

Autoimmune polyglandular
syndrome type 1 (APS 1)

Adrenal insufficiency
Hypoparathyroidism
Mucocutaneous candidiasis
Multiple other manifestations possible

Autosomal
recessive
Rare
Childhood
onset

Autoimmune polyglandular
syndrome type 2 (APS 2)

Adrenal insufficiency
Hashimoto’s thyroiditis
Multiple other manifestations possible

Polygenic/
multifactorial
HLA-DR3 and
HLA-DR4
associated
Adult onset

Autoimmune polyglandular
syndrome type 3 (APS 2)

Autoimmune thyroid disease
Diabetes mellitus type 1
Multiple other manifestations possible

Polygenic/
multifactorial

IPEX: Immune dysregulation,
polyendocrinopathy, enteropathy,
X-linked syndrome

Early onset enteropathy, dermatitis,
failure to thrive, and diabetes mellitus
type 1, among others

X-linked
Rare
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perspective. Males with a 47,XXY karyotype have Klinefelter syndrome. In its
typical presentation, the phenotype of these individuals is defined by small testicles,
hypogonadism with sterility, increased and disproportionate height, and, in subset of
patients, behavioral alterations. The 47,XXY can result from paternal or maternal
non-disjunction during development of the gametes.

Females with a missing X chromosome and a X0 karyotype have Turner’s
syndrome, which is characterized by hypogonadism and sterility due to streak
gonads, and stunted growth, among others. The 45,XO monosomy is present in
1–2% of all pregnancies but leads to spontaneous abortions in the majority of
gestations. 45,X0 monosomy usually results from loss of the paternal sex
chromosome.

The critical role of an appropriate dosage of the sex chromosomes is also
illustrated by duplication or deletions of the X chromosomal region harboring the
DAX1 (NROB1) gene. Duplication of this area causes dosage sensitive male-to-
female sex reversal, while deletions (or point mutations within the gene) result in
adrenal hypoplasia congenita (adrenal insufficiency due to abnormally developed
adrenal glands) with hypogonadotropic hypogonadism in affected males.

Another classic example of a chromosomal disorder with endocrine manifesta-
tions is the Prader-Willi syndrome (PWS), which also illustrates the phenomenon of
genomic imprinting (Jameson and Kopp 2015b). Genomic imprinting refers to the
fact that certain genes or chromosomal regions are silenced in a parent-of-origin-
specific way. This leads to the exclusive expression of the maternal allele if the
paternal copy is imprinted, or expression of the paternal allele if the maternal
equivalent is silenced. PWS is characterized by short stature, hypogonadotropic
hypogonadism, obesity, hypotonia, and mental retardation. It can be caused by
deletions involving the paternal copy of chromosome 15q leading to a contiguous
gene syndrome (i.e., deletion of several adjacent genes). Because the homologous

Table 8 Examples of chromosomal disorders associated with endocrine manifestations

Chromosomal defect Phenotypic manifestation

Klinefelter
syndrome

47,XXY Hypogonadism, tall stature

Turner
syndrome

45,XO Ovarian failure, short stature, autoimmune
thyroid disease

Prader-Willi
syndrome

del15 q11-13 (paternal copy)
or maternal uniparental
disomy

Hypogonadotropic hypogonadism, short
stature, obesity, hyperphagia, mental
retardation

Male-to-
female sex
reversal

X-chromosomal duplication
involving DAX1 (NROB1)

Male-to-female sex reversal

Adrenal
hypoplasia
congenital

DAX1 (NROB1) deletiona Congenital adrenal insufficiency,
hypogonadotropic hypogonadism

aCan also be caused by point mutations in the DAX1 (NROB1) gene
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region on the maternal chromosome is imprinted and silenced, these genes are not
expressed and cannot compensate for the loss of the paternal alleles. A distinct
mechanism leading to PWS is uniparental disomy, the inheritance of two maternal
copies of chromosome 15 instead of a maternal and a paternal copy.

Mosaicism

Mosaicism, the presence of two or more cell populations with different genotypes in
a single individual, is caused by a mutation that occurs early in development of an
embryo rather than in the germline (Jameson and Kopp 2015b). These mutations
include both chromosomal disorders and point mutations. Organs and cells that
descend from the initial mutated cell will carry the mutation, whereas the organs
and cells that descend from the non-mutated cell will have normal genes. Thus, the
affected individual is a mosaic of mutated and normal cells. The disorders caused by
mosaicism can have a broad phenotypic spectrum depending on the stage in devel-
opment at which the mutation occurred. In some individuals, very few tissues are
involved; in others, the mutated cell type is abundant.

Chromosomal disorders such as Klinefelter syndrome (XXY cells in a back-
ground of normal male XY cells) or Turner syndrome (X0 cells in a background of
normal female XX cells) can be present in mosaic form.

The McCune-Albright syndrome is a classic example of mosaicism (Jameson
and Kopp 2015a). It is caused by a point mutation in the GNAS1 gene during
blastocyst development. The GNAS1 gene encodes the stimulatory Gsα subunit, a
signaling molecule that is essential for the transmission of signals by G-protein
coupled transmembrane receptors. The manifestations of the syndrome include
precocious puberty, fibrous dysplasia, café-au-lait spots, and a variety of endocrine
disorders including hyperthyroidism, Cushing’s syndrome, or acromegaly. The
number of organ systems and hormonal signaling pathways that are affected
depends on the initial number of cells that were mutated during blastocyst
development.

Paraneoplastic Syndromes

Paraneoplastic syndromes are a rare manifestation associated with malignancies that
arise from the secretion of humoral factors such as hormones, cytokines, or by
immunologic alterations (Table 9). They most commonly occur in patients affected
by cancers of the lung, breast, ovaries, and kidneys, as well as lymphomas. For
example, small cell lung cancer (SCLC), which originates from neuroendocrine cells
in the bronchus, can secrete hormones such as antidiuretic hormone (ADH) leading
to the syndrome of inappropriate ADH secretion (SIADH), or they can secrete
ACTH causing hypokalemia, metabolic alkalosis, and hypertension with or without
Cushing’s syndrome (ectopic ACTH syndrome) or parathyroid hormone-related

20 E. Lowden and P. Kopp



peptide (PTHrP) which results in hypercalcemia (Kanaji et al. 2014). Paraneoplastic
syndromes may be the first manifestation of a malignancy.

Genes and Environment

Genetic components contribute to the pathogenesis of numerous endocrine and
non-endocrine disorders. A large number of endocrine disorders can now be
explained by single-gene mutations. Many common disorders such as diabetes
mellitus type 2, obesity, hypertension, and heart disease, among others, have a
complex or multifactorial pathogenesis involving genetic, nutritional, and lifestyle
factors (Jameson and Kopp 2015a). During the last two decades, numerous genes
and loci contributing to the pathogenesis of complex disorders have been identified
through the analysis of candidate genes, GWAS, and more recently sequencing of
the exome (all coding regions) or the whole genome. The identification of the genetic
variations that predispose for or protect against the development of a complex
disorder is of importance for the prediction of disease risk and for the development
of novel therapeutic modalities.

However, it is important to emphasize that environmental factors can also have an
important influence on the expression of a disease. Obesity is an ideal example to
illustrate the interactions between gene and environment. At one end of the spec-
trum, very rare monogenic disorders can cause severe early onset obesity (Stears
et al. 2012). For example, very severe early-onset obesity can be caused by muta-
tions in the leptin (LEP) gene, and homozygous mutations in the (leptin receptor

Table 9 Selected examples of endocrine paraneoplastic syndromes

Syndrome
Secreted
hormone

Carcinomas secreting the
hormone

Ectopic ACTH syndrome/Cushing’s
syndrome

ACTH Small cell lung cancer
Thymoma

SIADH Antidiuretic
hormone

Small cell lung cancer
CNS malignancies

Hypercalcemia of malignancy PTHrP Squamous cell lung cancer
Breast cancer
Renal cell cancer

Hypoglycemia Insulin Insulinoma

Hypoglycemia IGF-II Mesenchymal tumors,
sarcomas, hepatocellular
carcinoma

Carcinoid syndrome (flushing and diarrhea,
bronchoconstriction)

Serotonin,
bradykinin

Bronchial carcinoid tumors
Pancreatic carcinoma
Gastric carcinoma

ACTH adrenocorticotropic hormone, SIADH syndrome of inappropriate antidiuretic hormone
secretion, CNS central nervous system, PRTHrP parathyroid hormone-related peptide, IGF-II
insulin-like growth factor type 2
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(LEPR) gene result in obesity, absent pubertal development, and impaired GH and
TSH secretion. These observations indicate that leptin is an important physiological
regulator of several endocrine functions in humans. At the other extreme of the
spectrum, overweight and obesity can simply be induced by inappropriate energy
homeostasis due to excessive caloric intake and insufficient expenditure. In between
these two extremes, the combination of genetic predisposition and lifestyle factors
(diet, interactions with the gastrointestinal microbiome, energy expenditure) can
explain the development of excessive weight, and a number of genes associated
with human obesity have been identified. A genetic predisposition is also supported
by the high concordance of body weight among monozygotic twins.

Iodine deficiency serves as an impressive example how the deficiency of a
micronutrient can result in endocrine disease. The synthesis of thyroid hormones
is dependent on an adequate iodine intake. Iodide is rare in many parts of the world,
and iodine deficiency results in the development of goiter and, in severe cases,
cretinism (Pearce et al. 2013). Although iodine deficiency has been eradicated in
many parts of the world through iodization of salt or other measures, it is still a major
health problem affecting almost a third of the world population.

Summary

Endocrinology, the field of internal secretion, is concerned with the physiology and
pathophysiology of glands and hormones. The term hormone is derived from the Greek
verb horman, “that which sets in motion.” Hormones are regulatory substances pro-
duced in an organism that are transported in tissue fluids such as blood to regulate other
cells or organs. In addition to the classical endocrine glands (pituitary, thyroid, para-
thyroid, pancreatic islets, adrenal cortex and medulla, ovaries, testes), many other
tissues secrete hormones, growth factors, or cytokines.

The endocrine system is primarily evaluated by the measurement of hormones or
metabolites. Disorders such as diabetes mellitus and thyroid dysfunction are very
prevalent in the general population, while other endocrine disorders are rare.

Hormone deficiency disorders can be treated with physiologic hormone replacement.
Resistance to hormone action can mimic hormone deficiency. Hormone excess is
amenable to therapy by blocking hormone synthesis or action, or through surgical
removal of the hormone-secreting gland or adenomas within the affected organ. Many
endocrine disorders are caused by a dysregulation of the immune system. This includes,
among others, diabetes mellitus type 1 or autoimmune thyroid disease resulting in
hypothyroidism (Hashimoto’s disease) or hyperthyroidism (Graves’ disease).

Thyroid nodules and papillary thyroid cancer are frequent; other benign and
malignant tumors of the endocrine system are relatively uncommon. Tumors of the
endocrine system often require surgical therapy, but certain tumors such as pro-
lactinomas can be efficiently treated with medical treatments. In addition to surgery,
malignant tumors of the endocrine glands may require additional therapeutic
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interventions, for example, with radioiodine in the case of thyroid tumors of follic-
ular origin, radiation, chemotherapy, or targeted therapies with kinase inhibitors.

Malignancies of non-endocrine organs can occasionally also secrete hormones
resulting in paraneoplastic syndromes.

The etiology of endocrine disorders is diverse and encompasses monogenic,
polygenic, multifactorial, autoimmune, and environmental factors. The progress in
identifying and characterizing the underlying pathogenesis is essential for improving
diagnostic approaches, a rationale therapy, and the identification of novel therapeutic
interventions.
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Introduction

The first detailed description of the human adrenal glands was by Eustachius (1520–
1574); their presence was confirmed by Piccolomini (1562–1605) and Casserius
(1552–1616) (Vrezas et al. 2000). Their function, however, was largely unknown
until the late nineteenth century. In the last 30 years, our growing understanding of
adrenocortical development and function has led to the discovery of numerous
genetic disorders that affect the adrenal glands. Developmental pathways have also
been linked to the formation of adrenocortical tumors (ACTs), which represent a
heterogeneous group of lesions of the adrenal cortex. ACTs have been found to be
due to or associated with somatic or germline mutations in key molecular pathways,
including the cyclic AMP (cAMP) and Wnt signaling pathways. In this chapter, we
review the various genetic causes of adrenocortical disorders and focus on congen-
ital causes of adrenal insufficiency associated with hypoplasia of the adrenal glands,
genetic causes of autoimmunity that affect the adrenal glands, and genetic causes of
benign and malignant ACT.

Adrenal Gland Development

Following the formation of the adrenal cortex at the fourth week of human embry-
onic development, a blastema of undifferentiated cells of mesodermal origin forms
from either the medial part of the urogenital ridge or mesoderm (Else and Hammer
2005). The adrenogonadal primordium cells undergo proliferation and invasion of
the underlying mesenchyme that is dependent on the interplay between the tran-
scriptional factors SF1 and DAX1 (see later) (Else and Hammer 2005; Hanley and
Arlt 2006) that ultimately separates from the gonads by day 33 post conception.
Further mesodermal cell proliferation, under the control of fetal adrenocorticotropic
hormone (ACTH or corticotropin), forms the first evidence for zonation: a definitive
zone (DZ) and a fetal zone (FZ) that arise from the celomic epithelium, while the
transitional zone (TZ) originates from the mesonephron and arises from the region of
Bowman’s capsule (Else and Hammer 2005; Nguyen and Conley 2008). Between
the 9th and 12th embryonic week, sinusoidal vascularization of the glands forms the
framework for the zonation of the adult cortex (Else and Hammer 2005). Cortisol is
produced from the rapidly growing FZ at about the sixth week of development,
reaching a peak between the eighth and ninth week (Goto et al. 2006). Gradually,
aldosterone and cortisol are made by DZ and TZ cells, whereas the FZ produces
primarily dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate
(DHEAS) that support estrogen production through the fetal-placental unit (Nguyen
and Conley 2008).

By the ninth week, progenitor populations of the adult adrenal cortex encapsulate
the adrenal glands, expressing Nr5a1 and Gli1 (Wood et al. 2013). Migrating neural
crest cells forms the adrenal medulla and intermingles with cortical cells of the FZ,
attaining a maximum adrenal size by the fourth month. Thereafter, the gradual
receding of FZ, and expansion of DZ and TZ, gives rise to the adult zona

Genetic Disorders of Adrenocortical Function 3



glomerulosa (ZG) and zona fasciculata (ZF), respectively (Else and Hammer 2005;
Nguyen and Conley 2008). After birth, FZ involutes and the corticomedullary
junction separates between steroid hormone-producing and catecholamine-secreting
cells (Else and Hammer 2005). A transition zone of primarily fibrous tissue separates
the FZ from the remaining gland. By the end of the second year of life, the first
evidence of an anatomically distinct zona reticularis (ZR) appears; however, ste-
roidogenic activity of this zone is not present until the age of 5 years (Wood et al.
2013), concomitant with the onset of adrenarche. The adult adrenal cortex likely
reaches maturity as early as 8 years of age to as late as after mid-puberty (Nguyen
and Conley 2008; Suzuki et al. 2000; Merke and Stratakis 2006; Sucheston and
Cannon 1968). The various developmental stages of the adrenal cortex are portrayed
in Fig. 1 (Merke and Stratakis 2006).

Congenital Adrenal Insufficiency

Congenital adrenal insufficiency (CAI) represents a heterogeneous group of genetic
disorders that affect adrenocortical development and function. The most frequent
etiology of CAI is CAH, followed by non-autoimmune and autoimmune etiologies.

Congenital Adrenal Insufficiency due to Primary Adrenal Disorders

The proliferation and invasion of adrenogonadal primordium cells are dependent on
the interplay between the transcriptional factors SF1 and DAX1 (Else and Hammer
2005; Hanley and Arlt 2006). Mice that are knockouts (KO) for Sf1 have complete
absence of the adrenal glands, whereas mice KO for Dax1 have developmental
adrenal gland defects without adrenal insufficiency (AI) (Else and Hammer 2005).
Regardless of etiology, CAI due to primary adrenal disorders is characterized by
hyponatremia, hyperkalemia, acidosis, and an elevated serum concentration of
ACTH. In humans, X-linked DAX1 (mutations in NR0B1) defects cause the most
common human form of CAI (Muscatelli et al. 1994; Lin et al. 2006). DAX1 is an
orphan nuclear receptor that is expressed in the adrenal glands, gonads, ventromedial
hypothalamus (VMH), and the pituitary gonadotropes (Ferraz-de-Souza and
Achermann 2008). Patients with CAI due to DAX1 are usually 46,XY phenotypic
boys and may have hypogonadotropic hypogonadism and a family history of male-
only CAI. DAX1 mutations are also described below under “adrenal hypoplasia
congenita”.

Humans with heterozygous SF1 (coded by the NR5A1 gene) mutations have AI
and gonadal abnormalities (Zanaria et al. 1994). More recently, patients with isolated
AI and heterozygous NR5A1 mutations have been described. SF1 gene mutations
were also found in patients who also had isolated 46,XY gonadal dysgenesis
(Zanaria et al. 1994) and have been rarely identified in patients with CAI without
evidence of gonadal defects.
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Some genes that have been implicated in hypoplastic adrenals with retention of
adrenocortical function may present with mild functional defects in adrenarche and
pubertal anomalies but without CAI. Such examples include defects in Wilms’ tumor
1 (WT1), a transcriptional regulator that is mutated in Denys-Drash and Frasier
syndromes (Melo et al. 2002),WNT4, andWNT11, which are members of the frizzled
receptor family. A missense substitution of the WNT4 gene causes an autosomal
recessive syndrome designated as SerKAL (46,XX sex reversal with dysgenesis of
kidneys, adrenals, and lungs) (Mandel et al. 2008).

Fig. 1 The development of the fetal and adult adrenal cortex. Between the 9th and 12th
embryonic week, sinusoidal vascularization of the adrenal glands forms the framework for the
zonation of the adult cortex. Cortisol is produced from the rapidly growing fetal zone (blue) at about
the sixth week reaching a peak between the eighth and ninth week of development. Gradually,
aldosterone and cortisol are made by definitive zone and transitional zone, whereas the fetal zone
produces primarily DHEA and DHEAS that support estrogen production through the fetal-placental
unit. Migrating neural crest cells forms the adrenal medulla and intermingles with cortical cells of
the fetal zone, attaining a maximum adrenal size by the fourth month. Thereafter, the gradual
receding of fetal zone and expansion of the other zones give rise to the adult zona glomerulosa and
zona fasciculata. After birth, fetal zone involutes, and the corticomedullary junction separates
between steroid hormone-producing and catecholamine-secreting cells. A transition zone of pri-
marily fibrous tissue separates the fetal zone from the remaining gland. By the end of the second
year of life, the first evidence for an anatomically distinct zona reticularis appears; however,
steroidogenic activity is not present until the age of 5 years, concomitant with the onset of
adrenarche. The adult adrenal cortex likely reaches maturity as early as 8 years of age to as late
as after mid-puberty (Modified from Merke and Stratakis (2006))
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Congenital Adrenal Insufficiency due to Metabolic Disorders

Several rare metabolic disorders may affect adrenocortical function in early life.
X-linked adrenoleukodystrophy (X-ALD) is a neurodegenerative disorder that
affects the nervous system white matter and the adrenal cortex due to impaired
beta-oxidation of very long chain fatty acids (VLCFAs). This impairment is a result
of mutations in a gene encoding a peroxisomal ATP-binding cassette (ABC) trans-
porter (ALD protein) (Feigenbaum et al. 1996). X-ALD is the most common
inherited peroxisomal disorder (and metabolic disorder causing CAI) that affects
1/15,000–20,000 males in the Caucasian population (Bezman et al. 2001). Three
main phenotypes are seen in affected males: (i) a childhood cerebral form that
manifests most commonly between ages 4 and 8 years due to progressive impair-
ment of cognition, behavior, vision, hearing, and motor function leading to total
disability within 2 years; (ii) adrenomyeloneuropathy (AMN) that manifests most
commonly in the late twenties as progressive paraparesis, sphincter disturbances,
sexual dysfunction, and, often, impaired adrenocortical function; and (iii) AI only
that presents between age 2 years and adulthood although some degree of neurologic
disability may manifest later. Approximately 20% of female carriers develop a
milder AMN-like manifestation usually during their late adulthood.

Other metabolic causes of CAI include:

• Wolman disease (familial xanthomatosis) which is caused by defects in lysosomal
acid cholesteryl ester hydrolase that may present with CAI and adrenal calcifica-
tion (Kahana et al. 1968; Anderson et al. 1994).

• Smith-Lemli-Opitz syndrome (SLOS) which is a disorder of cholesterol biosyn-
thesis that is associated with developmental delay, dysmorphic features, and male
undervirilization and/or hypogonadism. SLOS may present with CAI, adrenal
crisis, or more commonly compensated adrenocortical dysfunction (Chemaitilly
et al. 2003; McKeever and Young 1990; Bianconi et al. 2011).

• Hereditary cystatin C amyloid angiopathy (HCCAA) which is a genetic amyloid
disease that occurs frequently in Iceland and is caused by a mutation in cystatin C
that causes amyloid deposition, predominantly in brain arteries and arterioles, but
also in tissues outside the brain including the adrenal cortex, resulting in hemor-
rhage (Palsdottir et al. 2006).

Congenital Adrenal Insufficiency due to Autoimmunity

Adrenal gland failure in the context of autoimmune polyglandular syndrome (APS)
usually presents after the first 2 years of life. APS is a rare polyendocrinopathy that
exists in two major forms: APS-1, or otherwise known as autoimmune
polyendocrinopathy-candidiasis-ectodermal dysplasia (APECED) syndrome, is an
autosomal recessive disorder that is caused by mutations in the autoimmune regu-
lator (AIRE) gene (Heino et al. 1999) and consists of chronic mucocutaneous
candidiasis and/or acquired hypoparathyroidism, Addison’s disease (autoimmune
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adrenalitis), chronic active hepatitis, malabsorption, juvenile onset pernicious ane-
mia, alopecia, primary hypogonadism, and less commonly type 1 diabetes mellitus;
autoimmune thyroid disease; ectodermal dystrophy, affecting the dental enamel
and nails; vitiligo; or corneal disease (keratopathy). APS-2 is an autosomal dominant
disorder with variable expressivity that manifests later in life with type 1 diabetes
mellitus and/or autoimmune thyroid disease, among other endocrinopathies, and
affects predominately females. A variability of age of onset exists in APS-1, from
6 months to 41 years with a peak around 13 years of age, with AI developing in 60–
100% of patients with APECED and may be preceded by months to years of
detectable adrenal cortex autoantibodies.

The genetic predisposition of both major types of APS differs. APS-2 involves
HLA-B8, HLA-DR3, and HLA-DR4 (chromosome 6), cytotoxic T-lymphocyte
antigen-4 (CTLA-4) gene (chromosome 2), and the protein tyrosine phosphatase
non-receptor type 22 (PTPN22) genes (chromosome 1) (Kahaly 2012; Dittmar and
Kahaly 2003). The gene for APECED is on chromosome 21q22.3 and encodes a
545 amino acid protein, AIRE (autoimmune regulator). AIRE is expressed in tissues
that have important role in the maturation of immune system and development of
immune tolerance, such as the thymus, lymph nodes, and fetal liver. APS-1 is more
common in certain genetically isolate populations, with an incidence of 1:9,000 in
Iranian Jews, 1:14,400 in Sardinians, and 1:25,000 in Finnish (Heino et al. 1999). A
common Finnish mutation, p.R257X, was shown to be responsible for 82% of
Finnish APS-1 cases, while the nonsense mutation, p.R139X, was the major muta-
tion among Sardinians (Heino et al. 1999).

Congenital Adrenal Insufficiency due to Other Genetic Conditions

Mutations in a member of the T-box gene family lead to pituitary-dependent CAI
without any other defects (isolated ACTH deficiency). All members of the T-box
gene family encode an N-terminal DNA-binding domain (the T-box) and are impor-
tant for the development of several, mostly mesodermal, tissues in the human and
mouse embryo. TPIT (or TBX19), one of the members, is a transcription factor that
is required for expression of the POMC gene in the differentiating pituitary
corticotrophs. Mutations in TPIT are associated with autosomal recessive pituitary-
dependent CAI (Lamolet et al. 2001), with a typical presentation in the neonate with
very low, but not necessarily undetectable, ACTH and cortisol levels, hypoglycemia,
seizures, and occasionally death. In one study, 65% of cases of neonatal CAI due to
isolated ACTH deficiency were caused by TPIT mutations (Couture et al. 2012).

Hereditary resistance to ACTH action (R-ACTH) is an autosomal recessive
disorder that is caused by defects of the ACTH receptor (ACTHR) (Tsigos et al.
1993). Disorders of R-ACTH have been described that are biochemically character-
ized by cortisol, but usually not mineralocorticoid, deficiency: familial glucocorti-
coid deficiency type 1 (FGD-1) due to inactivating MC2R gene mutations typically
present in infancy with severe AI, hypoglycemia, and seizures or later in childhood
with a milder form of AI and tall stature (patients end up being taller than their
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genetically determined final height potential) (Elias et al. 2000), and FGD-2 is
caused by non-MC2R mutations in the gene encoding an accessory protein required
for ACTH signaling (MC2 receptor accessory protein, MRAP) (Metherell et al.
2005) that lead to severe glucocorticoid deficiency and death if not recognized early.
MC2R consists of one coding exon and is located on chromosome 18; FGD-1 due to
MC2R mutations is seen in 25–40% of cases (Lin et al. 2007).

More recently, additional defects beyond MC2R and MRAP have been described
to cause FGD. They are involved in replicative and oxidative stress, including the
minichromosome maintenance-deficient 4 homologue (MCM4) (natural killer cell
and glucocorticoid deficiency with DNA repair defect – NKGCD) and nicotinamide
nucleotide transhydrogenase (NNT) genes (Meimaridou et al. 2013). Finally, genes
involved in mitochondrial function such as thioredoxin reductase 2 (TXNRD2),
glutathione peroxidase 1 (GPX1), and peroxiredoxin 3 (PRDX3) have also been
found to cause FGD. In a recent study of a large cohort of patients with CAI,
investigated by whole exome sequencing (WES), mutations in the genes listed
here were found in only 17 of 43 patients, indicating that there are additional genetic
defects to be discovered that cause this disease (Chan et al. 2015).

Allgrove or triple A syndrome (AAAS) is an autosomal recessive multisystem
disorder that is characterized by R-ACTH AI, alacrima, achalasia, neurodegeneration,
and autonomic dysfunction (Brooks et al. 2004). AI in AAAS may present with
neonatal hypoglycemic seizures and adrenal crisis or can be late onset not requiring
glucocorticoid replacement therapy until teenage years or later. As in other forms of
CAI, rarely patients require mineralocorticoid replacement, as well. The most frequent
genetic defect is a splicing mutation (IVS14+1G>A) of the AAAS gene (located on
chromosome 12q13) (Brooks et al. 2005), which encodes for a 546 amino acid protein
called ALADIN (for alacrima-achalasia-adrenal insufficiency neurologic disorder).
Patients with missense mutations in one allele have delayed onset of AI as compared
with truncation mutations in both alleles. The frequency of AI is significantly higher in
patients with only truncation mutations (Ikeda et al. 2013).

Adrenal hypoplasia congenita (AHC) is a disorder that manifests with CAI in
infancy. Two major histologic types exist: “cytomegalic” form, due to mutations in
the DAX1 gene that is inherited as X-linked recessive and typically presents in males
with AI and hypogonadotropic hypogonadism (Achermann and Vilain 1993), and
“miniature” form, which is a heterogenous genetic disorder that is autosomal
recessive and often associated with other developmental defects including abnor-
malities of the pituitary gland and the central nervous system.

Several rare genetic causes of pituitary-dependent CAI exist in association with
other developmental defects: mutations in HESX1, LHX3, LHX4, and SOX3 genes;
homozygote or compound heterozygote genetic defects of the ACTH precursor,
pro-opiomelanocortin (POMC) gene, its processing enzyme (prohormone
convertase 1 or PC1), and the product of the proprotein convertase subtilisin/kexin
type 1 (PCSK1) gene (Hanley and Arlt 2006; Ferraz-de-Souza and Achermann 2008;
Perry et al. 2005; Krude et al. 2003; Metherell et al. 2006; Jackson et al. 1997;
Achermann et al. 1999); and defects that lead to other forms of hypopituitarism
(ACTH deficiency in combination with other defects) (Karpac et al. 2007).
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CAI may also be part of a number of developmental conditions caused by genes
whose main action is not in the adrenal cortex. These include (i) IMAGe (intrauterine
growth retardation, metaphyseal dysplasia, adrenal hypoplasia, genitourinary anom-
alies) due to mutations in CDKN1C (chromosome 11p15) (Arboleda et al. 2012);
(ii) CHARGE syndrome (coloboma of the eye; heart anomaly; atresia, choanal;
retardation of mental and somatic development; microphallus; ear abnormalities
and/or deafness) due to mutations in the chromodomain helicase DNA-binding
protein 7 (CHD7) gene (James et al. 2003; Jongmans et al. 2006); (iii) Meckel
syndrome, a severe pleiotropic autosomal recessive developmental disorder caused
by mutations in MKS1 (chromosome 17q22) that leads to dysfunction of primary
cilia during early embryogenesis (Hsia et al. 1971); or (iv) conditions associated with
chromosomal defects, such as duplication in 5p (Chen et al. 1995), tetraploidy,
triploidy, trisomy 19, trisomy 21, monosomy 7, and 11q syndrome.

Adrenocortical Tumors

The first report of cAMP pathway mutations causing ACTs was in patients with
McCune-Albright syndrome (MAS) due to GNAS (encodes the alpha subunit (Gsα)
of the stimulatory guanine nucleotide-binding protein) that resulted in adrenocortical
hyperplasia and/or benign cortisol-producing adenomas (CPAs) (Weinstein et al.
1991; Stratakis and Boikos 2007). This was rapidly followed by other important
discoveries in the genetics of ACT formation, including the regulatory subunit type
1-α (RIα) of protein kinase A (PKA, PRKAR1A gene) and phosphodiesterase 11A
and phosphodiesterase 8B (PDE11A and PDE8B genes, respectively) in Carney
complex (CNC) and isolated ACTs and/or adrenal hyperplasia, respectively
(Stratakis and Boikos 2007). Recently, germline mutations in the tumor suppressor
gene ARMC5 (armadillo repeat containing 5) in primary bilateral macronodular
adrenocortical hyperplasia (PBMAH) and somatic mutations in KCNJ5 in
aldosterone-producing adenomas (APA) further expanded our understanding of
tumorigenesis in ACTs (Stratakis and Boikos 2007; Horvath and Stratakis 2008).
In this section, we provide a comprehensive review of the genetics of mostly benign
ACTs.

Classification of Adrenocortical Tumors

A comprehensive classification of ACT was proposed in 2007 (Tables 1, 2, and 3)
(Stratakis and Boikos 2007). ACT is divided into adrenocortical adenomas (ACAs),
adrenocortical hyperplasia, and adrenocortical cancer (ACC) (Stratakis and Boikos
2007). These lesions can be classified on their radiographic appearance as either
unilateral or bilateral or on biochemistry as either functioning or nonfunctioning.
ACAs are common incidental findings on imaging (5% of cases); however, adreno-
cortical hyperplasias are more frequently encountered on imaging (36% of cases)
(Saeger et al. 1998) but are often misread as “normal adrenal glands”.
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Table 1 Causes of congenital adrenal insufficiency

Congenital adrenal
insufficiency Gene (locus)

Mode of
inheritance Major features

Due to primary adrenal disorders

DAX1 NR0B1 (DAX1) X-linked DAX1 mutations: 46,XY
phenotypic boys,
hypogonadotropic
hypogonadism, and a
family history of male-
only CAI

SF1 mutations: AI and
gonadal abnormalities
Occasionally
heterozygous mutations
act in AD fashion causing
milder phenotypes, such
as isolated CAI

SF1 NR5A1 (SF1) AR

Denys-Drash syndrome WT1 AD

Frasier syndrome WT1 AD

SerKA WNT4 AD

Due to metabolic disorders

X-ALD ABCD1 X-linked X-ALD: progressive
demyelination of the
white matter with or
without AI, with less than
half of patients presenting
with CAI, and some male
carriers have no detectable
disease until later in life or
none at all

Wolman disease LIPA AR Wolman disease (familial
xanthomatosis): CAI and
adrenal calcification

Smith-Lemli-Opitz
syndrome

DHCR7 AR Smith-Lemli-Opitz
syndrome: developmental
delay, dysmorphic
features and male
undervirilization and/or
hypogonadism, CAI,
adrenal crisis, or more
commonly compensated
adrenocortical
dysfunction

(continued)
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Table 1 (continued)

Congenital adrenal
insufficiency Gene (locus)

Mode of
inheritance Major features

Hereditary cystatin C
amyloid angiopathy

APP AR Hereditary cystatin C
amyloid angiopathy: most
common mutation is in the
APP and particularly seen
in the Dutch, Italian,
Arctic, Iowa, Flemish, and
Piedmont populations.
Mutations in the CST3
cause the Icelandic type.
Familial British and
Danish dementia is caused
by mutations in ITM2B.
Causes adrenal
hemorrhage and
neurological
manifestations

CST3 Sporadic

ITM2B

Due to autoimmune disease

APS1 AIRE AR APS1: usually manifests
in early childhood,
consists of chronic
mucocutaneous
candidiasis and/or
acquired
hypoparathyroidism,
Addison’s disease,
chronic active hepatitis,
malabsorption, juvenile
onset pernicious anemia,
alopecia, primary
hypogonadism, and
infrequently type 1
diabetes mellitus;
autoimmune thyroid
disease; ectodermal
dystrophy, affecting the
dental enamel and nails;
vitiligo; or corneal disease
(keratopathy)

APS2 HLA-B8, HLA-DR3
and HLA-DR4,
CTLA-4, PTPN22;
chromosomes 6, 2,
and 1

AD

APS2: type 1 diabetes
mellitus and/or
autoimmune thyroid
disease has a later but
variable age of onset and
affects predominately
females

(continued)
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Table 1 (continued)

Congenital adrenal
insufficiency Gene (locus)

Mode of
inheritance Major features

Due to rare genetic syndromes

T-box gene family TPIT AR TPIT mutation: neonatal
onset CAI, hypoglycemia,
seizures, and occasionally
death

Hereditary resistance to
ACTH action

AR

A – FGD type 1 MC2R, MCM4, NNT FGD-1: infancy with
severe AI (most require
only glucocorticoid
replacement),
hypoglycemia, and
seizures or later in
childhood with a milder
form of AI and are taller
than their expected
(by genetic target) height

B – FGD type 2 MRAP FGD-2: severe
glucocorticoid deficiency
and death

Allgrove (triple A)
syndrome

AAAS AR AAAS: AI, alacrima,
achalasia,
neurodegeneration, and
autonomic dysfunction

Adrenal hypoplasia
congenital:

NR0B1 (DAX1) X-linked
recessive

Adrenal hypoplasia
congenital: cytomegalic
form: males with adrenal
insufficiency and
hypogonadotropic
hypogonadism.
Miniature” form: CAI,
developmental defects
including abnormalities of
the pituitary gland and the
central nervous system

A – Cytomegalic form

B – Miniature form

Intrauterine growth
restriction, metaphyseal
dysplasia, adrenal
hypoplasia congenita, and
genital anomalies
(IMAGe)

CDKN1C (11p15) AD with
paternal
imprinting

Coloboma, heart defect,
choanal atresia, retarded
growth and development,
genital abnormality, and
ear abnormality
(CHARGE syndrome)

CHD7 AD

Duplication in 5p Sporadic

AAAS: AI alacrima, achalasia, neurodegeneration, and autonomic dysfunction, AI adrenal insuffi-
ciency, AD autosomal dominant, APS autoimmune, polyglandular syndrome, AR autosomal reces-
sive, CAI congenital adrenal insufficiency, IMAGe intrauterine growth restriction, metaphyseal
dysplasia, adrenal hypoplasia congenita, and genital anomalies, CHARGE coloboma, heart defect,
choanal atresia, retarded growth and development, genital abnormality, and ear abnormality, SerKA
female-to-male sex reversal and kidney, adrenal, and lung dysgenesis, FGD familial glucocorticoid
deficiency.
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Table 2 Classification and characteristics of adrenocortical tumors

Adrenocortical
lesions

Genes
(locus) Histolopathology Characteristics

ACA CTNNB1
(3p22.1)

ACA are small (<5 cm), well-
circumscribed, bright yellow due
to their enriched cytoplasmic
lipid

Can be associated with MEN1,
FAP, MAS, HLRCS, CNC,
Carney triad, and others

PRKAR1A
(17q22-24)

Nonneoplastic adrenal cortical
nodules may be difficult to
differentiate from ACA; they
may be multifocal and bilateral

APA CTNNB1
(3p22.1)

APA is predominantly composed
of cells similar to fasciculate;
hyperplasia of the glomerulosa
layer may be seen. Others may
appear like fasciculata,
glomerulosa, and reticularis
admixed

Majority of APA harbor a
KCNJ5 mutation

KCNJ5
(11q24.3)

ARMC5
(16p11.2)

Germline mutations in ARMC5
gene may be seen in APA of
patients from African-American
decent

ATP1A1
(1p13.1)

ATP2B3
(Xq28)

ATP2B3 has been implicated in
APA of females with a more
severe phenotype

CACNA1D
(3p14.3)

CACNA1D mutants in APA are
more common in males

CACNA1H
(16p13.3)

Germline mutations (p.
M1549V) in CACNA1H were
identified in early-onset PA and
may represent a new subtype of
familial hyperaldosteronism

CPA PRKACA
(19p13.1)

CPA is composed of cells similar
to fasciculate, with adjacent
cortical atrophy. Heterogeneity
with lipid-depleted cells
admixed may be present

Somatic-activating mutations of
PRKACA (c.617A>G/p.L206R)
with an estimated incidence of
approximately 42% in CPA

GNAS
(20q13)

Somatic mutations in GNAS
were identified in 5–17% of CPA

PRKAR1A
(17q22-24)

The somatic allelic losses of
PRKAR1Awere found in 23% of
CPA that were smaller tumors
and exhibited a paradoxical
increase in urinary cortisol levels
after dexamethasone
suppression, due to increased
glucocorticoid receptor
expression in ACT

CTNNB1
(3p22.1)

CTNNB1 (S45P, S45F) in
approximately 23.1% of CPA

(continued)
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Table 2 (continued)

Adrenocortical
lesions

Genes
(locus) Histolopathology Characteristics

PBMAH ARMC5
(16p11.2)

Distinct adenomas (usually two
or three), >1 cm, with
internodular atrophy, or
hyperplasia without atrophy

Middle age

MEN1
(11q13)

Associated with MEN1, FAP,
MAS, HLRCS, CNC, isolated
(AD)

FH
(1q42.3-
43)

Majority of lesions with ectopic
GPCRs (vasopressin, serotonin,
catecholamines, luteinizing
hormone)

APC
(5q22.2)

PBMAH carry the ability of
intra-adrenal production of
ACTH with an autocrine/
paracrine effect on cortisol
production

PRKAR1A
(17q22-24)

PDE11A
(2q31.2)

GNAS
(20q13)

PBAD GNAS
(20q13)

Distinct adenomas (>1 cm), with
occasional microadenomas and
internodular atrophy

Infants and very young children

MAS

i-PPNAD PRKAR1A
(17q22-24)

Microadenomatous (<1 cm)
hyperplasia with pigmentation

Children and young adults

PDE11A
(2q31.2)

Lentiginosis in few cases

PDE8B
(5q13)

PRKACB
(1p31.1)

c-PPNAD PRKAR1A
(17q22-24,
CNC1
locus)

Microadenomatous (<1 cm)
hyperplasia with (mostly)
internodular atrophy and
pigmentation

c.709-7del6 mutation and
c.1A>G/p.M1V substitution in
PRKAR1A

PRKACB
(1p31.1)

Children, young, and middle-
aged adults

2p16
(unkown
gene;
CNC2
locus)

Disease at a younger age and a
higher frequency of myxomas,
schwannomas, and thyroid and
gonadal tumors than patients
without PRKAR1A mutations

In-frame deletion of exon 3 and
the c.708 +1G>T mutation

(continued)
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Table 2 (continued)

Adrenocortical
lesions

Genes
(locus) Histolopathology Characteristics

appears to confer a more severe
CNC phenotype, while the splice
variant c.709(-7-2)del6 and the
initiation alternating substitution
c.1A>G/p.M1Vp have been
associated with incomplete
penetrance of CNC, as seen in
i-PPNAD

CNC1: The hotspot c.491-
492delTG mutation is most
closely associated with
lentigines, cardiac myxoma, and
thyroid tumors when opposed to
all other PRKAR1A mutations

Expressed RIα mutant protein
present with more severe and
aggressive CNC phenotype

CNC2: Sporadic disease later in
life with a lower frequency of
myxomas, schwannomas,
thyroid, and LCCSCT

iMAD PDE11A
(2q31.2)

Microadenomatous (<1 cm)
hyperplasia with internodular
hyperplasia and limited or absent
pigmentation

Mostly children and young
adults

PDE8B
(5q13)

May be associated with a
paradoxical rise of
glucocorticoid excretion during
the Liddle’s test

PRKAR1A
(2q31.2)

PRKACA
(19p13.1)

2p12-p16

5q

ACA adrenocortical adenoma, APC adenomatous polyposis coli gene, c-PPNAD CNC-associated
PPNAD, CPA cortisol-producing adenoma, CNC Carney complex, FAP familial adenomatous poly-
posis, GNAS gene coding for the stimulatory subunit α of the G-protein (Gsα), GPCR G-protein-
coupled receptor, HLRCS hereditary leiomyomatosis and renal cancer syndrome, i-MAD isolated
micronodular adrenocortical disease, i-PPNAD isolated PPNAD, MAS McCune-Albright syndrome,
MEN1 multiple endocrine neoplasia type 1, PBAD primary bimorphic adrenocortical disease, PBMAH
primary bilateral macronodular adrenocortical hyperplasia, PDE8B phosphodiesterase 8B gene,
PDE11A phosphodiesterase 11A gene, PPNAD primary pigmented nodular adrenocortical disease,
PRKAR1A protein kinase cAMP-dependent, regulatory, type I, α gene
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Table 3 Familial syndromes associated with adrenocortical tumors

Familial syndromes Gene (locus)
Mode of
inheritance Major features

Carney complex PRKAR1A (17q22-24, CNC1
locus)

AD PPNAD

Cardiac myxomas

Pigmented skin lesions
(lentiginosis and blue nevi)

Somatotroph pituitary
adenomas

LCCSCT

Benign thyroid nodules,
differentiated thyroid cancer

Melanocytic schwannomas

PRKACB (1p31.1) and 2p16
(unkown gene; CNC2 locus)

ACT and rarely ACC

Multiple endocrine
neoplasia type 1

MEN1 (11q13) AD Primary hyperparathyroidism

Pituitary adenomas

Neuroendocrine tumors

Congenital adrenal
hyperplasia

CYP21A2 (6p21.3) AR Salt wasting (most severe)

CYP11B1 (8q24) Simple virilizing

CYP17A1 (10q24.32) Nonclassic (late onset)

Cryptic

Familial
adenomatous
polyposis

APC (5q22.2) AD Large precancerous
colorectal polyps in the
second and third decades of
life

ACT, ACC

Papillary thyroid carcinomas

Lipomas

Pancreatic carcinomas

Hereditary
leiomyomatosis
and renal cell
cancer

FH (1q42.3-43) AD Hereditary leiomyomatosis

Renal cancer

ACT

Carney-Stratakis
syndrome

SDHB (1p36) AD GIST

SDHC (1q21) Paragangliomas

SDHD (11q23) ACT

Carney triad Unkown genetic defect Sporadic Pulmonary chondromas

Pigmented skin lesions

GIST

Sarcomas

PGL

Esophageal leiomyoma

ACT

(continued)
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Table 3 (continued)

Familial syndromes Gene (locus)
Mode of
inheritance Major features

Familial
hyperaldosteronism

Type I (GRA): chimeric
fusion of CYP11B2 and
CYP11B1 (8q24.3)

AD Type 1: severe early-onset
hypertension with significant
phenotypic and biochemical
heterogeneity exists, and
some individuals may never
develop hypertension.
Should be considered in
patients with early-onset
hypertension (<20 years) in
the setting of a suppressed
plasma renin activity, a
family history of PA or early
cerebral hemorrhage
(<40 years) from intracranial
aneurysms or hemorrhagic
strokes

Type II: mapped to 7p22

Type III: heterozygous
mutation in KCNJ5 (11q2)

Type 2: affects adults and is
characterized by
hyperaldosteronism due to
adrenocortical hyperplasia,
an aldosterone-producing
adenoma, or both, that is not
glucocorticoid remediable

Type 3: presents earlier, in
childhood, with severe
hypertension and metabolic
derangements

Li-Fraumeni
syndrome

TP53 AD The most frequent cancers
are breast (25–30%), sarcoma
(25–30%), and brain (9–
16%). ACC is a less frequent
manifestation accounting for
10–14% of cancers

In southern Brazil, a specific
germline TP53 mutation (p.
R33H) was identified in over
80% of children, and 13.5%
of adults, with ACT, where
the incidence of ACT is
15 times higher than the rest
of the world

(continued)
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Table 3 (continued)

Familial syndromes Gene (locus)
Mode of
inheritance Major features

Beckwith-
Wiedemann
syndrome

epigenetic/genetic alterations
on chromosome 11p15

The overall risk of tumor
development in children is
7.5% (4–21%), with ACC
being rare

The most frequent clinical
features are anterior
abdominal wall defects
(80%), macroglossia (97%),
and overgrowth

Mutations in the cyclin–
dependent kinase inhibitor
1C (CDKN1C) gene

Microdeletions at
imprinting center 1 (IC1) and
microduplication at
imprinting center 2 (IC2) in
cases with germline defects

Uniparental disomy of
11p15

Gain of methylation at IC1

Loss of methylation at IC2

Neurofibromatosis
type 1

NF1 AD About 50% of individuals
have no family history of the
disease

The clinical hallmark is a
predisposition to a variety of
benign and malignant
tumors: the most common
malignant tumors are
sarcomas (leiomyosarcoma
and neurofibrosarcoma),
breast, lung, and
gastrointestinal tract tumors

A few cases of ACC have
been reported in patients with
NF1; recently, a novel
germline frameshift mutation
(c.5452_5453delAT) in exon
37 of the NF1 gene was
associated with ACC
development

ACC adrenocortical carcinoma, ACT adrenocortical tumor, AD autosomal dominant, AR autosomal
recessive, APC adenomatous polyposis coli gene, c-PPNAD CNC-associated PPNAD, CNC Carney
complex, FAP familial adenomatous polyposis, GIST gastrointestinal stromal tumors, GNAS gene
coding for the stimulatory subunit α of the G-protein (Gsα), GPCR G-protein-coupled receptor, GRA
glucocorticoid remediable aldosteronism, HLRCS hereditary leiomyomatosis and renal cancer syn-
drome, i-MAD isolated micronodular adrenocortical disease, i-PPNAD isolated PPNAD, LCCSCT
benign large cell calcifying Sertoli cell tumor, MAS McCune-Albright syndrome, MEN1 multiple
endocrine neoplasia type 1, PBAD primary bimorphic adrenocortical disease, PBMAH primary bilateral
macronodular adrenocortical hyperplasia, PDE8B phosphodiesterase 8B gene, PDE11A phosphodies-
terase 11A gene, PGL paraganglioma, PPNAD primary pigmented nodular adrenocortical disease,
PRKAR1A protein kinase, cAMP-dependent, regulatory, type I, α gene
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Bilateral adrenocortical hyperplasias (BAH) are divided into micronodular
(<1 cm in diameter) or macronodular (>1 cm in diameter) (Stratakis and Boikos
2007). Secondary bilateral adrenocortical hyperplasia is caused by excess ACTH
and should be differentiated from primary causes, which are often due to genetic
defects. The classification of BAH is summarized in Table 2. The micronodular
subtypes are usually diagnosed in children and young adults and are either
pigmented (c-PPNAD for primary pigmented nodular adrenocortical disease, famil-
ial as seen in CNC, or isolated, i-PPNAD) or not pigmented (iMAD for isolated
micronodular adrenocortical disease) (Stratakis and Boikos 2007). The macro-
nodular subtypes are usually diagnosed in adults and may be sporadic or familial.
Syndromic forms are seen with mutations in APC, MEN1, FH, and other genes (see
under “Familial Syndromes”). Other subtypes of macronodular hyperplasias include
primary bimorphic adrenocortical disease (PBAD), as seen in MAS, and Beckwith-
Wiedemann syndrome (BWS). Approximately 75–90% of ACTs leading to Cushing
syndrome (CS) are due to a unilateral and benign CPA, with the remaining being
caused by BAH (Lodish and Stratakis 2016). The different histopathologic charac-
teristics of these lesions are summarized in Table 2.

PBMAH is a form of BAH that was first described in 1964 (Kirschner et al. 1964)
and is estimated to affect 10% and 15% of CS in young adulthood and childhood,
respectively (Stratakis and Boikos 2007), with likely higher figures in subclinical
CS. PBMAH was previously called massive macronodular adrenocortical disease
(MMAD), bilateral macronodular adrenal hyperplasia (BMAH), and ACTH-
independent macronodular adrenocortical hyperplasia (AIMAH); however, given the
recent discovery of a local intra-adrenal secretion of adrenocorticotropic hormone
(ACTH) (Louiset et al. 2013; Lefebvre et al. 2003), the term PBMAH was proposed.
Secondary bilateral adrenocortical hyperplasia is caused by excess ACTH and should be
differentiated from primary causes, as with PBMAH.

ACCs are rare with an incidence of 0.5–2 million per year leading to 0.2% of all
cancer deaths in the United States. ACCs are significantly more frequent in females
(median age of diagnosis is at approximately 46 years across) and associated with a
16–44% 5-year survival rate (Fassnacht and Allolio 2009). An early peak of the
disease between the ages of 5 and 7 years represents a clinically and molecularly
different form of ACC (1.3% of the total number of cancers in children) (Fassnacht
and Allolio 2009; Icard et al. 2001). ACCs may be nonsecretory or cause hormone
excess, including CS, hyperaldosteronism, or hyperandrogenism (Arlt et al. 2011).

Molecular Pathways in Adrenocortical Tumor Development

Two major molecular pathways contribute to ACT formation and share the down-
stream activation of certain oncogenic signals (Almeida et al. 2012). In the cAMP
signaling pathway, activation of adenyl cyclase (AC) through the Gsα subunit
(encoded by GNAS) generates cAMP that activates protein kinase A (PKA)
(Fig. 1). PKA is a holoenzyme that consists of a tetramer of two homo- or hetero-
dimer regulatory subunits (R1α, R1β, R2α, and R2β) and catalytic subunits (Cα, Cβ,
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Cγ, and PRKX) that are encoded by seperate genes (Taylor et al. 2012); their
dissociation in the presence of cAMP enables phosphorylation of PKA targets,
including gene expression to mediate cell growth, differentiation, and hormone
production (e.g., cortisol). Alterations in any of these complex steps in the cAMP-
dependent signaling pathway may predispose to the formation of ACT (Fig. 2)
through constitutive activation by increasing the availability of the PKA catalytic
subunits (Figs. 2 and 3). However, PKA signaling may either inhibit or stimulate cell
proliferation depending on its specific role in the cell cycle (Robinson-White et al.
2006; Lania et al. 2004); this variability may explain, in part, why some biochem-
ically active ACTs are small and difficult to detect clinically. The Wnt signaling
pathway consists of a β-catenin-dependent and a β-catenin-independent pathway. A
ligand binds to a series of Frizzled family receptors, such as LRP6 that activates
phosphoproteins and inhibit the phosphorylation of β-catenin (Fig. 1). This in turn
leads to the transcription of important genes, such asWISP2, CTNNB1, and GSK3B,
as seen in PBMAH and PPNAD (Bourdeau et al. 2004).

Familial Syndromes Associated with Adrenocortical Tumors

Several familial syndromes have been described in association with benign and
malignant ACTs. In the context of ACCs, a complex pattern of genetic defects
from many chromosomal aberrations to somatic mutations in a number of genes
has been described (Lerario et al. 2014). Moreover, high levels of estrogens have
been suggested to increase the incidence of ACC based on the observation of ACC
development during pregnancy, higher frequency of ACC in females, and in vitro
studies showing growth-promoting effects of estrogen on the ACC (Sirianni et al.
2012). In this section, we present the various familial syndromes that are associated
with benign ACTs and/or ACCs.

Carney Complex (CNC)

Carney complex (CNC) is an autosomal dominant (AD) syndrome that predisposes
to multiple neoplasias. CNC is caused mostly by germline inactivating mutations in
PRKAR1A (17q22-24, CNC1 locus), an apparent tumor suppressor gene which
encodes for the R1α subunit of PKA that carries an overall penetrance of over
95% by the age of 50 (Stratakis et al. 2001), and less commonly due to a
yet-unidentified gene on chromosome 2p16 (CNC2) or PRKACB amplification on
chromosome 1p31.1 (Kirschner et al. 2000; Horvath et al. 2010; Forlino et al. 2014).
The clinical manifestations of CNC are broad, and the diagnosis is established if two
or more of the following exists: CS from PPNAD (the most frequent finding),
cardiac myxomas, pigmented skin lesions (lentiginosis and blue nevi, Image 1),
somatotroph pituitary adenomas, benign large cell calcifying Sertoli cell tumor
(LCCSCT) of the testis, benign thyroid nodules, differentiated thyroid cancer, and
melanocytic schwannomas. In-frame deletion of exon 3 and the c.708 +1G>T
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mutation appears to confer a more severe CNC phenotype, while the splice variant
c.709(-7-2)del6 and the initiation-alternating substitution c.1A>G/p.M1Vp lead to
an incomplete penetrance of CNC (Groussin et al. 2006). The hot spot c.491-
492delTG mutation is most closely associated with lentigines, cardiac myxoma,

Fig. 2 The cyclic AMP and Wnt signaling pathways in adrenocortical tumors. In the cAMP
signaling pathway, activation of adenyl cyclase (AC) through the Gsα subunit (encoded by GNAS)
generates cAMP that activates protein kinase A (PKA). PKA is a holoenzyme that consists of a
tetramer of two homo- or heterodimer regulatory subunits (R1α, R1β, R2α, and R2β) and catalytic
subunits (Cα, Cβ, Cγ, and PRKX) that are encoded by seperate genes; their dissociation in the
presence of cAMP enables phosphorylation of PKA targets, including gene expression to mediate
cell growth, differentiation, and hormone production (e.g., cortisol). Alterations in any of these
complex steps in the cAMP-dependent signaling pathway may predispose to the formation of ACT
through constitutive activation by increasing the availability of the PKA catalytic subunits. How-
ever, PKA signaling may either inhibit or stimulate cell proliferation depending on its specific role
in the cell cycle; this variability may explain, in part, why some biochemically active ACTs are
small and difficult to detect clinically. TheWnt signaling pathway consists of a β-catenin-dependent
and a β-catenin-independent pathway. A ligand binds to a series of Frizzled family receptors, such
as LRP6 that activates phosphoproteins and inhibit the phosphorylation of β-catenin. This in turn
leads to the transcription of important genes, such as WISP2, CTNNB1, and GSK3B, as seen in
PBMAH and PPNAD. Abbreviations: AC adenylyl cyclase; C catalytic subunit of protein kinase A;
cAMP cyclic AMP; CREB cyclic AMP response element binding protein, a transcription factor;
GPCR G-protein-coupled receptor; Gsα stimulatory subunit α of the G-protein; GSK3β glycogen
synthase kinase 3β; PKA cAMP-dependent protein kinase; R regulatory subunit; SF1 steroidogenic
factor 1; WNT wingless-type MMTV integration site family (Courtesy of Stratakis Laboratory,
NICHD, NIH)
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and thyroid tumors when opposed to all other PRKAR1A mutations. CNC2 occurs
later in life with a lower frequency of myxomas, schwannomas, thyroid tumors, and
LCCSCT. Some patients may present with mild disease with i-PPNAD, with or
without accompanied lentiginosis, and this “subtype” of CNC is usually diagnosed
before 8 years of age and may be due to pathogenic mutations in PRKAR1A,
particularly c.709 (-7-2) del6 or c.1A>G/p.M1V, in approximately 50% of cases.

Fig. 3 Aberrations in the cyclic AMP-dependent signaling pathways in adrenocortical
tumors. The first report of mutations causing ACTs was found in patients with McCune-Albright
syndrome (MAS) due to GNAS that resulted in adrenocortical hyperplasia and/or benign cortisol-
producing adenomas (CPA). This was rapidly followed by other important discoveries in the
genetics of ACT formation, including the regulatory subunit type 1-α (RIα) of protein kinase A
(PKA, PRKAR1A gene) and phosphodiesterase 11A and phosphodiesterase 8B (PDE11A and
PDE8B genes, respectively) in Carney complex (CNC) and isolated ACTs and/or adrenal hyper-
plasia, respectively. Recently, germline mutations in the tumor suppressor gene ARMC5 (armadillo
repeat containing 5) were discovered in the majority of primary bilateral macronodular adrenocor-
tical hyperplasia (PBMAH) cases. Abbreviations: AC adenyl cyclase; C catalytic subunit of protein
kinase A; cAMP cyclic AMP; CREB cyclic AMP response element-binding protein, a transcription
factor; GPCR G protein-coupled receptor; Gsα stimulatory subunit α of the G protein; PDE11A
phosphodiesterase 11A; PKA cAMP-dependent protein kinase A; R regulatory subunit (Courtesy of
Stratakis Laboratory, NICHD, NIH)
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Multiple Endocrine Neoplasia Type 1 (MEN1)

Multiple endocrine neoplasia type 1 (MEN1) is also an AD syndrome due to a
heterozygous inactivating germline mutation of the tumor suppressor gene MEN1
(11q13) (Chandrasekharappa et al. 1997) that is found in approximately 90% of
affected individuals. The clinical features of MEN1 include primary hyperparathy-
roidism due to parathyroid hyperplasia, pituitary adenomas, neuroendocrine tumors,
and facial angiofibromas, among others (Thakker et al. 2012). Nonfunctional ACTs
are seen in approximately 20% of patients with MEN1 (Gatta-Cherifi et al. 2012),
while functional ACTs are rare (primarily primary aldosteronism) (Gatta-Cherifi
et al. 2012; Simonds et al. 2012).

Congenital Adrenal Hyperplasia (CAH)

Congenital adrenal hyperplasia (CAH) refers to a group of autosomal recessive
disorders due to single gene defects in the various steps of cortisol biosynthesis.
CAH represents a continuous phenotypic spectrum with over 95% of all cases
caused by 21-hydroxylase deficiency that is classified into classic salt wasting,
classic simple virilizing, and nonclassic (Speiser et al. 2010). Patients with CAH
are predisposed to benign ACT, including adrenocortical adenomas, myelolipomas,
and bilateral hyperplasia, due to a compensatory increase in ACTH secretion from
pituitary corticotrophs that promotes proliferation of ACT.

Familial Adenomatous Polyposis (FAP)

Familial adenomatous polyposis (FAP) is an AD disorder due to genetic defects in
the tumor suppressor gene APC (5q22.2) that predisposes to large precancerous
colorectal polyps in the second and third decades of life. Bi-allelic inactivation of
APC (copresence of germline and somatic mutations) leads to tumorigenesis through
activation of the Wnt/β-catenin pathway. Extra-colonic manifestations are common
and include ACT and adrenocortical hyperplasias, PBMAH (Hsiao et al. 2009),
ACC, papillary thyroid carcinomas, lipomas, and pancreatic carcinomas (Gaujoux
et al. 2010; Berthon et al. 2012).

Hereditary Leiomyomatosis and Renal Cell Cancer (HLRCC)

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an AD disorder caused
by inactivating mutations of the tumor suppressor gene fumarate hydratase (FH,
1q42.3-43) that predispose to hereditary leiomyomatosis, renal cancer, and ACT
(approximately 8%). Bi-allelic inactivation of FH leads to increased tumorigenesis
through the activation of the hypoxia-induced factor 1 (HIF1) pathway that results in
alterations in glycolytic activity, neovascularization, and downregulation of apopto-
tic mechanisms in tumor tissue. PBMAH or isolated adrenal nodularity has been
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reported in HLRCC (Matyakhina et al. 2005), where loss of heterozygosity for FH
was confirmed in tumor tissue (Matyakhina et al. 2005).

Carney-Stratakis Syndrome (CCS)

Carney-Stratakis syndrome (CSS) is an AD disorder that predisposes to the forma-
tion of gastrointestinal tumors (GIST), paragangliomas (PGL), and ACT (Carney
and Stratakis 2002). Germline mutations in SDHB (1p36), SDHC (1q21), and SDHD
(11q23) that were known to be involved in inherited PGL and pheochromocytoma
but were not previously involved in familial GIST or in ACTs have been linked to
CSS. ACTs including PBMAH and nonfunctional tumors are rare in CSS.

Carney Triad (CT)

Carney triad (CT) is a sporadic condition that predisposes to hamartomatous lesions
in various organs (pulmonary chondromas and pigmented and other skin lesions),
GIST, sarcomas, PGL, esophageal leiomyoma, and ACA. CT is the only known
adrenal disease that has among its clinical manifestations adrenocortical and med-
ullary involvement, such as coexisting PBMAH or ACA, often nonfunctional, and
pheochromocytomas or PGL (Carney et al. 1977). The genetics of CT is complex; a
subset of patients may carry germline variants in the SDHA, SDHB, or SDHC,
including loss of regions on the short arm (1p) and the long arm (1q) of chromosome
1 (Boikos et al. 2016), or recurrent aberrant dense DNA methylation at the gene
locus of SDHC that leads to a reduced mRNA expression of SDHC and concurrent
loss of the SDHC subunit on the protein level (Haller et al. 2014). Various ACT
including subclinical Cushing syndrome due to ACT were proposed as the fourth
component of the Carney triad (Carney et al. 2013).

Familial Hyperaldosteronism (FH)

Familial hyperaldosteronism (FH) is a group of AD disorders consists of three types.
Type I (also known as glucocorticoid-remediable aldosteronism, GRA) is character-
ized by a chimeric fusion of CYP11B2 and CYP11B1 (8q24.3), rendering the
aldosterone synthase hybrid gene to be under the regulation of ACTH rather than
the renin-angiotensin system (Lifton et al. 1992), and should be considered in
patients with early-onset hypertension (<20 years) in the setting of a suppressed
plasma renin activity, a family history of PA, or early cerebral hemorrhage
(<40 years) from intracranial aneurysms or hemorrhagic strokes. Type II (mapped
to chromosome 7p22) typically affects adults and is characterized by hyper-
aldosteronism due to adrenocortical hyperplasia, an aldosterone-producing adenoma
(APA), or both that is not glucocorticoid remediable (Torpy et al. 1998; Lafferty et al.
2000). Type III presents earlier, in childhood, with severe hypertension and
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metabolic derangements and is due to a heterozygous mutation in KCNJ5 (11q2)
(Geller et al. 2008).

Li-Fraumeni Syndrome (LFS)

Li-Fraumeni syndrome (LFS) is an autosomal dominant syndrome due to germline
mutations in the tumor suppressor gene TP53 that predisposes to cancers by age 30.
The most frequent cancers are breast (25–30%), sarcoma (25–30%), and brain (9–
16%) (Sorrell et al. 2013; Palmero et al. 2010). Early-onset cancers are caused by
mutations in the DNA-binding portion of the gene, while slower rates of tumor
development are seen with mutations outside the core DNA-binding domain (Varley
et al. 1999). ACC is a less frequent manifestation accounting for 10–14% of cancers
(Palmero et al. 2010) but are usually larger and associated with advanced stage,
shorter disease-free survival, greater resistance to chemotherapy and radiation ther-
apy, and overall higher rates of relapse, when compared to cases without TP53
mutations (Fernandez-Cuesta et al. 2012). Germline mutations of TP53 are found in
70%, 50–80%, and 3–6% of cases with LFS (Bachinski et al. 2005), adult ACT
(Herrmann et al. 2012), and child ACT (Varley et al. 1999), respectively. In southern
Brazil, a specific germline TP53mutation (p.R33H) of the p53 protein was identified
in over 80% of children, and 13.5% of adults, with ACT, where the incidence of
ACT is 15 times higher than the rest of the world (Giacomazzi et al. 2013; Petitjean
et al. 2007; Ribeiro et al. 2001).

Beckwith-Wiedemann Syndrome (BWS)

Beckwith-Wiedemann syndrome (BWS) is a pediatric overgrowth disorder with an
estimated incidence of 1 in 13,700 neonates due to epigenetic/genetic alterations on
chromosome 11p15 (Weksberg et al. 2010). BWS usually occurs sporadically
(85%), although familial transmission can also occur in 15% of the cases (Weksberg

Image 1 Spotty skin
pigmentations in a male
patient with Carney complex
(Courtesy of Stratakis
Laboratory, NICHD, NIH)
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et al. 2010). Other genetic defects include mutations in the cyclin-dependent kinase
inhibitor 1C (CDKN1C) gene or microdeletions at imprinting center 1 (IC1) and
rarely microduplication at imprinting center 2 (IC2) in cases with germline defects
(Hatada et al. 1997), uniparental disomy of 11p15 or gain of methylation at IC1
(associated with highest risk for Wilms’ tumor and hepatoblastoma), and loss of
methylation at IC2 (associated with a lower risk for tumor development). The overall
risk of tumor development in children is 7.5% (4–21%), with ACC being rare (Rump
et al. 2005). The most frequent clinical features of BWS are anterior abdominal wall
defects (80%), macroglossia (97%), and overgrowth (Weksberg et al. 2010).
Increased insulin growth factor 2 (IGF2) signaling is the main molecular cause of
the phenotype associated with BWS, and IGF2 overexpression has also been linked
with the development and progression of sporadic ACCs (Boulle et al. 2001). The
most frequent ACT in BWS is hyperplasia (Carney et al. 2012), but rarely some
patients develop ACC.

Neurofibromatosis Type 1 (NF1)

Neurofibromatosis type 1 (NF1) is an autosomal dominant disease with an incidence
of 1 in 3,000 cases that results from a loss-of-function mutation or deletion in the
NF1 gene. About 50% of individuals with NF1 have no family history of the disease.
The clinical hallmark of NF1 is a predisposition to a variety of benign and malignant
tumors. The most common malignant tumors are sarcomas (leiomyosarcoma and
neurofibrosarcoma) and breast, lung, and gastrointestinal tract tumors. A few cases
of ACC have been reported in patients with NF1 (Menon et al. 2014; Fraumeni and
Miller 1967; Fienman and Yakovac 1970); recently, a novel germline frameshift
mutation (c.5452_5453delAT) in exon 37 of the NF1 gene was associated with ACC
development (Menon et al. 2014).

Genetic Aberrations in Common Benign Adrenocortical Tumors

Adrenocortical Adenomas (ACAs)

Adrenocortical adenomas (ACAs) represent the commonest form of ACT and are
often detected incidentally on imaging. Approximately 10% of ACAs are function-
ing (primarily aldosterone-producing adenomas (APAs) or CPA) and comprise of a
small (<5 cm), well-circumscribed, solitary lesions (but may be multiple) that are
histologically bright yellow due to their enriched cytoplasmic lipid. These lesions
should be differentiated from nonneoplastic ACA due to old age, hypertension, or
diabetes mellitus that are either dominant, multifocal, or bilateral nodularity.

The Wnt/β-catenin and cAMP signaling pathways are activated in nonfunctional
ACA and in most cases due to mutations in CTNNB1 (3p22.1); somatic allelic losses
of PRKAR1A, leading to inactivation with resultant decreased PKA (Bertherat et al.
2003); or other aberrations. Aberrant GPCRs detected by in vivo stimulation tests
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appear to be common in these lesions (Reznik et al. 2004). In the case of APA,
somatic mutations in the KCNJ5 gene (11q24.3) have been implicated in the
majority (30–65%) (Choi et al. 2011). Recently, germline mutations in ARMC5
(16p11.2) have also been implicated in PA and particularly in patients from
African-American decent (Zilbermint et al. 2015). A second somatic genetic event,
either 16p loss of heterozygosity or a second somatic mutation in the coding region
of the gene, is required in addition to the germline mutation in AMRC5 to mediate
tumorigenesis leading to polyclonal nodularity (Faucz et al. 2014; Correa et al.
2015). Other genes that have been implicated in APA formation include ATP1A1
(1p13.1) (Beuschlein et al. 2013; Williams et al. 2014), ATP2B3 gene (Xq28)
(Beuschlein et al. 2013; Williams et al. 2014), and CACNA1D (3p14.3) (Scholl
et al. 2013). PRKACAmutations are very rare findings in APA (Rhayem et al. 2016).

Unlike APAs, the majority of CPAs are caused by aberrations in the cAMP-
dependent signaling pathway, including somatic activating mutations of PRKACA
with an estimated incidence of approximately 42% (86 of 206 tumors studied to
date) (Beuschlein et al. 2014; Cao et al. 2014; Goh et al. 2014), somatic mutations in
GNAS (5–17%) (Fragoso et al. 2003), and somatic allelic losses of PRKAR1A (23%).
Defects in Wnt signaling have been reported in CPA, with CTNNB1 in approxi-
mately 23% of cases (Thiel et al. 2015). The coexistence of two different ACTs
causing the concurrent diagnosis of PA and Cushing syndrome due to different
genetic alterations (coexisting mutations in PRKACA and KCNJ5 in different nod-
ules) is possible (Nanba et al. 2016). There are many unknown genetic defects that
lead to CPA or APA formation and are under current investigation.

Primary Bilateral Macronodular Adrenocortical Hyperplasia (PBMAH)

Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) represents a
heterogeneous benign disorder that is often associated with subclinical CS in adults
over a number of years and accounts for less than 2% of all endogenous CS (Lacroix
2009). Non-mutated aberrant receptors (e.g., gastrointestinal peptide, vasopressin,
serotonin, catecholamines, luteinizing hormone, or autocrine/paracrine ACTHs)
may stimulate cortisol, aldosterone, and estrogen either singly or in combination
(Bourdeau et al. 2001; Lacroix et al. 2010). Mutations in the tumor suppressor
ARMC5 gene were identified in over 50% of apparent sporadic and familial
PBMAH cases, where both alleles carried one germline and one somatic mutation
each (Assie et al. 2013; Faucz et al. 2014; Alencar et al. 2014). Other genetic
aberrations in PBMAH have been described, including GNAS (without features of
MAS) (Hsiao et al. 2009; Fragoso et al. 2003), PDE11A gene variants (Libé et al.
2011; Hsiao et al. 2009), germline duplications of PRKACA resulting in copy
number gains (Beuschlein et al. 2014), and germline mutations in FH, MEN1, and
APC (Hsiao et al. 2009; Fragoso et al. 2003). The clinical spectrum and genetic
aberrations in PBMAH are heterogeneous, and further studies are required to better
elucidate the molecular mechanisms involved in its tumorigenesis.
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Alterations of Phosphodiesterases (PDEs)

Phosphodiesterases (PDEs) are key enzymes in the cAMP signaling pathway that
function through the hydrolyzation of cAMP (PDE isoforms 4, 7, and 8) and cGMP
(PDE isoforms 5, 6, and 9) into their respective AMP and GMP (Francis et al. 2011;
Azevedo et al. 2014). PDE8B and PDE11A have been implicated in ACT formation;
an inactivating mutation in PDE8B (5q14.1) was reported in a 2-year-old girl with
iMAD that she had inherited from her father (Horvath et al. 2008), and inactivating
mutations in the highly polymorphic PDE11A (2q31.2) were reported in patients
with PPNAD or iMAD (Libé et al. 2011). Genetic variations in PDE8B and PDE11A
may be low penetrance alleles (with a relative frequency in the general population),
which may predispose for the development of ACT.

McCune-Albright Syndrome (MAS)

McCune-Albright syndrome (MAS) is caused by postzygotic gain-of-function point
mutations in GNAS that lead to polyostotic fibrous dysplasia, café au lait skin spots,
precocious puberty, and overactive endocrinopathies. MAS predisposes to CS in the
infantile period that develops from CPAs or nodular adrenal hyperplasia (PBAD, a
form of PBMAH) (Kirk et al. 1999; Carney et al. 2011). Clinical manifestations of
MAS are highly variable and depend on the distribution of somatic mosaic mutations
in the various affected tissues (Carney et al. 2011).

Isolated Micronodular Adrenocortical Disease (iMAD)

Isolated micronodular adrenocortical disease (iMAD) is a rare disorder of the adrenal
glands of very early onset that may be caused by mutations in PDE11A, PDE8B, or
germline copy number gain of PRKACA. PRKAR1A mutations have never been
described in iMAD, which is thus differentiated from PPNAD by both its genetics
and its lack of pigmentation. On the other hand, iMAD may be associated with a
paradoxical rise of glucocorticoid excretion during Liddle’s test (1 mg overnight and
low- and high-dose dexamethasone suppression tests) as is also observed in patients
with PPNAD (Stratakis et al. 1999).

Genetic Counseling of Patients with Disorders of Adrenocortical
Function

Genetic testing is a powerful tool in clinical practice for patients and their families.
Identification of the underlying genetic etiology will allow estimations of recurrence
risk, which will inform family planning decisions, facilitate preimplantation genetic
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testing, and allow accurate prenatal screening. Additionally, genetic information will
allow for the monitoring of disease progression and the introduction of timely
treatment regimens to minimize complications and also provides important knowl-
edge of the underlying disease mechanism or mechanisms. One study found that
knowledge of carrier status of SDH mutations did not deter young couples/patients
from having a desire to conceive in the future (Raygada et al. 2014). The complexity
of these decisions, with their significant medical and psychosocial implications, is an
important aspect of managing patients and their families.

Genetic screening may begin as early as infancy in at-risk individuals, especially
with conditions that can manifest with early mortality, such as CNC. Given the
complexity of choosing between the multiple candidate genes with overlapping
clinical phenotypes, testing genes either singly or in a panel, particularly in patients
without known syndromic features, should be considered. Several sequencing tech-
nologies exist. The growing availability and use of whole genome sequencing
(WGS), whole exome sequencing (WES), whole genome arrays, and multigene
panels increase the likelihood of detecting unintentionally or unexpectedly patho-
genic mutations or variances of undetermined significance (e.g., detection of TP53
mutations that predispose to ACC). After identifying a pathogenic mutation, pro-
band’s parents, siblings, and offsprings should be tested. If the mutation is transmit-
ted in an autosomal dominant fashion, then each sibling has a 50% risk of having the
mutation. In the case of TP53 and other genes, if neither parent carries the mutation,
the risk to siblings is low, but the possibility of germline mosaicism exists.

Early disease screening and intervention in affected or at risk individuals may be
associated with better outcomes. A successful patient counseling model would incor-
porate patient’s values and attitudes toward their disease, underscoring the risks and
benefits of genetic screening and counseling, psychosocial interventions, and service
delivery, see for example in (Raygada et al. 2014). The most important component of
the genetic counseling process in patients with adrenocortical disorders is determina-
tion and communication of benign and malignant risk. Other aspects of a successful
counseling model include a thorough personal medical and family history from at
least four generations (with a detailed family pedigree), education regarding the
genetics of the condition, and discussions on preventing and screening options that
should be carried out by an experienced genetic counselor.

When dealing with a young patient with ACT, genetic counseling regardless of
family history should be considered. Many of these conditions (e.g., germline
mutations in ARMC5 in PBMAH) have decreased penetrance, and first-degree
relatives that are carriers may not be affected. Moreover, a family history can appear
negative due to a limited family structure, incomplete penetrance of the mutation, or
presence of de novomutations. Any individual with a positive genetic screen for any
of the mutations mentioned herein and without a clear phenotype should be closely
monitored by an experienced physician. Further evaluation may be considered based
on the type of mutation, disorder, and/or patient’s clinical presentation.
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Conclusions

Over the past 30 years, the identification of several genetic alterations in the
formation of adrenocortical disorders has paved our understanding of adrenocortical
development and disease. Causes of CAI are broad and encompass a variety of
genetic conditions that present early in infancy. Altered genes in the cAMP,Wnt, and
other signaling pathways predispose to the development of ACTs of various sub-
types. Our knowledge on the diagnosis and management of these conditions is
evolving. The use of genetic testing in clinical practice is a powerful tool for patients
and their families in the identification of the underlying genetic etiology which will
allow estimations of recurrence risk, inform family planning decisions, facilitate
preimplantation genetic testing, and allow accurate prenatal screening.
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Abstract
Regulation of the normal breast and prostate epithelial cells by steroid hormones
has provided important insight into the control of malignant cells derived from
these tissues. Over many years, strategies to disrupt ligand levels and block
hormone binding to the estrogen receptor and androgen receptor have led to
improved outcomes for breast and prostate cancer. Based on our understanding of
hormone receptor function, numerous drugs have been approved for risk reduc-
tion, adjuvant therapy, and treatment of metastatic disease. In addition, new
strategies are moving forward to further target receptor function by disrupting
other signaling inputs. This review will address the current therapies and identify
strategies for the future.
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Introduction

Through a series of accumulated genetic aberrations, normal cells gain the “hall-
marks of cancer” (Hanahan and Weinberg 2000). These properties, if left
unaddressed, can result in the death of the host from metastasis and unregulated
growth at local and distant sites. Advances in technology have revealed hundreds of
genetic abnormalities associated with these behaviors in cancer. Moreover, careful
characterization of cancers has shown substantial heterogeneity in the genetic
abnormalities contained within individual tumors and even in tumors obtained
from different metastatic sites in the same patient. While treatments based on
mutations are currently being developed and tested in clinical trials, the sheer
number of genetic abnormalities would seem to make this a daunting approach.

Thus, it is notable that 60 years before the discovery of the structure of DNAwas
illuminated, an effective therapy for locally advanced breast cancer was described
(Beatson 1896). Beatson intuited a connection between ovarian function and breast
physiology, and he removed the ovaries of a young woman with inoperable breast
cancer. This maneuver proved effective and served as a basis to consider hormonal
regulation of cancer. Despite the multiple genetic events leading to the patient’s
breast cancer, Beatson showed effective therapy did not require any understanding of
these genetic events.

In prostate cancer, Charles Huggins provided further insight into the mechanism
of cancer cell biology. In a finding parallel to Beatson’s, he discovered castration-
induced regressions in prostate cancer (Huggins and Hodges 1941a). Testosterone
suppression strategies, including surgical or medical castration, have been the
standard of care for advanced prostate cancer for over six decades due to this work
(Huggins et al. 1941; Huggins and Hodges 1941b). Huggins proposed lowering
testosterone by surgical castration or administration of estrogens induces a major
regression of prostate cancer (Huggins et al. 1941Huggins and Hodges 1941b). This
discovery led to a landmark randomized study organized by the Veterans Adminis-
tration Cooperative Urologic Research Group (VACURG), which compared the
effects of treating prostate cancer patients with the oral estrogen diethylstilbesterol
(DES) (1967). This study showed that DES treatment was as effective as surgical
castration in treating prostate cancer (1967). With the knowledge that low level of
androgens is produced by adrenal glands as well, Huggins and Scott further dem-
onstrated bilateral adrenalectomy was effective in slowing cancer growth in men
with prostate cancer who no longer responded to androgen deprivation (Huggins and
Scott 1945). In recent years, we have made significant progress developing more
specific and novel agents affecting the androgen receptor (AR) and adrenal androgen
production and improving outcomes in men with metastatic prostate cancer. Thus,
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the conceptual idea showing how pathways regulating normal cell growth and
function could also function in the biology of the behavior of malignant cells was
firmly established.

Subsequent to Beatson’s and Huggins’ seminal findings, a molecular pathway for
their results was discovered. Regulation of end-organ function was elucidated with
the demonstration that sex organs (ovaries and testes) produced soluble steroid
hormones which were released into the circulation. Interaction with their cognate
receptors in target tissues resulted in changes in organ function. These steroid
hormone receptors function as ligand-induced transcription factors to regulate
expression of the genes responsible for the malignant phenotype including prolifer-
ation, survival, and metastasis.

The steroid superfamily has conserved structure. The receptors, including estro-
gen receptor alpha (ER) and androgen receptor (AR), have common domains. They
contain DNA-binding domains and two activation function domains (AF1 and AF2).
The AF1 domain contains the hormone-binding pocket. When steroid hormones
bind this domain, a conformational change occurs allowing the binding of transcrip-
tional co-activators and in turn initiate gene transcription. In addition to the
hormone-dependent activation domain, receptors have a separate activation function
(AF2) affecting gene transcription. Once ligand bound, the receptor complex binds
palindromic DNA response elements to initiate target gene transcription. Both ER
and AR undergo phosphorylation on serine and threonine sites with further affects
their transcriptional activity (Becker et al. 2011).

While there are clearly cytoplasmic and membrane functions for the steroid
hormone receptors, the clinical advances have exploited the targeting of the nuclear
functions of the receptors. Conceptually, the function of ER and AR could be
targeted by blocking the production of ligand, interfering with hormone binding,
and altering factors affecting the activation function of the receptors. One of the
greatest successes of translational research has been the demonstration that all three
of these strategies have clinical benefit for the treatment of breast and prostate cancer
as shown in Fig. 1. Moreover, these clinical strategies have been effective in cancer
risk reduction, adjuvant therapy, and the treatment of advanced disease.

Receptor Antagonists

Breast Cancer

The hormone-binding domain of the steroid hormone receptors provides an attrac-
tive target for cancer therapy. Since the specificity of steroid hormone action is
dictated by the structure of their cognate ligands, glucocorticoids are poor activators
for ER or AR, and then it follows receptor antagonists could also be discovered.

The first of these discoveries was the drug tamoxifen (Jordan 2000). This
triphenylethylene compound is not chemically similar to the endogenous steroids,
yet tamoxifen binds the hormone-binding domain with high affinity. Originally
discovered in an attempt to produce ER antagonists to stimulate ovulation,
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tamoxifen’s intrinsic ability to bind ER was recognized as an effective way to
antagonize ER function in breast cancer. While tamoxifen functions as an antagonist
in breast cancer, it is a weak estrogen in other organs including the bone and uterus.
Thus, the term selective estrogen receptor modulator (SERM) is more appropriate
than “antiestrogen.”

In breast cancer, the effect of tamoxifen was initially described as an effective
inhibitor of an ER-expressing breast cancer cell line (Lippman et al. 1976). Shortly
after that description, the clinical utility of tamoxifen was demonstrated in advanced
breast cancer (Kiang and Kennedy 1977). This remarkable result was followed by
many studies testing the ability of tamoxifen to reduce breast cancer recurrence in the
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Fig. 1 Inhibition of nuclear steroid hormone receptor function in breast and prostate cancer.
The steroid hormone receptors are hormone-dependent nuclear transcription factors. Upon binding
of their ligand, they dimerize, enter the nucleus, and bind DNA response elements. To therapeuti-
cally inhibit their functions, numerous selective steroid hormone receptor modulators have been
developed for breast and prostate cancer therapy. These steroid hormone receptor modulators
interfere with the binding of the receptors’ cognate ligands (estradiol E2 and dihydrotestosterone
DHT) and place the dimerized receptor complex in a transcriptionally inactive form through the
binding of nuclear hormone co-repressors (NcoR and SMRT). Receptor hormone function can also
be achieved by disrupting the source of hormones. In premenopausal women and men, removal of
the gonads via oophorectomy and orchiectomy was the first clinically successful strategies to treat
advanced breast and prostate cancer. While these surgical techniques are still frequently used,
suppression of pituitary releasing hormones via gonadotropin-releasing hormone (GnRH) agonists/
antagonists is also frequently used to suppress sex steroid hormones. In addition, peripheral
conversion by aromatase (postmenopausal women) and lyase (men) provides another source of
estrogen and androgen. Successful use of all of the inhibitors has led to improvements in breast and
prostate cancer outcomes
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adjuvant setting (Early Breast Cancer Trialists’ Collaborative 1998, 2015). These
studies are reported in the Oxford overview and show two important findings. First,
tamoxifen was effective in reducing breast cancer recurrence at local and distant sites
when compared to placebo. Second, the expression of ER predicted benefit of
tamoxifen therapy (Davies et al. 2011). While this seems logical, expression of the
target was required for drug benefit; this observation sets a basis for the discovery of
additional “predictive biomarkers” which can be used to identify the benefit, and
lack of benefit, for specific drugs in individual tumors. The success of tamoxifen has
led to the development of other SERMs approved for ER targeting including
raloxifene, toremifene, bazedoxifene, and fulvestrant. While only toremifene and
fulvestrant are used in breast cancer, the related drugs raloxifene and bazedoxifene
have found their way into clinical practice for the treatment of osteoporosis and
vasomotor symptoms associated with menopause, respectively (Ettinger et al. 1999;
Pinkerton et al. 2014).

In many respects, treatment of breast cancer with SERMs has provided an
important foundation for the field of “targeted therapies.” ER targeting with this
class of drugs has provided a conceptual basis for identifying key molecules
important in regulating the malignant phenotype and developing mechanism-based
drugs to disrupt the function of the target and to use the expression of the target as a
way to individualize therapy for patients. In breast cancer, genomic tests to identify
patients responsive to ER targeting are increasingly used as decision-making tools
for the use of these drugs in women with operable breast cancer (Harris et al. 2016).

Prostate Cancer

Androgen receptor (AR) plays a pivotal role in prostate carcinogenesis and progres-
sion to castration-resistant prostate cancer (CRPC) and is a key therapeutic target
(Scher and Sawyers 2005). While androgen deprivation therapy (ADT) is effective
initially in metastatic hormone-sensitive prostate cancer, the effects are short-lived,
and majority of patients progress to CRPC which is inevitably lethal. Adaptive
upregulation of AR commonly occurs as prostate cancer transforms from
hormone-sensitive to castration-resistant state (Scher and Sawyers 2005).
Importantly, prostate cancer cells demonstrate dependence on AR signaling even
in castration-resistant stage and the development of novel drugs affecting AR
signaling that hinge upon AR being a persistent and critical driver of CRPC growth
and progression.

AR is a nuclear transcription factor encoded on the X chromosome at position
Xq11-Xq12 (Tan et al. 2015). It contains eight exons and four domains similar to
other members of the steroid hormone receptor superfamily: the N-terminal domain
(i.e., transcriptional activation domain – AF2), DNA-binding domain, a hinge
region, and the ligand-binding domain (LBD; AF-1, C-terminal) (Tan et al. 2015).
After androgens bind the AR-AF1 domain, nuclear translocation and dimerization
occurs. Once in the nucleus, the dimerized AR binds to androgen response elements
(ARE) to initiate transcription of AR target genes. Subsequently, recruitment of AR
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co-activators and transcription of AR target genes occur. AR antagonists directly
bind to and block the AR LBD and prevent androgens from carrying out their
biological activity. AR antagonists can interfere with the required events for activa-
tion of AR gene expression by androgens (Koryakina et al. 2014; Tan et al. 2015).

First-generation nonsteroidal AR antagonists such as bicalutamide, flutamide,
and nilutamide were developed in the 1970s to avoid the side effects of the steroidal
compounds like mifepristone, cyproterone acetate, and spironolactone. Like tamox-
ifen, the first-generation antiandrogens demonstrate partial agonism of the AR and,
thus, may paradoxically elicit an antiandrogen withdrawal prostate-specific antigen
(PSA) response in patients upon discontinuation (Kelly et al. 1997). Increased AR
levels were implicated in causing resistance to these agents, and AR mutation is one
of the mechanisms resulting in conversion of antiandrogens to agonists in prostate
cancer cells (Taplin et al. 2003).

The second-generation AR antagonist MDV3100 (enzalutamide) was developed
specifically to bind and inhibit AR with no AR agonistic properties (Massard and
Fizazi 2011). Enzalutamide inhibits several steps in the AR signaling pathway by
competitively inhibiting androgen and AR binding to androgens and inhibiting AR
nuclear translocation and interaction with DNA. This makes it a pure AR antagonist.
Enzalutamide demonstrated significant preclinical activity in xenograft models,
including preclinical models harboring AR amplification (Tran et al. 2009). These
findings were confirmed in the phase 1/2 study in patients with metastatic CRPC
(Scher et al. 2010). The promising results with enzalutamide from the phase 1/2
study (Scher et al. 2010) led to the landmark phase 3 AFFIRM trial, of men,
randomized to receive enzalutamide or placebo, with CRPC following docetaxel
chemotherapy, (Scher et al. 2012). Enzalutamide improved overall survival com-
pared to placebo, with a median overall survival of 18.4 months versus 13.6 months,
respectively, and was superior in all secondary clinical endpoints, including quality
of life (Scher et al. 2012).

The other pivotal study of enzalutamide in metastatic chemotherapy-naive CRPC
patients demonstrated a significant 4-month improvement in overall survival com-
pared to placebo in addition to improvement in other clinical outcomes (Beer and
Tombal 2014). These results further confirmed metastatic CRPC remains an AR
responsive disease. Several next-generation AR antagonists, including ARN-509
and ODM-201, are in late-phase trials in CRPC. AR-509 is another next-generation
AR antagonist directly binding to the AR LBD with high affinity inhibiting its
nuclear import and transcriptional activity. Data from phase 3 studies in metastatic
CRPC is awaited (Clegg et al. 2012; Joseph et al. 2013). ODM-201 is another
new-generation full and high-affinity AR antagonist not only inhibiting nuclear
translocation of AR but also blocking the activity of the mutant ARs arising in
response to antiandrogen therapies including the F876L mutation conferring resis-
tance to enzalutamide and ARN-509 (Moilanen et al. 2015). Primary resistance to
enzalutamide was observed in 25% patients in the AFFIRM trial (Scher et al. 2012).
Several mechanisms, including AR splice variants, have been implicated in devel-
opment of enzalutamide resistance (Joseph et al. 2013; Li et al. 2013; Nadiminty
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et al. 2013). The understanding of mechanisms will further pave the way in devel-
opment of more effective novel antiandrogens in CRPC.

Ligand Deprivation

Breast Cancer and Aromatase Inhibitors

As noted, Beatson’s report of oophorectomy in a premenopausal woman with breast
cancer was one of the first systemic treatment strategies. While surgical removal of
the ovaries remains an important therapeutic strategy in breast cancer, the develop-
ment of luteinizing hormone-releasing hormone (LHRH) agonists/antagonists has
provided a medical method to suppress ovarian function in premenopausal women
(Regan et al. 2016). These drugs can effectively suppress LHRH secretion and
substantially lower the circulating estradiol levels.

An important advance in breast cancer was the demonstration postmenopausal
women could still produce biologically important levels of estradiol by the aroma-
tization of precursors. The enzymatic pathway catalyzing steroid precursors (andro-
gens) into estradiol can be targeted by inhibitors of aromatase (Santen et al. 2009).
Aromatase inhibitors (AIs) result in substantial reductions of estradiol in postmen-
opausal women, yet they are not potent enough to suppress ovarian-produced
estradiol in premenopausal women.

Three separate aromatase inhibitors have been approved: anastrozole, letrozole,
and exemestane. In metastatic breast cancer, each drug proved to be effective. Early
clinical trials compared the AIs to other second-line therapies for metastatic breast
cancer, mostly progestational agents such as megestrol acetate, and were found
superior to existing second-line therapies (Gibson et al. 2007). Given the success
in this area, the AIs were then tested against tamoxifen as first-line therapy for ER+
metastatic breast cancer. In these trials, there was an advantage to the AIs over
tamoxifen when progression-free survival and clinical benefit rate were used as
endpoints, but overall survival or objective response differences were not observed
in most of the randomized studies. There were some differences in toxicities when
tamoxifen was compared to AIs, specifically, and increased arthralgias with AIs, but
less vaginal bleeding and thromboembolic disease compared to tamoxifen. AIs
became the standard of care in women with ER+ metastatic tumors due to the
clinical trials demonstrating efficacy.

Given the clinical activity of AIs in metastatic disease, multiple clinical trials
were conducted to evaluate their benefit in the adjuvant therapy of ER+ breast
cancer. As 5 years of tamoxifen therapy was the standard of care when these trials
began, several different trial designs were created based upon this standard. The first
of these trials compared anastrozole versus tamoxifen versus anastrozole plus
tamoxifen (ATAC) in operable disease with a duration of therapy of 5 years. This
trial showed very early on anastrozole was superior to tamoxifen, while the combi-
nation of AI plus tamoxifen was not of benefit (Baum et al. 2002). Additional trials
compared switching from tamoxifen to AI after 2–3 years versus AI for 5 years
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versus starting with an AI and then switching to tamoxifen (Mouridsen et al. 2009;
van de Velde et al. 2011). Taken together, these trials suggested AIs were superior to
tamoxifen monotherapy when disease-free survival was measured. However, differ-
ences in overall survival were not shown. In addition, the trials suggested AIs alone
were superior to the switching regimens. Thus, guidelines for treatment of ER+
breast cancer still endorse tamoxifen or AIs (Burstein et al. 2014).

For premenopausal women, the value of ovarian functional suppression (OFS)
has recently been shown. A randomized trial comparing OFS in combination with
tamoxifen versus exemestane has shown OFS plus exemestane results in reduced
recurrences compared to OFS plus tamoxifen (Pagani et al. 2014). These data
showing further reduction of ligand levels in premenopausal patients is an aggressive
endocrine therapy and superior to OFS plus ER blockade with a SERM.

Risk of recurrence for ER+ disease extends beyond 5 years (Saphner et al. 1996),
and this observation led to the idea extending endocrine therapy beyond 5 years
would improve outcomes. Since most patients were receiving tamoxifen for a 5-year
course of adjuvant therapy, the first studies compared stopping tamoxifen at 5 years
or continuing therapy with an AI for an additional 5 years (Goss et al. 2003). This
trial, in addition to other studies, has shown extension of endocrine therapy for more
than 5 years further reduces the risk of recurrence. Moreover, the extension of
tamoxifen therapy for a total of 10 years has shown to be effective at reducing risk
when compared to 5 years (Davies et al. 2013). Recently, it has been shown
extending ligand deprivation, by aromatase inhibition, for a period of 10 years, is
superior to 5 years of therapy in reducing risk of recurrence from breast cancer (Goss
et al. 2016).

To date, improved breast cancer outcomes can be achieved by targeting ER. In
patients with tumors expressing any level of ER, treatments aimed at receptor
targeting by SERMs or ligand deprivation by oophorectomy and AIs are widely
used in clinical practice.

Prostate Cancer and Lyase Inhibitors

The 17α-hydroxylase/17,20-lyase (CYP17) is a cytochrome P450 enzyme essential
for the biosynthesis of androgens and adrenal hormones and provides the rationale
for development of CYP17 inhibitors for treating CRPC (Akhtar et al. 2005).
Ketoconazole, an imidazole antifungal agent with CYP17 inhibitory properties,
has been used in prostate cancer since the 1980s (De Coster et al. 1987; Witjes
et al. 1989). While ketoconazole use achieved PSA response, there was no survival
benefit shown in clinical trials (Keizman et al. 2012; Small et al. 2004). Furthermore,
ketoconazole use is associated with significant toxicities and poor patient
compliance.

Abiraterone acetate was the first-in-class selective and potent CYP17 inhibitor
(catalyzes both 17-alpha-hydroxylase and 17,20-lyase reactions) showing promising
activity in CRPC in early studies (Attard et al. 2008, 2009; Danila et al. 2010).
COU-AA-301 was the landmark randomized controlled phase III trial comparing
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abiraterone and prednisone versus placebo and prednisone in metastatic CRPC
patients who had received prior docetaxel chemotherapy; significant overall survival
benefit was seen with abiraterone – 14.8 versus 10.9 months (de Bono et al. 2011).
Later, results from the other pivotal trial (COU-AA-301) comparing abiraterone and
prednisone to placebo and prednisone in chemotherapy-naive metastatic CRPC
patients demonstrated improved overall survival with abiraterone as well (Ryan
et al. 2013). The main side effects of abiraterone are excess mineralocorticoid
activity, resulting from inhibition of 17-alpha-hydroxylase, which causes a compen-
satory rise in ACTH. While concomitant use of prednisone is recommended to
mitigate these side effects, there is a concern with long-term effects of
prednisone use.

Newer CYP17 inhibitors are being developed that are either more selective or
with multitarget effects on AR signaling. These include orteronel, galeterone, and
seviteronel. Orteronel (TAK-700) is a newer selective inhibitor of CYP17,20-lyase
and has a better toxicity profile compared to abiraterone acetate. Orteronel demon-
strated promising activity in phase 1/2 studies in CRPC (Agus WMS DB 2011).
However, in the phase 3 trial, ELM-PC 4, comparing orteronel and prednisone
versus placebo and prednisone in chemotherapy-naive CRPC patients, orteronel
improved progression-free survival (PFS) but failed to achieve the primary endpoint
of overall survival (Saad et al. 2015). This combination failed to achieve the primary
endpoint of overall survival in another phase 3 trial in metastatic CRPC patients who
had progressed after docetaxel chemotherapy (Fizazi et al. 2015). Because of these
negative findings, further development of orteronel has been terminated in CRPC.
However, in hormone-sensitive prostate cancer, an ongoing Southwest Oncology
Group study (S1216) is comparing androgen deprivation therapy (ADT) and
orteronel at a dose of 300 mg twice daily (without the need for steroids), with
ADT and bicalutamide in newly diagnosed metastatic hormone-sensitive prostate
cancer and with the primary endpoint of overall survival (NCT01809691).

Galeterone (VN/124-1, TOK-001) is a selective inhibitor of CYP17,20-lyase with
multiple targeted effects on AR signaling, including CYP17 inhibition, AR antago-
nism, and decrease in intratumoral AR level (Vasaitis et al. 2008). Galeterone also
behaves as a pure AR antagonist by binding to AR and blocking AR transactivation
with a tenfold higher binding affinity for wild-type AR than testosterone (Montgom-
ery et al. 2012). There is preclinical evidence suggesting galeterone is superior to
abiraterone (Bruno et al. 2011). Thus, theoretically, galeterone may be able to
overcome resistance to abiraterone. Early phase 1/2 studies with galeterone
(ARMOR1 and ARMOR2) have shown promising safety and efficacy of galeterone
in patients with chemotherapy-naive nonmetastatic or metastatic CRPC. Dose
expansion part 2 of ARMOR2 is ongoing with the dose of galeterone at 2,550 mg
per day (Montgomery et al. 2016).

Seviteronel (VT-464) is a novel, nonsteroidal, small-molecule CYP17A1 inhib-
itor with 17,20-lyase selectivity and an AR antagonist effect. In preclinical studies,
greater suppression of the AR axis was seen with seviteronel compared to
abiraterone likely due to the dual action of seviteronel (Toren et al. 2015). Trials
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with seviteronel are ongoing in metastatic CRPC patients who have progressed on
prior abiraterone, enzalutamide, or both (NCT02130700, NCT02012920).

Mechanisms of Resistance

In breast cancer, several types of resistance to endocrine therapy have been
described. In ER+ tumors, patients may never respond to an endocrine agent despite
expression of the target. These types of tumors have been called “primary” or
“intrinsic” resistance. Molecular profiling is beginning to demonstrate the expres-
sion, and mutational patterns of these primary resistant tumors are different from the
sensitive tumors (Ellis et al. 2012). Some patients have prolonged benefit (greater
than 6 months) to an endocrine agent but then go on to disease progression. These
types of tumors have been called “secondary” or “acquired” resistance. It seems very
likely the mechanisms of resistance are very different between these two clinical
scenarios.

One recently observed mechanism of resistance has been mutation in the target
itself. In breast cancer, ER mutations were described many years ago in primary
breast cancers (Zhang et al. 1997). With advances in sequencing technology, the
ability to detect mutation has improved. It is becoming clearer mutations in ER can
be detected especially as seen in patients who have been treated with aromatase
inhibitors (Ma et al. 2015). In primary breast cancer, mutation in ER is relatively
rare. In several studies following women over time, the appearance of ER mutations
occurs after a prolonged clinical course of aromatase inhibitor therapy (Wang et al.
2016). The mutations tend to cluster in the hormone-binding domain resulting in
ligand-independent activation of the receptor (Robinson et al. 2013; Toy et al. 2013).
Additional genomic abnormalities, such as ER translocation, have been detected in
resistant breast cancers. Thus, an important mechanism of resistance is the target
gene itself.

In contrast to breast cancer, study of CRPC biology has elucidated several
clinically validated mechanisms contributing to transformation of hormone-sensitive
prostate cancer to castration-resistant stage. The mechanisms contributing to the
development of CRPC include AR amplification and mutation, AR co-activator and
co-repressor modifications, aberrant activation (posttranslational modification),
altered steroidogenesis, and AR splice variants (Agoulnik and Weigel 2008;
Chang et al. 2014; Dehm et al. 2008; Gregory et al. 2001; Hu et al. 2009; Nadiminty
et al. 2013; Visakorpi et al. 1995; Wang et al. 2009; Wolf et al. 2008).

Each of these mechanisms ultimately leads to increased AR activation in CRPC
and provides the rationale for development of novel treatments targeting the AR
signaling pathway. Unfortunately, primary and acquired resistance to AR antagonists
and lyase inhibitors is very common in CRPC, and approximately 20–40% patients
do not respond to these treatments (de Bono et al. 2011; Scher et al. 2012).
Furthermore, patients with metastatic CRPC who initially respond to these agents,
eventually, develop resistance. Mechanisms of resistance to these newer drugs are
not well understood.
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The discovery of alternative mRNA splicing variants of the AR has helped us
understand the role of AR signaling in CRPC and an important mechanism of
resistance to both enzalutamide and abiraterone (Dehm et al. 2008). Resistance to
abiraterone may occur through mechanisms including upregulation of CYP17A1
and/or induction of AR and AR splice variants conferring ligand-independent AR
transactivation (Friedlander et al. 2012; Mostaghel et al. 2011). Yamamoto et al.
showed AR is key driver of enzalutamide resistance (Yamamoto et al. 2015). Full-
length AR and AR variants have been implicated in enzalutamide resistance in
CRPC patients (Yamamoto et al. 2015). Among the identified splice variants, variant
7 (AR-V7) has particularly been implicated in drug resistance. Antonarakis et al.
showed that AR-V7 expression in patients treated with enzalutamide or abiraterone
correlated with poor clinical outcomes compared to those without AR-V7
(Antonarakis et al. 2014). The AR-V7 inhibitor, niclosamide, has been shown to
improve enzalutamide sensitivity by inhibiting Stat3 phosphorylation, reducing
Stat3 target gene expression, and annulling recruitment of AR to the PSA promoter
(Liu et al. 2015).

Autophagy is another mechanism implicated in resistance to enzalutamide
(Nguyen et al. 2014). Use of inhibitors of autophagy like metformin combined
with enzalutamide may be a potential strategy to overcome resistance to
enzalutamide. AR mutation (F876L) has also been shown to drive resistance to
AR antagonists, enzalutamide and ARN-509 (Balbas et al. 2013; Korpal et al. 2013).
Korpal et al. showed cyclin-dependent kinase (CDK) 4/6 inhibitors effectively
antagonized AR (F876L) function (Korpal et al. 2013).

Ongoing efforts to better understand complex molecular and cellular mechanisms
of resistance to currently available AR-directed therapies will help us develop novel
therapeutic strategies to prevent and overcome drug resistance in CRPC.

New Therapies

While ER activation by ligand results in enhanced transcription of ER-targeted
genes, it is also known ER is activated by other cellular signaling pathways. The
ability of ER activation by signaling events activating PI3K signaling has been
shown (Becker et al. 2011). Strategies to target key signaling molecules have been
tested in clinical trials including disruption of the type I insulin-like growth factor
receptor, PI3K, Akt, and mTOR. To date, only mTOR targeting has been successful,
and the mTORC1 inhibitor everolimus has been shown to be of benefit in combi-
nation with AIs (Baselga et al. 2012). The combination of AI plus everolimus
improved progression-free survival (PFS) from 10.6 months compared to 4.1 months
for AI alone. This result resulted in the approval of this treatment combination in
metastatic breast cancer. Combination of everolimus with tamoxifen showed similar
benefits for the combination (Bachelot et al. 2012). Studies examining the benefits in
the adjuvant therapy of breast cancer are ongoing (NCT01674140).

The use of presurgical treatment (neoadjuvant therapy) of ER-positive breast
cancer can also provide insight into the use of targeting this pathway. Pictilisib, a
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PI3K inhibitor, was studied in a short-term, 2-week window trial with or without
anastrozole (Schmid et al. 2016). In this study, the addition of the drug resulted in
suppressed proliferation as measured by Ki67 compared to anastrozole alone.
Exploratory studies suggested the benefit was primarily in the molecularly defined
“luminal B” subgroup. This subgroup tends to be more resistant to endocrine therapy
alone, and these data suggest PI3K may specifically benefit a subset of breast cancer
patients with primary endocrine resistant tumors. Of course, suppression of Ki67 is
only a surrogate marker of clinical benefit (Dowsett et al. 2007), and additional
studies will be necessary to determine if inhibition of PI3K signaling will be used in
early-stage breast cancer.

One clear effect of estrogen stimulation of ER-positive breast cancer cells is
enhanced entry into the cell cycle (Lippman et al. 1977). The mechanisms of
estrogen and ER employed to overcome the barriers to active DNA synthesis are
complex as many proteins control cell cycle progression. It has long been known
cyclins represent barriers to progression from G1-to-S phase which is an important
barrier to overcome during proliferation. The cyclins are phosphorylated by cyclin-
dependent kinases (CDKs), and one mechanism of estrogen action is to induce
CDK4 and CDK6 to phosphorylate cyclin D1 (Hong et al. 1998). Thus, inhibition
of the CDKs could enhance the ability of ER targeting to suppress the mitogenic
effects of estrogen.

The development of the CDK4/6 inhibitor palbociclib has been tested in combi-
nation with AIs and fulvestrant. In both trials, the addition of palbociclib to ER
targeting resulted in enhanced benefit (Finn et al. 2015; Turner et al. 2015) and led to
the approval of this drug in combination with either ER targeting strategy. Just as
everolimus is being tested in earlier-stage disease, palbociclib is being studied in the
adjuvant setting (NCT02513394, NCT01864746).

The importance of the everolimus and palbociclib clinical trial results represents a
watershed moment in the hormonal targeting of breast cancer. Previous to these
findings, the clinical strategies were directed at only improving ER targeting by
interfering with its ability to bind estrogens. Using agents that do not affect hormone
binding in combination with the traditional agents has identified new pathways to
improve clinical outcomes for women with breast cancer.

The Future

It is evident the basic study of steroid hormone receptor function has led to major
advances in the treatment of breast and prostate cancer. These original observations,
now stretching back over a hundred years, have led to a clearer molecular portrait of
the two most common cancers in men and women. Advances in drug therapy have
led to the improvement in overall survival for women and men diagnosed with these
diseases. Further, the understanding of these pathways has led to several prevention
trials using the strategy of targeting ER and AR (Andriole et al. 2010; Fisher et al.
1998; Thompson et al. 2003; Vogel et al. 2006). However, the use of these drug
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strategies has been limited for several reasons including toxicity and no clear
demonstration of improvement in overall survival.

Despite these advances, there are still several important poorly understood areas
with a need for better clinical strategies. In breast cancer, it is becoming increasingly
clear ER-expressing tumors have a late risk of recurrence. As noted above, the use of
endocrine therapy for up to 10 years has been proven to reduce the risk of a breast
cancer event compared to 5 years of therapy. While many of the “events” were either
ipsilateral or contralateral breast cancer, it is also clear reduction in distant metastasis
is seen. For example, in the trial of extended letrozole (MA17R), there were
approximately 950 women assigned to either placebo or letrozole for an additional
5 years of therapy (Goss et al. 2016). In that clinical trial, there were 42 women who
continued letrozole with distant metastasis compared to 53 women on the placebo
arm who developed distant metastasis. Several important lessons can be learned
from these results.

First, there is a real, but small, risk of distant recurrence beyond 5 years even
when given optimal endocrine therapy for the preceding 5 years. On a biological
level, these data highlight the idea ER-expressing tumors can remain dormant for
very long periods of time. Moreover, the optimal endocrine therapy does not kill
these dormant cells; instead, it appears extended drug therapy works by maintaining
tumor dormancy. Currently, we have limited insight into the biology of these
dormant cells.

Second, even with extension of endocrine therapy, the majority of these dormant
cells are not prevented from recurring. As noted above, only 11 women were spared
a distant recurrence by extending their endocrine therapy for out to 10 years. Forty-
two women still recurred even though they were receiving extended therapy. These
data further support the idea additional mechanisms of resistance must be occurring
even when therapy is optimal.

Third, in the MA17R trial, there was toxicity in extending endocrine therapy. In
this trial, the women who had extended letrozole therapy had 133 fractures (from
959 treated) compared to 88/954 women who received placebo. Thus, the ability to
suppress dormant tumor cells is incomplete, and the strategy is associated with more
toxicity.

So how can endocrine therapy be improved? As noted, the ability to target
additional pathways inhibiting steroid receptor function has now been shown to be
superior to only targeting ER in women with metastatic disease. Similar data are
likely to emerge in prostate cancer and AR targeting. It is not clear if these therapies
will limit the recurrence of distant metastasis compared to ER-targeted therapies
alone, but several clinical trials are underway testing the ability of everolimus or
palbociclib to reduce risk of recurrence in the adjuvant setting. Similar data
suggesting a role for targeting these signaling pathways has also been recognized.

It is also clear a better understanding of the mechanism of resistance to endocrine
therapy is needed. While mutation is the driving factor behind tumor evolution (Shah
et al. 2009), it is not clear whether continued mutations occur or if individual clones
are selected over the many years of endocrine therapy. Recently, the family of
cysteine deaminases has been shown to be a source of mutation in breast cancer
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(Burns et al. 2013), and ongoing work is underway to determine if activity of the
APOBEC3B enzyme contributes to endocrine resistance.

Finally, the complete elimination of dormant tumor cells might be difficult
because they are not dividing and therefore are not susceptible to our conventional
cytotoxic therapies such as chemotherapy. However, the ability to enhance immune
recognition of tumor cells is an active area of clinical research. Certainly, the
immune checkpoint inhibitors have been a major advance in some cancers (Harris
et al. 2016; Sharma and Allison 2015). The current thinking suggests these tumors
have a high mutational load and present neoantigens to the immune center. Once
checkpoint inhibition is overcome, then effective cytotoxic immune response will
occur. It is also clear mutational load of ER-expressing luminal breast cancers is low
compared to other carcinogen-induced cancers (lung, melanoma). Thus, it will be a
challenge for us to identify how best to use the immune system to target these
indolent tumors. However, it is known ER function drives expression of specific
genes, and some of them are expressed as cell surface proteins. It might be possible
to develop strategies to use these antigens as “engagers” of the immune system. For
example, the monoclonal antibody trastuzumab binds HER2 on breast cancer cells.
While there are many functions for trastuzumab, it is becoming increasingly clear
trastuzumab could act as an immune engager (Datta et al. 2016).

Beatson’s and Huggin’s contributions linking steroid hormone activity to cancer
pointed the way toward the burgeoning field of “bedside-to-bench-to-bedside”
translational research. Clearly, the clinical application of steroid hormone receptor
function has improved outcomes for breast and prostate cancer. Certainly, many
women and men are alive because of the drugs developed to disrupt steroid hormone
receptor function. We need to continue along this pathway to further eliminate
mortality from hormone receptor-expressing tumors.
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Abstract
The mammalian pancreas comprises an endocrine compartment, secreting hor-
mones in the bloodstream, and an exocrine part, releasing digestive enzymes into
the intestine. This chapter summarizes some of our current understanding of
endocrine cells in the mammalian pancreas. These comprise α-cells secreting
glucagon, β-cells secreting insulin, δ-cells secreting somatostatin, PP cells secret-
ing pancreatic polypeptide, and E-cells secreting ghrelin. Altogether these cells,
organized in islets, and their hormones regulate blood glucose levels, glucose,
lipid and protein metabolism, body weight, energy expenditure, food intake, and
many other functions in peripheral tissues. Dysfunction or destruction of endo-
crine islets leads to diabetes mellitus and metabolic alteration of great medical
importance.

The main purpose of this chapter is to illustrate the pancreatic islet composi-
tion and cell function and the physiological role of the islet hormones. Moreover
we aim to discuss the pathophysiology of diseases caused by abnormal secretion
or activity of these hormones.

Keywords
Pancreatic islets •Alpha cell • Beta cell •Delta cell • PP cell •Glucagon • Insulin •
Somatostatin • Diabetes

Introduction

The mammalian pancreas comprises an endocrine compartment, secreting hormones
into the bloodstream, and an exocrine part, secreting pancreatic digestive juices and
enzymes into the duodenum. The endocrine components are grouped in the so-called
islets of Langerhans, a small group of cells secreting distinct types of hormones; the
exocrine function of the pancreas is involved in digestion, and the associated
structures are known as the pancreatic acini (acinar and duct cells) (Kim et al. 2009).

The islets of Langerhans, present in the entire pancreas, show different shapes and
sizes, which vary from approximately 30 to 300 μm in diameter (Berclaz et al. 2012).
Each islet is composed of approximately 500–3,000 cells, and every cell produces a
single hormone type (Fig. 1). Each cell contains granules that act as hormone
deposit; granule exocytosis is the mechanism of hormonal release from islet cells.
Beta cells are the predominant cell type and are the source of circulating insulin. The
other cell types present within the islets are the glucagon-secreting alpha cells, the
somatostatin-secreting delta cells, the ghrelin-secreting epsilon cells, and the pan-
creatic polypeptide (PP)-secreting cells (Rutter et al. 2015). Recently, experiments
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on the movement of hormonal granules in the islet cells have attracted great interest.
Careful application of these approaches may provide evidence of how islet cells
work and how intracellular granules are released (Michael et al. 2004, 2007).

Ultrastructural analysis has demonstrated a complex cell-cell interaction inside
the islet, involving intricate interactions among the endocrine cells (Williamson et al.
1961; Benninger et al. 2008). This complexity includes contiguity of one cell type
with other cells, cell-to-cell gap junctions, structural polarization of cells between
capillaries, and alignment of complex endothelial cell pores with regions of exocy-
tosis in endocrine cells.

Altogether these cells and their hormones regulate blood glucose levels, glucose,
lipid, and protein metabolism in peripheral tissues. Maintenance of glucose homeo-
stasis is essential for life, and the regulation of blood sugar levels is achieved by
peptide hormone secretion from the endocrine cells located in the islets of
Langerhans. Dysfunction or destruction of endocrine islets leads to diabetes mellitus
and metabolic alterations of great medical importance. However, it should not be
excluded that in the coming years, new hormones produced within the pancreatic
islets could be identified. Such a discovery could lead to new scenarios in diabetes
physiology and in the physiopathology of metabolic diseases.

Over the last 100 years, the scientific and clinical point of view on diabetes has
centered on beta cells and insulin. The greater presence of beta cells within the islets
has generated the syllogism beta cell = diabetes. To date it is known that all the
hormones produced by the islets contribute to the development of diabetes and
metabolic abnormalities. Every cell within the islets represents a single unit, and a
single islet could be identified as a micro-organ within the pancreas. Moreover, every
single islet, autonomically innerved and microperfused, receives an independent
circulation from the general blood flow, and the intra-islet flow is essential for the
interactions and reciprocal hormonal influences among the different cells within the

Fig. 1 A representative
human pancreatic islet with
insulin-containing beta cells
in red and glucagon-
containing alpha cells in green
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islet. The anatomical organization of the islets reflects this system of interactions; in
particular, it permits insulin β-cell secretion to inhibit α-cell glucagon secretion and
somatostatin δ-cell secretion to inhibit both α- and β-cell hormone releases. The
knowledge of these secretory dynamics has contributed to the discovery of the islet
composition and the difference among different islet sizes and aspects.

Furthermore, notable cytoarchitectural differences among different animal spe-
cies and human islets have been reported. For example, in rodent islets, the β-cells
are located predominately in the central core with α- and δ-cells localized in the
periphery forming a mantle (Kim et al. 2009; Jeon et al. 2009). In human and primate
islets, the α-cells are not localized in the periphery but are rather dispersed through-
out the islet. These different models of organization suggest different roles and
functions of the islet cells in different species. The range of islet sizes closely
overlaps among humans, primates, rabbits, and mice. However, islet composition
varies among species and also within the same species under normal conditions. The
effect of these differences on function is still unknown. Some evidence has recently
suggested that metabolic alterations could influence islet composition and size, and
cell function; certain metabolic conditions, such as diabetes or obesity, could
contribute to modify cell identity and islet plasticity during life (Rhodes 2005).
Pregnancy and obesity have been reported to be accompanied with cytoarchitectural
changes of the islets in terms of increase in beta-cell mass. Overt diabetes is
associated with a massive decrease of beta-cell function and number and with a
correlated change in islet composition (Cinti et al. 2016).

Other evidence has recently shown that cells within the islets could trans-
differentiate from one type to another. This evidence (i.e., alpha to beta-cell
conversion or vice versa) was proposed to be the major mechanism underlying
beta-cell regeneration in conditions of extreme beta-cell loss or to be one possible
mechanism that contributes to the loss of cell function during diabetes. This
property demonstrates an extreme plasticity of the islet, and it may depend on
the common embryological origin of these cells (Thorel et al. 2010; Bramswig
et al. 2013). Metabolic perturbations or increase of hormonal demand could
influence these aspects. In particular, regarding the last topic, an emerging role
of alpha cells must be highlighted. Alpha and beta cells could share some differ-
entiating aspects, and certain conditions might determine a transition of one cell
type to another.

Furthermore, epigenetic studies have shown that manipulation of rodent histone
acetylation signatures can modify embryonic pancreatic differentiation and compo-
sition (Bramswig et al. 2013). A better comprehension of these new aspects could be
useful for a better understanding of the pathophysiology of diabetes. Although the
β-cell is central to these observations, dysfunction in α- or δ-cells can contribute to
the disease etiology during diabetes.

In the present chapter, we aim to illustrate some general notions, fundamental in
medicine, regarding the pancreatic islet composition and cell function. Moreover, in
order to focus on the current knowledge on pancreatic endocrine cells, we will report
some salient features that distinguish the cells that make up the islet.
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Alpha as the First Cell

The α-cells that co-occupy the islets of Langerhans represent the source of glucagon,
the primary glucoregulatory hormone that counteracts the metabolic consequences
of excessive insulin action (Cryer 2014; Campbell and Drucker 2015). The history of
glucagon begins with that of insulin. In 1921, when F. Banting and C. Best tested
their first pancreatic extracts in depancreatized dogs, they observed that insulin-
induced hypoglycemia was preceded by a transient hyperglycemia (Gromada et al.
2007). The historical evidence suggesting that elevated glucagon is the
glucoregulatory partner of insulin was reviewed in 1975, in the Banting Lecture of
the American Diabetes Association (Unger 1976), only 50 years after its discovery;
in the same year, Unger and Orci enunciated their “bi-hormonal hypothesis,”
concerning the central role of the combination of hypoinsulinemia and relative
hyperglucagonemia in diabetic hyperglycemia (Unger and Orci 1975). The hormone
glucagon has long been dismissed as a minor contributor to metabolic disease, but
critical findings during the past few years have moved α-cells and glucagon into the
spotlight of scientific discovery. The α-cell and glucagon have gained much attention
with the recent recognition of the glucagon-suppressive effect, and related clinical
utility in the treatment of type 2 diabetes, of the gut-derived incretin hormone
glucagon-like peptide 1 (GLP-1) (able to powerfully stimulate insulin secretion
from β-cells) and amylin, co-secreted with insulin from pancreatic β-cells (Hvidberg
et al. 1994; Hare et al. 2009). Several other findings over the last few years have
contributed to the recognition of islet α-cells and glucagon as key and essential
players in energy homeostasis: α-cells appear to act as guardians of β-cells to ensure
their health (Campbell and Drucker 2015), α-cells contain a local GLP-1 system that
locally produces GLP-1 for paracrine action within the islets (Hope et al. 2004;
Marchetti et al. 2012b), α-cells have the capacity to trans-differentiate into insulin-
producing β-cells (Gromada et al. 2007; Plamboeck et al. 2013; Bagger et al. 2011),
and moreover, impairment of glucagon signaling leads to a marked hyperplasia of
α-cell mass that provides an increased supply of α-cells for their trans-differentiation
into new β-cells.

Furthermore, recent pharmacologic investigations have focused on the therapeu-
tic potential of targeting the α-cell with glucagon receptor antagonists. This approach
could be effective in lowering hyperglycemia in patients with type 2 diabetes
(Bagger et al. 2011).

The Pancreatic a-Cell

Pancreatic α-cells were discovered in 1907 as histologically distinct cells from the
β-cells of the islets of Langerhans. The α-cells are one of five distinct polypeptide-
secreting islet cell types: glucagon-secreting α-cells, insulin-producing β-cells,
somatostatin-releasing delta cells, pancreatic polypeptide (PP)-secreting cells, and
ghrelin-producing epsilon cells (Wierup et al. 2002, 2004; Lee et al. 2002).
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The α-cells, accounting for approximately 20% of islet cells, are in close contact
with β-cells. Human islets do not show the anatomical subdivisions of rodent islets
where the β-cells are concentrated in the core of the islet, and α- and delta cells are
located in the mantle (Cabrera et al. 2006); in humans, non-β-cells are often observed
both at the periphery and also, seemingly, at the center of islets scattered throughout
the human islet (Cabrera et al. 2006). Anatomical studies have shown that islets are
densely vascularized, with at least one arteriole supplying every islet (Murakami and
Fujita 1992). This would permit simultaneous exposure of islets to changes in
arterial milieu and rate of flow (Moldovan and Brunicardi 2001). The cytoarch-
itecture of the human islet, where most of the β-cells show associations with other
endocrine cells, suggests the existence of a network of intercellular paracrine
signaling (Unger and Orci 2010).

The Glucagon Gene

The “glucagon” gene (GCG) encodes an mRNA for a prohormone, proglucagon,
that, when translated into protein, gives rise to numerous peptides belonging to the
glucagon superfamily of hormones. Despite the significant peptide sequence homol-
ogy, members of this superfamily exert diverse and sometimes opposing regulatory
functions (Kieffer and Habener 1999; Campbell and Drucker 2013). These hor-
mones include glucagon-like peptides 1 and 2 (GLP-1, GLP-2), oxyntomodulin,
glicentin, glicentin-related polypeptide (GRPP), and the intervening peptides 1 and
2. These peptides are formed from the proglucagon precursor by selected and tissue-
specific enzymatic cleavages.

Proglucagon is expressed in pancreatic α-cells, intestinal L cells, and specific
neurons in the central nervous system, and tissue-specific cleavages mediated by
particular endopeptidases result in a different profile of proglucagon-derived pep-
tides in these tissues.

Intestinal L cells predominantly express neuroendocrine convertase 1 [also
known as prohormone convertase 1, (PC1/3) encoded by proprotein convertase
subtilisin/kexin (PCSK-1)], which generates glicentin, oxyntomodulin, glucagon-
like peptide 1 (GLP-1), and glucagon-like peptide 2 (GLP-2). By contrast, neuro-
endocrine convertase 2 (also known as prohormone convertase 2, PC2) is expressed
in α-cells and liberates glucagon and the major proglucagon fragment, which
contains unprocessed GLP-1 and GLP-2 (Campbell and Drucker 2015). The spec-
trum of proglucagon-derived peptides (PGDPs) produced by post-translational pro-
teolysis of proglucagon differs among different tissues and is determined by the
metabolic environment. There is evidence that glucagon was also found in
enteroendocrine gut cells (Grimelius et al. 1976; Sasaki et al. 1975; Stanojevic and
Habener 2015), and under such conditions of β-cell injuries, α-cell hyperplasia, and
diabetes, α-cells are able to turn on the expression of PC1/3 and produce GLP-1 in
addition to glucagon.
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Glucagon Physiology and Hormone Secretion

Glucagon is secreted in response to hypoglycemia, with a robust secretory response
that is triggered when levels of glucose decline below a key threshold, which differs
slightly between different species (Cryer et al. 2003; Cryer 2013). The “intra-islet”
hypothesis regarding glucagon secretion, first published in 1972 (Hope et al. 2004;
Samols et al. 1988), indicates that a decrease in arterial glucose causes β-cell secretion
decrease, whereby a tonic α-cell inhibition by insulin is diminished and glucagon
secretion increases (Hope et al. 2004; Samols et al. 1988; Raju and Cryer 2005).
Therefore, insulin and plasma glucose are considered strong regulators of the non-
diabetic α-cell (Hare et al. 2009; Vilsboll et al. 2002; Knop et al. 2007a, b). Glucagon
secretion also rises in response to adrenergic stimulation and to some regulatory
peptides as well as following increases in circulating levels of amino acids and fatty
acids (Gromada et al. 2007). The important role of multiple β-cell-derived secretory
products, including insulin, zinc, and γ-aminobutyric acid (GABA), in the suppres-
sion of glucagon secretion is widely recognized (Gromada et al. 2007) and might
account for the failure of insulin alone to completely suppress glucagon secretion
under conditions of impaired or lost β-cell function (Campbell and Drucker 2015).

Moreover, the peptide produced by delta cells, somatostatin, potently inhibits
glucagon secretion (Luft et al. 1978; Sakurai et al. 1974), and the human α-cell
expresses several of the five somatostatin receptor subtypes (Ludvigsen et al. 2004;
Portela-Gomes et al. 2000). Furthermore, also the central nervous system (CNS)
represents an important sensor of glucose levels in the body and drives neural signals
that augment glucagon secretion during hypoglycemia. Multiple regions and nuclei
within the CNS contribute to the stimulation of glucagon secretion when glucose
levels fall via increased parasympathetic input (Lamy et al. 2014). In addition,
glucagon secretion is also influenced by the gut hormones GLP-1 and GIP (glucose-
dependent insulinotropic polypeptide) (Nauck et al. 1993; Creutzfeldt et al. 1996).

Although glucose levels, free fatty acids, or amino acids primarily control
glucagon release directly or indirectly through β-cells and δ-cells, the same metab-
olites could affect α-cell functionality. Inhibitory or stimulatory substances may
reach the α-cell via the microcirculation and/or interstitial fluid (Charollais et al.
2000; Kleinman et al. 1995). In addition to all external factors, glucagon itself works
as an extracellular messenger. It exerts a positive autocrine feedback that stimulates
secretion in both isolated rat and mouse α-cells by an increase in exocytosis
associated with a rise in cAMP levels (Ma et al. 2005).

Ion Channels and Regulation of Electrical Activity in the a-Cell

Similar to insulin secretion from β-cells, glucagon secretion from α-cells is regulated
by electrical communication between various ion channels. Pancreatic α-cells are,
indeed, equipped with a specific set of channels that generate action potentials. There
are at least four different types of K+-selective channels: the ATP-sensitive K+ channel
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(K+
ATP channel), the delayed K

+ channel (KDr channel), a G protein-gated K+ channel
activated by somatostatin (KI channel), and a transient K+ channel (A channel). Four
types of voltage-gated Ca++ channel (T, N, R, and L type), a Na+ channel, and
GABAA receptor chloride channels have been observed (Gromada et al. 2007).

The K+
ATP channel is considered to be the primary channel and the main regulatory

component of glucagon secretion (MacDonald et al. 2007) (Fig. 2). It plays a central
role in many tissues by coupling cell metabolism to electrical activity. Glucose
metabolism in α-cells is mediated by the activity of glucokinase and the glucose
transporter 1 (GLUT 1), a lower capacity isoform than GLUT 2, expressed in β-cells
(Heimberg et al. 1995, 1996; Tu et al. 1999). Studies on isolated α-cells have shown
that, unlike β-cells, they produce spontaneous action potentials in the absence of
glucose (Franklin et al. 2005; Gromada et al. 1997, 2001a, 2004; Rorsman et al.
1989; Yoshimoto et al. 1999; Bokvist et al. 1999; Rorsman and Hellman 1988).
Under resting conditions, the tonic activity of the K+

ATP channels maintains a negative
membrane potential at around -60 mV. Glucose metabolism produces a concentration-
dependent inhibition of the channels, which is mediated by changes in the intracellular
concentrations of ATP and ADP. The resulting increase in the ATP-to-ADP ratio leads
to closure of K+

ATP channels and membrane depolarization. This in turn activates
voltage-dependent Na+- and L- and N-type Ca++ channels responsible for action
potential generation, Ca++ influx, elevation of the intracellular Ca++ concentration,
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Metabolism

ADP + Pi
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ATP

Channel

ATP

K+

Glut1

Ψ

Ψ
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Na+

Channel

Na+

Ca2+

[Ca2+]i
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Fig. 2 Model for glucose-dependent regulation of glucagon secretion in rat alpha cells
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and stimulation of glucagon secretion (Gromada et al. 1997; Gopel et al. 2000).
Sulfonylureas are able to bind to the SUR moiety of the K+

ATP channel. The
sulfonylurea-induced closure of the K+

ATP channels initiates the same series of events
in the α-cell as glucose or pyruvate.

Hormone Physiological Action

Several lines of defense protect the organism against hypoglycemia and its potential
damaging effects, especially in the brain, which depends on a continuous supply of
glucose, its principal metabolic fuel. Among all these protection systems, glucagon
plays a central role in the response to hypoglycemia and also opposes insulin effects
(Quesada et al. 2008). Therefore, it is conceivable that the structure and function of
glucagon have been strictly preserved in the process of evolution. Following secre-
tion into the portal circulation, glucagon targets its primary site of action, the liver.
The actions of glucagon in the liver are complex. They involve binding to the
glucagon receptor, a G protein-coupled receptor (gcgr), member of the class II G
protein-coupled receptor subfamily (Jelinek et al. 1993), located in the plasma
membrane, which results in amplification of signal transduction cascades and regu-
lation of transcription factors. Gcgr primarily acts through activation of adenylate
cyclase and subsequent increase in intracellular cyclic AMP (cAMP) concentrations.
Specifically, receptor-binding activates G protein-mediated signal transduction (Gsα
and Gq), and Gsα activates adenylate cyclase resulting in increasing cAMP and
thereby protein kinase A (PKA) activity. Gq activation leads to an increase in
intracellular Ca++ through activation of phospholipase C (Jiang and Zhang 2003).
The glucagon receptor in the liver is highly selective for glucagon, but it exhibits a
modest affinity for glucagon-like peptides (Hjorth et al. 1994). In hepatocytes,
receptor activation ultimately leads to increased hepatic glucose production by
enhancing both glycogenolysis and gluconeogenesis along with inhibition of glyco-
genesis and glycolysis (Gromada et al. 2007; Consoli et al. 1989; Gastaldelli et al.
2004; Lefebvre 2002). In this way glucagon action ensures an appropriate glucose
supply to the body and brain. Thus, in healthy individuals, the balance of glucagon
suppression and stimulation critically contributes to preserve normoglycemia. Glu-
cagon can also stimulate the uptake of amino acids for gluconeogenesis in the liver.
Indeed, subjects with hyperglucagonemia can develop plasma hypoaminoacidemia,
especially of amino acids involved in gluconeogenesis, such as alanine, glycine, and
proline (Cynober 2002). In addition to the liver, Gcgr is expressed in other tissues,
including the adipose tissue, pancreas, gastrointestinal tract, heart, brain, and kidney,
suggesting a broader physiological role beyond glucose and nutrient homeostasis
(Christensen et al. 2011) (Fig. 3). In islet cells, the elevation of cAMP by glucagon
has been reported to stimulate insulin and glucagon secretion from β- and α-cells,
respectively (Ma et al. 2005; Huypens et al. 2000), by PKA-dependent and
PKA-independent mechanisms. Upregulation of cAMP activates cAMP-regulated
guanine nucleotide exchange factors (cAMPGEFs/Epac), which modulate intracel-
lular Ca++ ion mobilization, enhancing exocytosis (Ma et al. 2005; Holz et al. 2006).
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Role of Glucagon in Hyperglycemia

As already reported, 40 years ago, Unger and Orci (1975) proposed the “bi-hormonal
hypothesis” to explain the pathophysiology of diabetes (Unger and Orci 1975).
According to this hypothesis, this metabolic disease is the result of an insulin
deficiency or resistance along with an absolute or relative excess of glucagon
(hyperglucagonemia), which can cause a higher rate of hepatic glucose production
than glucose utilization, favoring hyperglycemia (Quesada et al. 2008). In recent
years a glucagon-centered view of diabetes mellitus has reemerged, and it is
supported by the requirement for glucagon in the development of hyperglycemia
in preclinical models of type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus
(T2DM), and insulin deficiency (Campbell and Drucker 2013; Unger and
Cherrington 2012). In particular the diabetic α-cell suffers from resistance to the
glucagon-suppressive effects normally exerted by glucose and insulin (Dunning
et al. 2005). Exogenous insulin is not effective as a negative feedback for hepatic
glucose output, while glucagon potentiates glucose mobilization from the liver, thus
contributing to hyperglycemia. Moreover in diabetic patients, the lack of suppression
of glucagon release in hyperglycemic conditions is impaired, which would contrib-
ute further to postprandial hyperglycemia in both type 1 and type 2 diabetes. Recent
investigations, using in vitro model, have furthermore indicated that also the long-
term exposure to free fatty acids (in particular palmitate) restrains the insulin
inhibitory effect on glucagon secretion leading to an inappropriate hormone release
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Fig. 3 Schematic representation of glucagon effects on various target tissues
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(Piro et al. 2010). These results suggest that hyperglucagonemia during diabetes
might be a consequence of metabolic disorders (i.e., lipotoxicity) rather than a cause
of diabetes and, for these reason, could be prevented.

Interestingly, it has been recently reported that a model of mice in absolute
absence of glucagon receptors (Gcgr�/�) is not hyperglycemic and shows normal
glucose tolerance, even after complete destruction of β-cells (Lee et al. 2011).
Moreover, restoration of hepatic Gcgr expression led to activation of gluconeogen-
esis and the rapid reappearance of hyperglycemia (Lee et al. 2012). Suppression of
glucagon release with somatostatin in dogs that had been subjected to chemical
destruction of their β-cells and in insulin-deprived humans with T1DM suppressed
hyperglucagonemia and alleviated hyperglycemia (Dobbs et al. 1975). These exper-
iments provide the first concrete evidence that glucagon might play an essential
pathogenic role in the hyperglycemia during insulin deficiency state.

The Second Type of Cell: The Beta Cell

The pancreatic beta cells are unique endocrine cells that produce, store, and secrete
insulin, the hormone that maintains circulating glucose concentrations within a
narrow physiologic range, despite wide fluctuations in energy intake and expendi-
ture. They also release additional proteins and small molecules, such as C-peptide,
amylin, zinc, ATP, and GABA. Beta cells were first described more than one century
ago and their morphology, ultrastructure, function, turnover, and molecular features
investigated in depth afterward; this was mainly due to their key role in the
pathophysiology of diabetes. They have an average diameter of 10 μm, contain
approximately 20 pg insulin per cell, and are the predominant cell type in the
pancreatic islets (50–80% of all islet endocrine cells). In the human pancreas, beta-
cell mass varies from 0.6 to 2.1 g, and the amount of insulin in the gland has been
reported to range from 50 to 250 μg/g (Berclaz et al. 2012; Masini et al. 2012). In a
normal adult, beta cells may release approximately 30–70 U of insulin per day
(mainly depending on body weight), 50% of which is secreted under basal condi-
tions and the remaining amount in response to meals. The secretion of insulin is
regulated by a complex interplay between nutrients, hormones, and neuronal signals,
which allows the supply of insulin in quantity, dynamics, and flexibility matching
the minute-by-minute needs of the body. In this chapter we will describe some key
features of human pancreatic beta cells, focusing on insulin production and the
cellular as well as molecular mechanism regulating the secretion of this hormone
and also including the case of type 2 diabetes.

Gene Expression and Biosynthesis of Insulin

The insulin gene in humans is located on the short arm of chromosome 11, at
position 15.5, from base pair 2,159,779 to base pair 2,161,209 and contains three
exons and two introns. The beta-cell insulin gene transcriptional control is conferred
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by cis-acting regulatory DNA sequences that bind beta cell restricted as well as
ubiquitous transcription factors. Specifically, the insulin gene is regulated at a DNA
promoter region located approximately 340 base pairs upstream of the transcription
initiation site. Beta cell-enriched proteins regulating insulin gene transcription
include insulin promoter factor 1 (PDX1) and MAF bZIP transcription factor A
(MAFA), whereas mechanisms not restricted to beta cells involve transcription
factors responsive to specific signaling pathways (Ca++ signaling in particular) as
well as several kinases and phosphatases (such as ERK and calcineurin) (Marchetti
et al. 2012a). These factors also mediate the regulation of insulin gene expression
induced by glucose. For instance, increased glucose concentrations determine phos-
phorylation of PDX1 by a number of different kinases [(including phosphatidy-
linositol-4,5-bisphosphate 3-kinase (PI3K) and mitogen-activated protein kinases
(MAPK)], followed by the translocation of PDX1 to the nucleus. In addition,
glucose stabilizes preproinsulin mRNA, the half-life of which increases more than
twofold (from about 30 to 70 h). Several other factors modulate insulin gene
expression, including a few hormones. GLP-1 upregulates the expression of insulin
by potentiating the action of glucose on PDX1 and through other mechanisms, such
as direct activation of cAMP response elements (CRE) and nuclear factor of acti-
vated T cells (NFAT); conversely, somatostatin and leptin reduce insulin gene
expression by a number of different mechanisms, which in some cases also include
decreased mRNA stability.

The product of insulin gene transcription is preproinsulin mRNA, which leads to
the synthesis of a single polypeptide chain insulin precursor (Brezar et al. 2011).
During translation of preproinsulin mRNA to preproinsulin protein, the emerging
signal sequence of preproinsulin is bound to the membrane of the rough endoplasmic
reticulum (RER), and preproinsulin enters the RER lumen. There, a specific pepti-
dase cleaves the signal sequence, resulting in the formation of the nascent proinsulin
molecule. Proinsulin then undergoes folding and formation of disulfide bonds
between the A and B chains catalyzed by RER disulfide isomerase activity. The
newly synthesized proinsulin is then transported from the RER to the cis-Golgi
apparatus within transport vesicles in an ATP-dependent process. This is followed by
trafficking through the stacks of the medial- and trans-Golgi apparatus to reach the
clathrin-coated regions of the trans-Golgi network, which is the site of secretory
granules biogenesis (Masini et al. 2012; Hou et al. 2009). In the immature secretory
granule compartment, conversion begins of proinsulin to insulin and C-peptide by
the action of two Ca++-dependent endopeptidases (PC2 and PC1/3) and a Ni++-
dependent exopeptidase (CPH). Besides proinsulin conversion, maturation of the
insulin granules involves loss of clathrin and progressive acidification (to reach a pH
of 5.0–5.5), which is necessary for proinsulin conversion and insulin crystallization.
In fact, within the mature granule and in the presence of high Zn++ concentrations,
insulin associates to form hexamers, a process that is coordinated by the histidine
residue at position 10 of the insulin B chain. As a result, the dense core of the
secretory granule observed by electron microscopy (Masini et al. 2012) is considered
to be an insulin crystal (Fig. 4). Since C-peptide does not co-crystallize with insulin,
this protein is assumed to be present in the clear halo of the granule (Fig. 4). Once
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formed, beta-cell granules are retained until exocytosis occurs, and insulin is
released into the circulation (see below).

The Mechanisms of Glucose-Induced Insulin Secretion

Insulin secretion is a dynamic and finely controlled process, regulated in a feedback
system, to maintain physiological plasma glucose concentrations in a relatively
narrow range. In the fasting state, insulin controls glucose production by the liver
and limits the release of free fatty acids from adipocytes; in this condition, the
glucose produced by hepatocytes is mostly used by the brain, whose uptake of the
hexose is insulin independent. After a meal, glucose enters the circulation through
the portal system, with signals originating from the intestine able to amplify the
release of insulin; the hormone is secreted in large amounts and promotes glucose
uptake by peripheral tissues (mostly muscle) and the liver (which also curbs glucose
production); at the level of the adipocytes, insulin stimulates glucose uptake and
inhibits the release of free fatty acids.

The main physiological regulators of insulin secretion are listed in Table 1.
Among them, glucose is predominant and exerts its effects through complex mech-
anisms that over the years have been described by models of stimulus-secretion
coupling (Juhl and Hutton 2004). Glucose is both a trigger and an amplifier of the
release of insulin. It is transported into the cytoplasm of the beta cell through
facilitated glucose transport, mainly mediated by glucose transporter 2 (GLUT2)
in rodents and GLUT1 in humans. Glucose is then rapidly phosphorylated by
glucokinase (hexokinase IV, a high-Km isoform of hexokinase) in the glycolytic

Fig. 4 Electron microscopy image of a human beta cell showing immature insulin granules (IG),
with a less electron-dense structure, and mature insulin granules (MG), with a dense core (insulin
crystals) and a white halo
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pathway (Fig. 5). The formation of glucose-6-phosphate occurs without allosteric
inhibition of the product. Therefore, glucokinase determines the rate of glycolysis
and is considered the molecular glucose sensor for insulin secretion in the beta cell.
The end product of the glycolytic cascade is the three-carbon molecule, pyruvate. In
principle, pyruvate could be used for either aerobic or anaerobic respiration. Since in
the beta cell the expression of lactate dehydrogenase (the enzyme that converts
pyruvate to lactate) is very low, under normal conditions pyruvate rapidly enters the
mitochondrion to undergo oxidation.

In the mitochondrion, pyruvate is converted to acetyl CoA by the enzyme
pyruvate kinase, to then react with oxaloacetate to produce citrate, a metabolite of
the tricarboxylic acid (TCA) cycle. The activation of TCA leads to the production of
reducing equivalents in the form of NADH and FADH2, which will be used for the
generation of ATP in the electron transport chain. There, NADH and FADH2 act as
donors of electrons, which move through a series of complexes (complex I, NADH-
ubiquinone reductase; complex II, succinate dehydrogenase; complex III, ubiquinol-
cytochrome c reductase; complex IV, cytochrome c oxidase), where redox reactions
occur. The terminal electron acceptor is O2. These reactions are coupled with the
production of a proton gradient across the inner mitochondrial membrane. The
resulting transmembrane proton gradient is used by the ATP synthase complex to
produce ATP via oxidative phosphorylation. The ATP synthesized in this way is
finally translocated to the cytosol by the adenine nucleotide translocator (ANT).

The rise in cytosolic ATP concentrations causes the closure of the K+
ATP chan-

nels, reduction of the K+ conductance, and depolarization of the plasma membrane
of the beta cell. Therefore, the K+

ATP channels couple the metabolic state of the beta

Table 1 Main
physiological regulators of
insulin secretion

Stimulators Inhibitors

Nutrients

Glucose

Amino acids

Free fatty acids (>C12)

Ketones

Hormones Hormones

GLP-1 Somatostatin

GIP Ghrelin

CCK

Glucagon

VIP

Gastrin

Secretin

PACAP

Neurotransmitters Neurotransmitters

Acetylcholine Adrenaline (α2 receptors)

Adrenaline (β2 receptors) Noradrenaline (α2 receptors)

NPY
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cell to the electrical activity. These channels are tetramers of a complex of two
proteins, a high-affinity sulfonylurea receptor (SUR1) and an inwardly rectifying K+

channel (Kir6.2). Each channel is composed of four outer subunits of SUR1, which
mediate the opening property of Mg++ ADP and confer the sensitivity to pharma-
cological agents such as sulfonylureas and diazoxide, which, respectively, close and
open the channel; the inner pore of the channels is formed by four subunits of Kir6.2
to which ATP binds (Fig. 6). Once the threshold potential induced by membrane
depolarization is reached, voltage-dependent Ca++ channels (mainly of the L type)
open, allowing the influx of Ca++. In turn, this induces a rapid depolarization to a
plateau potential on which bursts of Ca++ potentials appear. This is followed by
oscillations of membrane potentials and rhythmic openings of the channels and
influx of the ion. The influx of the extracellular Ca++ to the beta-cell cytosol allows
mobilization of the insulin granules and their exocytosis. The signals regulating the
transport of insulin secretory granules to the plasma membrane of the beta cells and
the mechanisms involved in insulin exocytosis show analogies to the processes
observed with synaptic vesicle exocytosis in neurons. Transport of insulin granules
is likely mediated by the interaction of the granules with cytosolic microtubules and
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ATP

Channel 
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Fig. 5 Model for glucose-dependent stimulation of insulin secretion by beta cells of the pancreas
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microfilaments, which is triggered by different intracellular secondary signals,
including an increase in cytosolic Ca++. Docking of the granules to the plasma
membrane and subsequent fusion are believed to depend on the interaction of
proteins on the granules (v-SNAREs, such as the synaptobrevin family) with cognate
members of proteins located on the membrane (t-SNAREs, such as syntaxin and
SNAP-25) (Fig. 7). Granules that are not used for exocytosis are degraded through a
mechanism termed crinophagy, i.e., an autophagic process involving fusion with
lysosomes. The mechanisms linking Ca++ to these last events are still relatively
unknown; however, a major role is probably played by Ca++-calmodulin protein
kinase II, which is associated with the secretory granules and is involved in the
mobilization of the insulin granules from the Golgi apparatus to the exocytotic sites.

In summary, therefore, the triggering pathway model through which glucose
induces insulin secretion involves the entry of glucose into the beta cells via
facilitated transport (which is not rate limiting, allowing rapid balance between
extra- and intracellular glucose concentrations), followed by glucose metabolism
by glycolysis. The tight coupling of glycolysis and mitochondrial activity leads to
quick changes in the cytosolic ATP/ADP ratio, which in turn regulate the function of
the K+

ATP channels. These latter transduce biochemical signals into biophysical
events, with their closure (due to increased ATP/ADP ratio) determining

K+ 

K+ 

SUR-1 KIR 6.2 

Fig. 6 Model for SUR-1/Kir6.2 channel. The upper part of the figure shows the channel into the
membrane; the lower part shows the complex of two proteins of SUR-1 and Kir 6.2 forming a
tetramer. SUR-1 isoform is expressed mainly in beta cells and in the brain, SUR-2 isoform in the
cardiac and in skeletal muscle, and SUR 2B in the smooth muscle
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depolarization of the plasma membrane, opening of voltage-dependent Ca++ chan-
nels, and increasing Ca++ influx. Finally, Ca++ activates effector mechanisms leading
to the exocytosis of the insulin granules.

As mentioned above, glucose also possesses the capacity of amplifying insulin
release, meaning that glucose metabolism produces signals that do not further
increase cytosolic Ca++ concentrations but promotes Ca++-mediated exocytosis of
insulin granules (Henquin 2011). This has been demonstrated by studies using
pharmacological blocking of the K+

ATP channels or clamping Ca++ concentrations
at elevated levels. At such experimental conditions, glucose increased insulin secre-
tion with negligible effects on the already high Ca++ concentrations (Henquin 2011).
The mechanisms responsible of the amplifying pathway are still unsettled, but events
mediated by ATP at steps distal to the increase of Ca++ levels and/or metabolites
produced in the mitochondrion may play a role.

The Role of Compounds Other Than Glucose

As listed in Table 1, several other compounds can affect the beta-cell insulin
secretory function. Amino acids, either alone or in combination, regulate the release
of insulin by both metabolic and/or biophysical mechanisms (Newsholme et al.
2014). They may have triggering actions but more frequently amplify insulin release.
Leucine alone, for instance, can weakly increase insulin secretion in the absence of
glucose, but it is much more potent in the presence of glutamine that, alone, is not
effective (Anello et al. 2004). Leucine and, more markedly, its combination with
glutamine exert both triggering and amplifying effects on insulin release. Biochem-
ically, leucine is metabolized to produce acetyl CoA, which is used in the TCA cycle.
Glutamine is transformed in glutamate which, in the presence of leucine, is further
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docking granules to the
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metabolized to α-ketoglutarate, also fueling the TCA cycle. The two amino acids,
therefore, act at steps involving the mitochondrion. Another amino acid, arginine, is,
instead, poorly metabolized by beta cells. Arginine depolarizes the plasma mem-
brane due to its transport into the cell in a positively charged form. This depolari-
zation activates the voltage-dependent Ca++ channels to allow Ca++ entry and the
successive steps leading to exocytosis of insulin granules.

Free fatty acids represent metabolic substrates for the beta cells and can regulate
the secretory function of these cells by modulating the oxidation of fuel molecules in
the mitochondria (Henquin 2011). More recently, it has become clear that they are
able to exert signaling functions by binding to some G protein-coupled receptors
(GPRs) that are expressed on the surface of beta cells (GPR40 in particular but also
GPR119 and GPR120) (Morgan and Dhayal 2009) and mediate, at least in part, the
acute insulin secretagogue effects of free fatty acids. Activation of the receptors
induces the production of inositol trisphosphate (IP3) and diacylglycerol (DAG). In
turn, IP3 triggers the release of Ca++ from the endoplasmic reticulum, and DAG
activates protein kinase C (PKC) to amplify the effects of glucose metabolism on
insulin secretion. It has been shown that palmitate and stearate can slightly increase
basal insulin secretion in the presence of low (3 mmol/l) glucose concentrations and
that the rank of potency of fatty acids to potentiate glucose-induced insulin secretion
(at 10–15 mmol/l) is palmitate > myristate > stearate approximately = oleate >
linoleate approximately = linolenate (Warnotte et al. 1999).

The beta-cell GPR system is also involved in the regulation of insulin secretion by
neurotransmitters and several hormones (Table 1). In particular, the role of the
incretin hormone GLP-1 has been extensively studied, also in view of its potential
as a target for type 2 diabetes therapy (Drucker and Nauck 2006). GLP-1 is released
from enteroendocrine L cells in response to nutrient ingestion and potentiate insulin
release in a glucose concentration-dependent manner. Its mechanisms of action on
the beta cell are complex but seem to be mediated by activation of adenylate cyclase
and also the production of IP3 and DAG (this latter is similar to the case of free fatty
acids). Adenylate cyclase activation leads to increased cyclic adenosine mono-
phosphate (cAMP) production. In turn, cAMP activates protein kinase A (PKA)-
dependent and independent mechanisms that mainly through the action of Epac2 and
the phosphorylation activity of PKA on several substrates influence insulin granule
kinetics and ion channel activity (Doyle and Egan 2007).

Beta Cells in Human Type 2 Diabetes

Diabetes mellitus is a heterogeneous disease, consisting of four main types: (a) type
1 diabetes, due to autoimmune beta-cell destruction, usually leading to absolute
insulin deficiency; (b) type 2 diabetes, due to a progressive loss of insulin secretion
on the background of insulin resistance; (c) gestational diabetes, which is diagnosed
in the second or third trimester of pregnancy; and (d) specific types of diabetes due to
other causes, e.g., monogenic diabetes syndromes, diseases of the exocrine pancreas,
drug- or chemical-induced diabetes, and others (American Diabetes A. 2016). Since
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type 2 diabetes is by far the most common form of diabetes (85–90% of all cases)
and given the key role of beta-cell failure in its onset and progression (Halban et al.
2010), much work has been done to understand the condition of beta cells in this type
of diabetes, mainly focusing on beta-cell loss and functional incompetence.

Although quantification of beta cells in the human pancreas is a difficult task,
morphometric analyses have been performed by several authors to assess beta-cell
mass (when the weight of pancreas specimens was available), volume (usually
assuming that the islets are spherical), and/or area (insulin-positive proportions in
the islets or the pancreatic tissue) (Marchetti et al. 2012a). The amount of beta cells
has been usually reported to be significantly lower in the pancreata of patients with
type 2 diabetes (30–40% reduction on average). Interestingly, however, work
performed by the use of light and electron microscopy suggests that the loss of
beta cells in this type of diabetes, as assessed by insulin staining, may be over-
estimated because of degranulation or other changes in the beta-cell phenotype
(dedifferentiation is an example) (Cinti et al. 2016).

The reasons why there is a reduced amount of beta cells in type 2 diabetes are still
a matter of debate. It is likely that in this condition more beta cells die because of a
form of programmed cell death called apoptosis (characterized by marked nuclear
chromatin condensation and additional morphological characteristics) (Fig. 8), pos-
sibly due to increased stress of the RER (Marchetti et al. 2007; Eizirik et al. 2008) on
the basis of the interplay between genetic and environmental factors (Butler et al.
2007). This is probably associated with defects of beta-cell regeneration. The latter
may essentially occur by replication (proliferation) of existing cells, neogenesis from
precursors, or trans-differentiation of existing mature cells. It has been generally
observed, by the use of indirect morphological methods, that regeneration events in
human type 2 diabetes occur at similar very low rates as in the nondiabetic condition,
not compensating for the loss of beta cells described above (Butler et al. 2007).
Currently, however, the insulin-secretory defects of beta cells are considered more
important than the reduced beta-cell amount in the pathophysiology of type 2 diabe-
tes. As a matter of fact, there are several quantitative and qualitative alterations of
insulin release in type 2 diabetes (Ferrannini 1998; Kahn et al. 2014). Commonly
found abnormalities include reduced or absent first phase insulin secretion to
intravenous glucose, delayed or blunted responses to mixed meal ingestion, and,
with time, reduced second phase release and diminished responses to non-glucose
stimuli. Qualitative defects are mainly represented, besides changes of early phase
insulin secretion, by alterations of oscillatory patterns and increased proinsulin
release. As mentioned above, insulin is secreted in pulses and oscillations. The
pulses take place every 8–10 min in normal individuals and are superimposed on
much longer oscillations. The higher-frequency pulses appear to be intrinsically
controlled by the islets themselves, whereas the lower-frequency oscillations may be
regulated by signaling from outside the islets. In type 2 diabetes patients, the pulsed
pattern has been reported to be disrupted, although the mechanisms involved are
unclear. Increased proinsulin/insulin ratio has also been reported in type 2 diabetes.
Within beta-cell secretory granules, under normal conditions, proinsulin is mostly
cleaved into insulin and C-peptide, leaving around 2% of the intact or incompletely
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cleaved proinsulin precursor molecules. In patients with type 2 diabetes, the propor-
tion of proinsulin molecules is increased four- to fivefold when compared with that
of normal individuals, indicating less efficient conversion of proinsulin to insulin.

In conclusion, pancreatic beta cells are unique endocrine cells with extraordi-
narily sophisticated architectural, biological, and molecular features. Their key role
is the production and secretion of insulin in a tightly regulated manner, to maintain
circulating glucose concentrations in the physiological range. Although the large
amount of information available on the processes modulating insulin release, shed-
ding light on additional mechanisms governing the health of the beta cells will
contribute to better understand the cause of diabetes and conceive strategies for its
prevention, better treatment, and, hopefully, cure.

The Third Cell: The Delta Cell and Somatostatin

The presence of a third cell type in the islets of Langerhans of a variety of species
was originally described by Felice Caramia (Caramia et al. 1965; Merlini and
Caramia 1965; Munger et al. 1965; Caramia 1963). In 1975, for the first time, the
presence of immunoreactive somatostatin-containing cells that were scattered
throughout the islets of Langerhans was demonstrated by Maurice Dubois in a
variety of species ranging from humans to sheep, thus confirming the existence of
this third cell type, as originally described by Felice Caramia (Dubois 1975).

Somatostatin-secreting δ-cells are the third most common cell type in the islets of
Langerhans, where they constitute from 8% to 12% of the total cells there (Fig. 9).
The same studies also demonstrated that insulin-containing β-cells range from
�50% to 60%, and glucagon-containing α-cells range from �10% to 20% in adult
human and nonhuman primates’ islets of Langerhans (Rufener et al. 1975; Dubois
et al. 1975; Rahier et al. 1983b). Interestingly, the cellular composition of human and
nonhuman primates’ islets is not dramatically different from rodent islets in terms of
relative abundance of cell type, with the relative abundance decreasing progressively

Fig. 8 Electron microscopy of a normal beta cell (left panel) and a beta cell with signs of apoptosis
(right panel). IG insulin granules, CC chromatin condensation in the nucleus
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from β�α�δ-PP-ghrelin (�70% to 15% to 10% to 4% to 1%, respectively) cells.
However, while in rodents (mice and rats) β-cells are present in the center of the islet,
with α- and δ-cells constituting a crown around them, in adult human and nonhuman
primate islets (baboon and monkey), β-cells, α-cells, and δ-cells are found scattered
throughout the islets of Langerhans, most of them aligned along blood vessels with
no particular arrangements, suggesting that the islet microcirculation is not a key
determinant in the order of paracrine interaction of different cell types, differently
from the rodents’ islets of Langerhans (Cabrera et al. 2006; Rahier et al. 1980, 1981;
Guardado-Mendoza et al. 2009, 2015; Quinn et al. 2012; Folli et al. 2011; Di
Cairano et al. 2016). It is also interesting to note that while in the mouse’s islets of
Langerhans �70% of β-cells display only homotypic association (i.e., juxtaposition
between same cell type), in human islets �30% show this kind of association. In
human and nonhuman primates’ islets, the majority of contacts, �70%, are hetero-
typic contacts (i.e., juxtaposition between different cell types) (Bosco et al. 2010).
These data imply that human and nonhuman primate islets have a distinct physiol-
ogy from rodent islets, consistent with the striking morphological differences
between primates (human and nonhuman) and rodents (mice and rats).

Somatostatin

Somatostatin was originally described as a substance that inhibited the release of
growth hormone (GH) from pituitary glands (Burgus et al. 1973; Brazeau et al.
1973). Subsequently, this hormone was also found in islets of Langerhans’ extracts
and was described as capable to inhibit insulin secretion (Koerker et al. 1974;
Hellman and Lernmark 1969). Somatostatin was sequenced in 1973 by the group
of Guillemin (Burgus et al. 1973; Brazeau et al. 1973). There are two major forms of
somatostatin, somatostatin-14 and somatostatin-28, which are derived from the same

Fig. 9 Islets of Langerhans of man (a) and baboon (b) pancreas: β-cell granules are heterogeneous,
showing dense cores which become crystalline when the granules mature (arrows); α-cell granules
are characterized by a dense, osmophilic core surrounded by a less dense eccentric halo; and δ-cell
granules are round, homogeneous, and of low electron density
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gene, by differential cleavage of the prohormone by prohormone-converting
enzymes, furin, PC1, and PC2 (prohormone convertase) (Galanopoulou et al.
1993). In the central nervous system including the hypothalamus, somatostatin-14
is the predominant form, where it inhibits not only GH release but also TSH and PRL
release. Somatostatin-28 is the predominant form in the gastrointestinal tract. The
genes encoding somatostatin in humans, rodents, and fish display very strong
sequence homology (Reichlin 1983a, b; Shen and Rutter 1984; Morel et al. 1984;
Montminy et al. 1984, 1986a, b).

Somatostatin is a powerful inhibitor of glucagon as well as insulin secretion in
mammals, either through the islet microcirculation and/or direct paracrine-juxtacrine
mechanisms and possibly the mechanisms by which somatostatin acts in rodents are
quite different when compared to primates (human and nonhuman), given the differ-
ent cytoarchitecture of the islets of Langerhans in the two genera (Walker et al. 2011;
Watts et al. 2016; Pipeleers et al. 1985a, b; Hauge-Evans et al. 2009; Malaisse 2014).

Somatostatin release in the islets of Langerhans is stimulated by hyperglycemia,
by arginine, and by sulfonylurea, tolbutamide (Cheng-Xue et al. 2013).

There are five different somatostatin receptors (SSTR1, SSTR2, SSTR3, SSTR4,
and SSTR5) (Patel and Srikant 1994, 1997). α-Cells express predominantly the
SSTR2, while β-cells express prevalently the SSTR1 and SSTR5 receptors (Strowski
et al. 2000). A number of mechanisms were described by which somatostatin leads
to inhibition of glucagon secretion in α-cell. Somatostatin can activate G protein-
coupled K+ channels in α-cells, thus causing plasma membrane hyperpolarization
and inhibition of electrical activity (Gromada et al. 2001a; Yoshimoto et al. 1999).
Furthermore, the effect of somatostatin to inhibit α-cell exocytosis depends on the
activity of a pertussis toxin-sensitive G protein (Gi2) as well as calcineurin
(Gromada et al. 2001b). Studies employing knockout (KO) mice for SSTR2 and
somatostatin receptor agonists and antagonists have shown that somatostatin inhibits
glucagon release primarily through the SSTR2 receptor, while insulin secretion is
inhibited primarily through SSTR5 (Cheng-Xue et al. 2013; Wang et al. 2005a, b).
These data are also reinforced by studies on SST (somatostatin)-KO mice. These
mice were phenotypically normal and exhibited increased insulin as well as gluca-
gon secretion, in response to physiological stimuli. Glucose also suppressed gluca-
gon secretion from control, but not SST-KO islets. These data support the concept
that δ-cell somatostatin acts as a paracrine-inhibitory signal to inhibit insulin and
glucagon secretion, also in response to nutrients, such as glucose and which may also
prime the islets of Langerhans’ response to cholinergic activation (Hauge-Evans
et al. 2009; Rorsman and Braun 2013). The main biological effects of somatostatin
on various target tissues are summarized in Fig. 10.

Ion Channels and Regulation of Electrical Activity in the d-Cell

The physiology of the human delta cells has recently been studied in detail by the
laboratory of Matthias Braun and Peter Rorsman (Braun et al. 2009). Somatostatin
secretion from human δ-cells is stimulated by glucose and tolbutamide and inhibited
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by diazoxide. δ-Cells display sporadic electrical activity, which is increased by
tolbutamide, but not by glucose. Interestingly, somatostatin cells have a
tolbutamide-insensitive/Ba2+ -sensitive inwardly rectifying K+ current as well as
two voltage-gated K+ currents, one sensitive to tetraethylammonium/stromatoxin
(delayed rectifying, Kv2.1/2.2) and 4-aminopyridine (A current). Voltage-gated
tetrodotoxin (TTX)-sensitive Na+ currents contributed to the action upstroke, with
no effect on somatostatin release. D-cells are also equipped with Ca++ channels,
which can be blocked by isradipine (L-type channels), ω-agatoxin (P/Q-type chan-
nels), and NNC 55-0396 (T-type channels). The blockade of any of these channels
affects the δ-cell electrical activity and eliminates glucose-stimulated somatostatin
release. Exocytosis is regulated by Ca++ influx through P/Q-type Ca++ channels.
Glucose stimulation of somatostatin secretion involves both K+ ATP channel-
dependent and K+ ATP channel-independent mechanisms.

The PP Cells

Although glucagon-secreting α-cells, insulin-secreting β-cells, and somatostatin-
secreting δ-cells are predominant, other cell types are present in pancreatic islets;
these other cells could play a role in intra-islet coordination and thus in the control of
glucose homeostasis. However, our knowledge about these other cells is extremely
limited.
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Fig. 10 Schematic representation of somatostatin effects on various target tissues
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The pancreatic polypeptide (PP)-secreting cells, also known as F cells, represent
the fourth cell population within the islets. PP cells produce pancreatic polypeptide
(PP), a 36 amino acid peptide, present in secretory granules bounded by a membrane.
These cells were first identified in an avian pancreas and later in murine and
mammalian pancreas (Kimmel et al. 1975; Larsson et al. 1975). They are located
with other non-beta cells toward the periphery of rodent islets; in human islets they
are present close to the capillaries. The size and the distribution of the PP cells in the
pancreas are very heterogeneous, but the head of the pancreas shows the highest
concentration (Rahier et al. 1983a; Stefan et al. 1982; Wang et al. 2013a, b). PP
hormone regulates gastric emptying, intestinal motor activity, and glucagon secre-
tion; thus PP is an important element of the islet-gut-brain axis. Recent evidence
suggests a role of PP cells in the context of GLP-1 and GIP actions in islets; in
particular, GIP could act on PP cells to control glucagon secretion (Chia et al. 2014).

Other Cell Types

In the last few years, epsilon cells or ghrelin-positive cells have received much
attention. The hormone ghrelin is an endocrine peptide that has been identified in
gastric oxyntic glands and that induces growth hormone secretion in the pituitary
gland. Moreover, this hormone is expressed in many tissues such as the stomach,
placenta, testis, pituitary gland, and thyroid. Although a number of studies have
reported ghrelin expression in the developing pancreas, the location of ghrelin-
immunoreactive cells in the adult pancreas remains controversial. Some authors
report ghrelin expressed in epsilon cells, as a distinct cell type present in islets,
and some other authors found ghrelin co-expressed with other hormones. Recently
Raghay et al. demonstrated that ghrelin immunoreactivity co-localizes with gluca-
gon in the human islet, whereas ghrelin is expressed in insulin-secreting cells in the
rat pancreas, as confirmed by double immunofluorescence and in situ hybridization
(Raghay et al. 2013). Following this point of view, epsilon cells could represent
some constitutive cells in islets and could contribute to maintaining the architecture
of the organ. Understanding how diabetes-related disorders could influence islet
structure, cell identity and intra-islet cellular communication could clarify how
non-β-cells contribute to the control of islet function and composition. Diabetes
results not only from dysfunction of one or more of the hormone-expressing cells but
also from changes to the islet architecture and a breakdown in the communication
between the endocrine cells of the pancreatic islet (Foulis et al. 1991; Foulis and
Stewart 1984).

Summary and Conclusions

In the present chapter, we have illustrated some general notions regarding the
pancreatic islet composition and cell function. We have reported that every cell
within the islet represents a single unit, and a single islet could be identified as a
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micro-organ in the pancreas. Moreover, we have illustrated that reduction of beta-
cell mass is fundamental for the pathogenesis of both type 1 and type 2 diabetes and
that non-beta cells are essential to islet architecture. We need to know more about
cell physiology and physiopathology of islet cells. Understanding how diabetes-
related disorders influence islet structure and intra-islet cellular metabolic abnormal-
ities could clarify how every cell present in the islet contributes to the control of islet
function. Therefore, therapeutic strategies should aim to target all cell types in islets
and both cellular function and islet architecture to help restore glucose homeostasis
in diabetes. These issues are among the highest priorities in the field of diabetes and
metabolic diseases in humans.

Cross-References

▶ Peptide Hormones: Synthesis, Secretion and Transport
▶ Principles of Endocrine Diseases
▶The Endocrine System
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Abstract
Nongenomic actions of thyroid hormone do not require a direct interaction of
3,5,30-triiodo-L-thyronine (T3) with the transcriptionally active nuclear receptors
TRα and TRβ. A rapid response time is a characteristic of many nongenomic
actions; the onset of the majority of these effects is within minutes because the
action is independent of gene expression and protein synthesis. While only T3 is
able to generate a genomic response, the different nongenomic effects may be
activated by either T3 or T4 or by other iodothyronine derivatives such as T2. In
the last decade, the discovery of a large number of nongenomic actions of thyroid
hormones has increasingly attracted the interest of researchers, and different
specific binding sites or receptors for these hormones/messengers have now
been described in several cellular compartments, including the external surface
of the plasma membrane. The function of nongenomic effects of these hormones
has mainly been considered to relate to homeostasis, such as actions on plasma
membrane ion transporters or maintenance of the cytoskeleton, but recent evi-
dence supports the existence of crosstalk between nongenomic and genomic
effects of the hormone. Further examination of such crosstalk may reveal hitherto
unappreciated mechanisms underlying global illnesses, such as cardiovascular
diseases, inflammatory and immune diseases, and mechanisms of tumor cell
function. Indeed, these new aspects have already improved our understanding
of the contributions of nongenomic thyroid hormone actions to the regulation of
cancer-related angiogenesis and to cancer cell survival pathways. In the present
report, we provide a concise overview of the main observations that define the
nongenomic actions of thyroid hormones and give a description of the state of
the art.

Keywords
Thyroid hormones • Nongenomic actions • Extranuclear receptors • Nuclear
receptors • Integrin αvβ3 •Mitochondrial receptors • Signal transduction • Mem-
brane transport • Immune system • Growth factors

Introduction

“Thyroid hormone” is conventionally defined as two compounds, L-thyroxine (T4)
and 3,5,30-triiodo-L-thyronine (T3), which are well known from standard textbooks
and from routine clinical laboratory blood testing. T3 acts through binding to nuclear
thyroid hormone receptors (TRs) TRα and TRβ, which are protein transcription
factors modulating the expression of many different genes. T3 and T4 also produce
nongenomic effects that do not depend upon a primary interaction of hormone and
TRs. The thyroid hormone family also includes several T4- and T3-derived metab-
olites, which are able to induce distinct biological effects of their own.

Our understanding of the mechanism of action of thyroid hormones began with
the studies of Tata and coworkers who showed that the cell nucleus was the principal
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target of the hormone (Tata et al. 1962; Tata 1963). These authors found that
administration of T3 to rats induced an increase in basal metabolic rates, but injecting
T3 in combination with actinomycin D (an inhibitor of transcription) completely
abolished the stimulatory effect of T3. Such observations led to the identification of
specific nuclear binding sites or receptors for T3 that initially were found in rat liver
and kidney, and later in a variety of other tissues and cells (Lazar 2003; Oppenheimer
et al. 1972, 1987). Eventually they were characterized as a family of nuclear
receptors. Another step forward in the field of thyroid hormone action was the
discovery of the deiodinases, which are involved in the peripheral metabolism of
iodothyronines. These enzymes regulate the local and systemic availability of T3 –
the form of thyroid hormone principally active in the nucleus – and of other partially
iodinated thyronines (Fig. 1). Today it is generally accepted that the majority of
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Fig. 1 Structures of the thyroid hormones and their principal metabolites. From the two main
thyroid hormones T4 and T3 several other iodothyronine metabolites can be formed through the
stepwise removal of the iodides through the catalytic activity of different deiodinase enzymes. The
non-specific deiodinase D1 can remove iodide from both of the rings, whereas D2 only acts on the
outer ring and D3 only on the inner ring. The isomer 3,30,5-T3 is the normal thyroid hormone that
activates the nuclear receptors, while the form 3,30,50-T3 is known as reverse-T3 and produces
several nongenomic effects. Of the three T2 isomers only 3,5-T2 at present appears to be of
physiological importance as documented by a significant number of studies on its various biological
actions, but the precise role of this iodothyronine is still not established. The same is true for other
thyroid metabolites such as tetrac and triac. Finally it should be mentioned that also a
3-iodothyronamine compound with only one iodide remaining is known to produce different
nongenomic effects (Piehl et al. 2011)
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thyroid hormone effects are exerted by T3 via the nuclear receptors, but it is also
clear that not all the actions known involve the nuclear pathway and that
iodothyronines other than T3 also produce important biological responses (Moreno
et al. 2008).

The Dawn of Nongenomic Effects

The discovery of the nongenomic effects of thyroid hormones dates to the late 1970s
and the beginning of the 1980s. Injections of low doses of T3 into thyroidectomized
animals increased mitochondrial ATP production within minutes, accompanied by
an increase in oxygen consumption. The stimulation was not abolished by inhibitors
of protein synthesis, thus excluding the nuclear pathway (Sterling et al. 1978, 1980).
Among the first reports of the existence of specific extranuclear targets were the
nongenomic effects on the erythrocyte plasma membrane Na+/K+-ATPase activity,
where high-affinity binding sites for triiodothyronine were found in rat erythrocyte
membranes (Botta et al. 1983). One aspect that it is important to take into account in
such studies is the structure–activity relationship, which can add value to the
specificity of the nongenomic effects observed. In this case competition experiments
involving the use of different analogs of T3 showed a high affinity for L-T3, whereas
L-T4, D-T3, triiodothyroacetic acid (the deaminated analog of T3), and reverse-T3

had much lower affinity, suggesting a site specific for L-T3. At that time it was not
understood that it was the binding of the hormone that actually led to a nongenomic
physiological response. However, in other studies a good correlation was found
between the binding of T3 to membranes and various “biological effects,” such as
changes in the Hill coefficient of membrane-bound acetylcholinesterase.

It was then discovered that T3 also could affect protein phosphorylation in
different tissues in less than 1 h, clearly implicating nongenomic actions. In the
same years, other such “extranuclear” effects, as they were called originally
(de Mendoza et al. 1978), were reported for various membrane transport systems
and enzyme activities such as Ca2+-ATPase, acetylcholinesterase, Na+/K+-ATPase,
and glucose transport (de Mendoza et al. 1978; Galo et al. 1981; Davis and Blas
1981; Davis et al. 1983; Segal and Ingbar 1979, 1989). Later a nongenomic effect
was also reported to involve the capability of T4 to convert soluble actin to the
fibrous form, affecting the cytoskeleton and type II iodothyronine 50-deiodinase
function (Siegrist-Kaiser et al. 1990), and from that study onward, several reports
considered T4 as the principal form of thyroid hormone involved in the nongenomic
effects of thyroid hormones that we discuss here.

The Plasma Membrane, Transport Systems, and Channels

One of the main targets of thyroid hormones is the cardiovascular system. In this
system the modulation of membrane transport systems such as the calcium pump and
the Na+/K+-ATPase has a precise physiological relevance. Several genes are
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positively regulated by thyroid hormone in cardiomyocytes, in particular the
α-myosin heavy chain; sarcoplasmic reticulum Ca2+-ATPase; voltage-dependent
potassium channels Kv 1.5, Kv 4.2, and Kv 4.3; the Na+/K+-ATPase; ryanodine
receptors; the L-type calcium channel; and β-adrenergic receptors. Negatively reg-
ulated are β-myosin heavy chain, the Na+/Ca2+ exchanger, phospholamban, and
certain isoforms of adenylate cyclase (Farias et al. 2006). The physiological result of
these activities is that T3 increases the heart rate, speed, and force of systolic
contraction, shortens the duration of diastolic relaxation, enhances vascular tone,
and lowers plasma membrane lipid levels. The improved myocardial contractility
and increased speed of diastolic relaxation induced by T3 may be related to specific
alterations in the level of the mRNA for Ca2+-ATPase, resulting in an increased
number of pump units. The major effects of T3 are mediated by the nuclear receptors,
and the degree of expression of the TR isoforms can affect cardiac function in a
differential way, but the activities of the Ca2+-ATPases of myocardial sarcolemma
and sarcoplasmic reticulum can also be activated nongenomically. Both effects
contribute to a reduction of sarcoplasmic (heart cytoplasmic) calcium content and
improve myocardial relaxation and diastolic function, resulting in a cardioprotective
effect (Farias et al. 2006). An interesting note is that the transport systems and other
activities modulated by genomic mechanisms via the nuclear TR receptors also are
the targets of nongenomic actions, and this is one of the first pieces of evidence for
the existence of crosstalk between genomic and nongenomic pathways. Studies on
rabbit heart ventricle by the patch clamp technique have shown that the opening of
Na+ channels is increased by T3 at nanomolar concentrations in less than 1 minute.
This effect has been confirmed by several later studies. The duration of the action
potential in hypothyroid rat cardiomyocytes was significantly longer than in euthy-
roid cells, but treatment of the myocytes with T3 (100 nM) shortened the duration of
the potential, and the response was significant after only 5 min. This nongenomic
action of T3 in hypothyroid animals was ascribed to a modulation on the voltage-
dependent potassium channel, the main contributor to repolarization. The effect was
not observed in cells of euthyroid animals, unless the current was inhibited by
pharmacological means (Ojamaa et al. 1996; Incerpi et al. 2011).

Also the functioning of potassium channels, such as the inward rectifier K+

channel of the guinea pig ventriculum, is increased by T3 (1 nM to μM) in 5 to
15 min after hormone addition, reaching a maximum at 25 min. This current is a
determinant of the duration of the action potential (Sakaguki et al. 1996). In pituitary
cells in culture, T3 was found to stimulate the ether-à-go-go-related potassium
channels rapidly through a mechanism that required the activation of phosphatidy-
linositol 3-kinase (PI3K) and was clearly nongenomic (Storey et al. 2002).

Very low plasma concentrations of free T3 have been reported in patients after
open heart surgery, but administration of the hormone has been able to restore
normal levels within 1 h. In these cases T3 may act as an inotropic agent capable
of increasing cardiac output and reducing systemic vascular resistance (Novitzky
et al. 1989a, b). A series of experiments have demonstrated acute effects of T3 on
myocyte contractile function. This effect was apparently not mediated solely through
binding to the adrenergic receptor, but also appeared to reflect T3-induced cAMP
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generation in the myocytes. In contrast, T3 alone did not directly affect myocyte Na+,
K+-ATPase activity, and it had no rapid effects on L-type Ca2+ channels or the
intracellular Ca2+ levels (Walker et al. 1995). In vascular smooth muscle cells, both
T3 and T4 rapidly induced coronary vasodilation (within seconds), and this mecha-
nism was found to be independent of nitric oxide production (Ojamaa et al. 1996). It
is likely that the effect is mediated by specific ion channels through kinase activation.

A stimulatory effect of physiological levels of thyroid hormones on the Na+/H+

exchanger, a transporter and housekeeping modulator of intracellular cell volume
and pH, has been shown in rat skeletal muscle in culture (Incerpi et al. 1999;
D’Arezzo et al. 2004). The effect appears to help cell recovery from an acid load
after muscle contraction, and it was shown to be due to mobilization of intracellular
calcium and activation of protein kinase C and mitogen-activated protein kinase
(MAPK). That study was not extended to the heart muscle cells, but it has been
shown that inhibition of the exchanger in myocardiocytes improved cardiomyocyte
survival in the course of ischemia.

Another example of nongenomic activity of nuclear receptors is the T3-dependent
activation of PI3K. In human endothelial cells, the activation is achieved through
direct interaction of nuclear receptor with the p85 subunit of PI3K, leading to
phosphorylation and activation of Akt and endothelial nitric oxide synthase (Hiroi
et al. 2006). In rat pituitary cells, the binding of T3 to TRβ2 leads to activation of
PI3K; consequent production of phosphatidylinositol 3,4,5-triphosphate and Rac
regulates activity of KCHN2 channels, which are voltage-dependent potassium
channels regulating the firing in electrically excitable cells (Storey et al 2006). The
nuclear thyroid hormone receptor TRβ1 has also been shown to rapidly activate Akt
in pancreatic β cells (Verga Falzacappa et al. 2007). An important contribution to the
nongenomic effects of thyroid hormones has come from studies on mutant thyroid
hormone receptors isolated from patients with thyroid hormone resistance (Refetoff
et al. 2014). In particular the PV mutation (due to an insertion at codon-448 of the
TRβ) leads to a mutant form in which T3 binding and transcriptional function are
lost. The TRβPV mouse exhibits thyroid hormone resistance and with time develops
thyroid carcinoma. The mutant mouse displays higher PI3K activity than the wild
type; this may be due to a physical interaction of the PV protein with the p85
regulatory subunit of PI3K, leading to cell growth and proliferation, as well as to cell
migration, invasion and inhibition of apoptosis (Furuya et al. 2009). Furthermore,
unliganded TRβ is known to associate with the nuclear receptor corepressor (NCoR),
and this interaction modulates TRβ activity.

Nongenomic effects of thyroid hormones have also been studied in vivo in rat
striated muscle (Irrcher et al. 2008). A single injection of T3 gave rise to the selective
activation of kinases in skeletal muscle, including p38 and AMP-activated protein
kinase (AMPK), but not ERK1/2. p38 MAPKs are a family of kinases activated by
environmental stress, cytokines, and the production of reactive oxygen species, an
important component of signaling in muscle contraction. AMPK is a serine/threo-
nine kinase and a nutritional sensor that responds to changes in AMP/ATP levels.
The contractile activity of the muscle leads to mitochondrial biogenesis and to
activation of transcription factors such as Nrf1, PPAR-γ, and PGC-1α. The latter is
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a nuclear-encoded transcriptional coactivator that plays a role in glucose metabo-
lism, mitochondrial biogenesis, muscle fiber differentiation, and adaptive thermo-
genesis. PGC-1α is also a strong coactivator of TRβ and this may play a role in
mitochondrial biogenesis (Irrcher et al. 2008).

Thyroid hormones are very important for the normal development and differen-
tiation of the cells of the central nervous system (CNS) (Koibuchi and Chin 2000).
Deficiency of thyroid hormones during the perinatal period may result in mental and
physical retardation, leading to what in humans is called cretinism. Both genomic
and nongenomic actions of thyroid hormones have been described for the central
nervous system. In astrocytes T4 is converted to T3 by a 50-deiodinase, and T3 is then
transferred to neurons where it binds to nuclear receptors to regulate gene expres-
sion. Both thyroid hormone T4 and reverse T3, but not T3 itself, can modulate
processes such as actin polymerization and the extracellular arrangement of laminin,
an extracellular matrix protein which plays a primary role in nerve cell migration
during the morphogenesis of the CNS, via interactions between components of the
cytoskeleton and integrins (Farwell and Dubord-Tomasetti 1999). The cytoskeleton
is an important element in the intracellular transport of organelles and vesicles.
Cytoskeletal microfilaments are involved in intracellular transport of membrane
proteins such as type II iodothyronine deiodinase. T4 increases cytoskeletal actin
turnover and the action of T4 is inhibited by chemical disruption of microfilaments.
The brain is particularly dependent upon the activity of type II deiodinase to generate
T3 from circulating T4. In fact, T4 promotes deiodinase inactivation by a mechanism
that does not involve the nuclear receptor, but is strictly related to neuronal F-actin
content. Both T4 and reverse T3, but not T3, nongenomically increase cell F-actin
content in parallel with an increase in the turnover of type II deiodinase, but the
synthesis of the deiodinase is not altered (Siegrist-Kaiser et al. 1990; Farwell et al.
2005, 2006).

Experimental hypothyroidism has been widely used to study the roles of thyroid
hormones in adult brain and in brain development. Experimental hypothyroidism
has been achieved by thyroidectomy of pregnant female animals or induced by
administration of an antithyroid drug, such as 6-propyl-2-thiouracil, and the bio-
chemical and morphological results were evaluated in fetuses and newborns (Ahmed
et al. 2012; Zamoner and Pessoa-Pureur 2011). The brain components primarily
affected under these experimental conditions are the neurotransmitter system, the
expression and activities of plasma membrane ion transport systems (Na+/H+-
exchanger, Na+/K+-ATPase, and Ca2+-ATPase), and the neuronal cytoskeleton.
The same systems can also be modulated by nongenomic mechanisms of the
hormone, as shown by many reports, some of which are discussed here (Davis and
Blas 1981; Davis et al. 1983; Incerpi et al. 1999; D’Arezzo et al. 2004; Farwell et al.
2005; Lei et al. 2008; Scapin et al. 2009, 2010; Lei and Ingbar 2011). For a more
detailed analysis, the reader is referred to the review by Ahmed et al. (2013).

Direct binding of T3 to the ionotropic GABAA receptor was shown to result in a
concentration-dependent biphasic modulation of chloride current in syn-
aptoneurosomes (Martin et al. 1996). Local administration in vivo of T4 rapidly
inhibited fast excitatory postsynaptic potentials in the dentate gyrus of the
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hippocampus and consequent stimulation of the perforant pathway. This effect was
particularly significant in hypothyroid rats. A similar response was found in isolated
hippocampal slices. The perforant pathway together with the mossy fibers and
Schaffer collaterals represents a circuit of long-term potentiation and is one of the
components of long-term memory. Nongenomic actions of thyroid hormones lead to
rapid changes in neuronal excitability in the hippocampus in adult euthyroid rats,
depending on the relative levels of T3 and T4 (Caria et al. 2009). The ionotropic
receptors of glutamate, the main excitatory neurotransmitter of CNS, are also
affected by thyroid hormones by nongenomic mechanisms in different experimental
systems (Puia 2011; Losi et al. 2008; Cao et al. 2011). Thyroid hormones also
modulate activities of the AMPA receptor and kainate ionotropic channels as well as
the ionotropic receptor for GABA, the main inhibitory neurotransmitter of the CNS.
This regulation occurs in different ways, for example, through the levels of gluta-
mate, through the synthesis and degradation of GABA, and through its release and
reuptake by neurons. The majority of these effects are mediated by transcriptional
mechanisms, but evidence also exists for a direct nongenomic action of thyroid
hormones on ionotropic GABA receptors. In cultured hippocampal neurons, T3 and
T4 in the micromolar concentration range decrease GABAA-evoked currents (Puia
2011) by a noncompetitive nongenomic mechanism (Chapell et al. 1998; Martin
et al. 2004) that perhaps involves direct interaction of the hormones with the
GABAA receptor (Puia and Losi 2011).

Nongenomic Effects of Thyroid Hormones on the Immune
Response

The immune system provides other examples of crosstalk between genomic and
nongenomic mechanisms of thyroid hormones. In general hyperthyroidism enhances
the immune response. This is indicated in terms of antibody production, immune cell
migration, lymphocyte proliferation, and reactive oxygen species production, and it
is associated with decreased proinflammatory marker release, antioxidant enzyme
production, and increased immune functions (De Vito et al. 2011, 2012). Hypothy-
roidism often gives rise to the opposite effects for some of these parameters,
decreasing the immune response, antibody production, cell migration, and lympho-
cyte proliferation (Barreiro Arcos et al. 2011). Of interest here is that thyroid
hormones modulate immune function also by nongenomic mechanism; in fact,
they are able to potentiate the antiviral state induced by IFN-γ on HLA-DR expres-
sion in CV-1 fibroblasts and HeLa cells; these cells are particularly useful in studies
on nongenomic effects because they are devoid of the nuclear receptors. The signal
transduction mechanism includes the downstream activation of the MEK-MAPK
signaling pathway, that in turn activates signal transducer and activator of transcrip-
tion (STAT1α), which normally is activated by proinflammatory cytokines. Tetra-
iodothyroacetic acid (tetrac), a product of thyroid hormone metabolism, was able to
inhibit the effect of thyroid hormones, and membrane-impermeant T4-agarose mim-
icked this effect, confirming that the hormone acts at the plasma membrane by a
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nongenomic mechanism (Lin et al. 1999). Nongenomic effects of thyroid hormones
have been found in microglia, the immune cells of the nervous system, mainly in
processes such as cell migration, membrane ruffling, and phagocytosis. Membrane
transport systems are modulated also by different mechanisms, and these effects may
be important for a proper neural activity, while their impairment may at least in part
contribute to psychiatric symptoms (Noda 2015).

Iodothyronines and Mitochondria

Energy balance is an important aspect of physiological homeostatic mechanisms and
is determined by the relation between energy intake and energy expenditure, and the
latter is an important factor in the maintenance of energy homeostasis. Energy
expenditure is evaluated by measuring heat production (and indirectly by measuring
the oxygen consumption), hence the use of the terms thermogenesis or calorigenesis.
Thyroid hormones stimulate this well-known effect, and several hypotheses have
been put forward to try to explain the mechanisms underlying this effect, but the
molecular details remain incompletely understood. One of the oldest and most
intriguing hypotheses was proposed several decades ago and was called the
“uncoupling hypothesis.” It suggested that thyroid hormone stimulates oxygen
consumption in a way that does not result in the synthesis of ATP. In other words,
the hormone stimulates the metabolic rate by directly uncoupling, at the mitochon-
drial level, the electron transport chain from ATP synthesis. This hypothesis was
later questioned but never completely abandoned, and it still continues to be
investigated using new approaches. The principal reasons for the abandonment of
the uncoupling hypothesis were as follows: (i) the concentration of hormone admin-
istered in vivo or added to isolated mitochondria was several hundred or thousand
times higher compared to the physiological range, and possibly the quantities used
induced a toxic effect; (ii) analogs of thyroid hormone considered inactive were as
effective as T4 or T3; and (iii) the effects in vivo were very rapid in onset, in contrast
to the long latent period normally preceding the physiological response to thyroid
hormone (for a recent review see Lanni et al. 2016).

Because of the previously cited action of T3 on energy metabolism and because of
the known physiological roles of mitochondria, these organelles continue to be the
target of most studies on the calorigenic effects of thyroid hormones. Interest in a
possible mitochondrial pathway of action of T3 caused investigators to seek a
specific receptor for the hormone in these organelles. Specific, high-affinity binding
sites for T3 in mitochondria were first reported by Sterling and Milch (1975), and
later the existence of these sites was confirmed by others (Goglia et al. 1981).
Despite such evidence, the physiological significance of the direct effects and the
presence of mitochondrial receptors were initially viewed with some skepticism.
However, the possible existence of a mitochondrial receptor for T3 has received
support from more recent work, in partial agreement with the data reported origi-
nally. Morel and coworkers (1996) showed by quantitative electron microscopic
autoradiography that after injection of radiolabeled T3, specific binding was evident
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in several cellular sites, including mitochondria. Wrutniak et al. (1995) identified
two T3-binding proteins from rat liver mitochondrial extracts; one called p43
(43 kDa) was located in the matrix and the other, p28 (28 kDa), in the inner
membrane. Both of these proteins are shortened forms of TRα1. The p43 contained
domains for intact DNA binding, ligand binding, and ligand-dependent activation
domain AF-2, but was largely devoid of the N-terminal activation domain AF-1. The
same group overexpressed a truncated 43 kDa c-erbAK1 protein in CV1 cells and
then demonstrated by cyto-immunofluorescence that this truncated TRK protein was
specifically imported into mitochondria. They also showed that p43 bound to
TRE-like sequences on the mitochondrial genome – in the D-loop region, which
contains the promoters of the mitochondrial genome – and stimulated transcription
in the presence of thyroid hormones in a ligand-dependent manner (Casas et al.
1999, 2009). In transgenic mice, overexpression of p43 in muscle stimulated mito-
chondrial respiration and increased body temperature (see review by Wrutniak-
Cabello et al. 2001). Little is known about the function of mitochondrial p28, but
this protein has recently been shown to have a high affinity for T3 (KA = 3.3 � 1010

M�1) and to be directed to mitochondria in response to T3 (Pessemesse et al. 2014).
Several recent reports have indicated that iodothyronines other than T3 may have

important biological effects (Lanni et al. 2005; Senese et al. 2014). In particular,
3,5-diiodo-L-thyronine (T2) attracted interest because of its effects on energy metab-
olism and on mitochondria. The first study showing an interaction of a
diiodothyronine with mitochondria was published in 1981 (Goglia et al. 1981).
Some years later T2 at very low (pM) concentrations was shown to induce rapid
stimulation of oxygen consumption in perfused rat livers. A similar effect was exerted
by T3, but this was largely abolished by the addition of an inhibitor of D1 deiodinase,
while the effect of T2 was not (Horst et al. 1989). Several reports from various
laboratories have since confirmed that acute or chronic administration of T2 to rats
results in significant changes in energy metabolism. Some of these studies (Lanni
et al. 1996; Moreno et al. 1997) were intended to show whether T2, when injected into
rats, could mimic the effects of T3 reported by Tata in the early 1960s (Tata et al. 1962;
Tata 1963). Using acute injection of T3 and T2 into hypothyroid rats, it was found that
T2 had a more rapid effect on the resting metabolic rate than T3, and in addition, while
the effect of T3 was abolished by the addition of actinomycin D, the effect of T2 was
not. These observations appeared to exclude the involvement of the nuclear pathway
in the effect exerted by T2. Further details about the actions of T2 can be found in
recent reviews (Coppola et al. 2014; Gnocchi et al. 2015, 2016).

The effect of T2 on resting metabolic rates continues to attract attention (Table 1).
By using the “top-down elasticity analysis,” it has been possible to show that T2

stimulated the reduction of cytochrome c in the respiratory chain, as well as its
oxidation by cytochrome c oxidase. These effects are obtained within 1 hour after the
injection of 3,5-T2 (Lombardi et al. 1998) and clearly show a direct interaction of T2

with the respiratory chain. Observations in vitro showing stimulation by T2 of
complex IV of the respiratory chain confirm an apparently direct interaction at the
respiratory chain level and indicate the complex IVas the possible site of interaction
(Goglia et al. 1999). It has also been shown that 3,5-T2 can bind specifically to
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subunit Va of the cytochrome c oxidase, and in doing so, it abolishes the allosteric
inhibition of respiration induced by ATP. Thus, subunit Va appears to be the
mitochondrial site of action of T2 (Arnold et al. 1998). The stimulatory effects
exerted by T2 on resting metabolic rates suggested its application to reduce body
fat accumulation and overweight, avoiding the deleterious side effect experienced
with the use of T3 for this purpose. This might turn out to be an effective strategy
(Padron et al. 2014); in fact, T2 prevents high fat-diet-induced insulin resistance in
rats (Moreno et al. 2011; de Lange et al. 2011).

Other studies have shown an antidepressant-like effect of T2 in rats and that T2 can be
effective against renal damage in the nephropathy of streptozotocin-induced diabetes in
rats (Markova et al. 2013; Shang et al. 2013). This has not yet been adequately studied
clinically (Antonelli et al. 2011), and there may be deleterious side effects with long-
term administration of T2, for example, on the cardiovascular system (Jonas et al. 2015).

Our understanding of the physiological and pathophysiological roles of T2 would
benefit from the development and standardization of new methods for analytical
measurement of T2. A recent method consists of a competitive chemiluminescence
immunoassay, based on the use of a selected mouse monoclonal anti-T2 antibody with
very low cross-reactivity to structurally related thyroid hormones and thyronamines
(Lehmphul et al. 2014). Liquid chromatography–tandem mass spectrometry techniques
have also been applied to this measurement (Rathmann et al. 2015). However, intrinsic
instrumental limits still restrain the application of such approaches as routine tools.

Integrin avb3

Integrins are a family of plasma membrane-spanning heterodimeric protein receptors
formed by the noncovalent association of various α and β monomers. They are very
important for cell–cell interactions and for cellular interactions with extracellular
matrix proteins. All integrins have large extracellular domain for the binding to

Table 1 Biological activities enhanced by the thyroid hormone metabolite 3,5-T2.

Process or activity Reference

Oxygen consumption in perfused
rat liver

Horst et al. (1989)

Ca2+ uptake by mitochondria Hummerich and Soboll (1989)

Rate of oxygen consumption by
blood mononuclear cells

Kvetny (1992)

Rate of oxygen consumption by rat
liver

Lanni et al. (1992, 1993) and O’Reilly and Murphy (1992)

α-Glycerophosphate
dehydrogenase activity

Lombardi et al. (2000) and Cavallo et al. (2016)

Respiratory chain activity Lombardi et al. (1998)

Cytochrome c oxidase activity Arnold et al. (1998), Goglia et al. (1994), Grasselli et al.
(2016), and Lanni et al. (1993, 1994)

β-Oxidation rate Cimmino et al. (1996) and Lombardi et al. (2009)
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extracellular matrix proteins and to other proteins of the plasma membrane, such as
vascular growth factor receptors. The integrins also contain a transmembrane domain
and a short cytoplasmic domain that interacts with the actin of the cytoskeleton and
with other proteins involved in signal transduction pathways (Hynes 1992). The
different integrins can be assembled from 18 different α subunits and at least 8 β
subunits (in mammals), giving rise to at least 24 αβ heterodimers. The interactions of
these integrins modulate cell functions such as differentiation, proliferation, cell
migration, tumor invasiveness, metastasis, gene expression, and cell survival
(De Vito et al. 2012). Integrins also contribute to angiogenesis, wound healing, and
tissue differentiation and stability (Giancotti and Ruoslahti 1999). Dysregulation of
integrins is found in the pathogenesis of many diseases (e.g., autoimmune diseases,
cardiovascular diseases, osteoporosis), and their overexpression has been reported for
several types of tumors (Inaba et al. 2004). A common feature of several integrins is a
binding site recognizing the tripeptide sequence Arg-Gly-Asp (RGD). It is known that
for bone resorption, osteoclasts must first adhere to the bone matrix, and this effect is
mediated by the interaction of the osteoclastic vitronectin receptor with the RGD
sequence present in several bone matrix proteins (Clover et al. 1992; Nesbitt et al.
1993). In 2002 it was reported that a vitronectin receptor antagonist, SB 273005,
inhibited thyroxine-induced bone resorption in aged rats (Hoffman et al. 2002); this
finding is now understood to reflect a primary interaction between integrin αvβ3 and
thyroid hormone. Some years later it was discovered that a specific thyroid hormone
receptor site exists on αvβ3 integrin (Bergh et al. 2005). Crystallographic data and
mathematical modeling of the interaction of thyroid hormone molecules with integrin
αvβ3 have shown that a hormone binding site is located in close proximity to the RGD
sequence recognition site and that there is no structural homology of this receptor with
the nuclear binding sites of thyroid hormones (Incerpi 2005).

The receptor site for thyroid hormone on the αvβ3 integrin is known to contain
two domains for the binding of thyroid hormones: T3 binds to the S1 site and
activates Src kinase, which then activates PI3K and the consequent downstream
signaling that leads to translocation of TRα resident in the cytoplasm into the cell
nucleus and to the activation of the HIF-1α gene. These effects are inhibited by the
RGD tripeptide and by tetrac, which can be used as a probe for participation of the
αvβ3 integrin in cell actions of thyroid hormones. Both T3 and T4 are able to bind to
the second integrin thyroid hormone receptor domain, S2, with T4 being more
efficient than T3. Binding of T4 to S2 causes activation of ERK1/2, leading to
translocation of cytosolic TRβ to nucleus and, importantly, to tumor cell prolifera-
tion. This effect of T4 is inhibited by PD98059, an inhibitor of the MAPK pathway.
The RGD peptide does not inhibit the actions of T4 at this site, but it does block
effects of supraphysiological concentrations of T3 here. Tetrac inhibits actions of
both T4 and T3 at S2 (Lin et al. 2009b).

Recently a new signaling pathway has been found that involves protein kinase D1
(PKD1), previously called protein kinase Cμ, a conserved serine/threonine protein
kinase that promotes integrin αvβ3 recycling and mediates class IIa histone
deacetylase (HDAC) phosphorylation; therefore it gives rise to posttranslational
modifications of nuclear proteins. PKD1 can be activated by T4 interaction with
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the thyroid hormone receptor site on integrin αvβ3, and it activates human umbilical
vein endothelial cell angiogenesis through a pathway involving αvβ3/PKD/HDAC5
and upregulation of basic fibroblasts growth factor (bFGF) (Liu et al. 2014). The
control of MAPK and phospholipase C activities at the plasma membrane level by
thyroid hormones, or by the metabolite 3,5-T2, contributes to the nongenomic
modulation of transport activities reported in the previous paragraphs, such as the
Ca2+-ATPase, Na+/K+-ATPase, Na+/H+-exchanger, the glucose and amino acid
transport, and Na+- and K+-channels (Incerpi et al. 2002; Scapin et al. 2009).

Crosstalk exists between thyroid hormones and certain growth factors, because
some of the latter can use integrin αvβ3 as a coreceptor. Stimulation of glucose
uptake by IGF-1 in myoblasts from rat skeletal muscle was inhibited by T4, and
pretreatment with αvβ3 inhibitors such as RGD peptides or tetrac prevented the
effect of the hormone (Incerpi et al. 2014). A similar result was reported for the
amino acid uptake in Sertoli cells, which was stimulated by T4 and inhibited by RGD
and tetrac, implicating αvβ3 in the function (Zanatta et al. 2013). Also the action of
growth factors TGF and EGF was found to be modified by the αvβ3-mediated
crosstalk with T4, but interestingly not in the same way: T4 potentiated the effect
of EGF on cell proliferation, but inhibited the effect in cells treated with TGFα (Shih
et al. 2004). This result is particularly interesting because these two growth factors
are known to share the same cell surface receptor.

The interaction of thyroid hormone with a receptor on αvβ3 appears to be
conserved in evolution. In fact T4, but not T3, regulates the sodium channel activity
in zebra fish spinal cord mechanosensory neurons (Rohon Beard cells). T4 enhanced
the abundance and the activity of the channel by about 40%, both in the short term
and in the long term, and the acute application of T4 increased the activity of the
channel within 5 min. The action of T4 on the sodium current was reduced by
inhibitors of the αvβ3 integrin such as the αvβ3-antibody LM609 and tetrac. The
signaling mediated by the integrin involves phosphorylation, and the inhibition of
p38 or the presence of phosphatases prevented the effect of T4 on the sodium current
(Yonkers and Ribera 2011).

Particularly interesting is the role of integrins and cadherins in the dental bud, the
precursor of the tooth, since it is well known that mesenchymal stem cells are
important for tissue repair and regeneration. New deposits of mesenchymal stem
cells are found in the dental bud, and osteogenic stimulation upregulates the integrin
and cadherins, including integrin αvβ3 (Di Benedetto et al. 2015). It therefore seems
possible that thyroid hormones might have a role in this process too.

Thyroid Hormones in Tumor Cell Proliferation and Angiogenesis

Integrin αvβ3 is present in substantial amounts in the plasma membrane of many
tumor cells, in dividing endothelial cells, and in osteoclasts. T4 at physiological
levels and T3 (although only at supraphysiological concentrations) modulate several
pathophysiological cell functions through the integrin αvβ3, including tumor cell
proliferation. As specified above, the thyroid hormone receptor on integrin αvβ3 is
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not related to the nuclear receptor, in terms of structure or function. Despite this lack
of receptor similarities, the hormone binding site on the integrin may influence the
activity and the trafficking of the nuclear receptors for T3 and estrogen from the
cytoplasm to the nucleus, as well as their posttranslational modifications such as
phosphorylation, methylation, acetylation, and sumoylation. These modifications
extend the duration of nongenomically initiated actions, for example, on the expres-
sion of genes subject to regulation by TRs or estrogen receptors (Davis et al. 2013a).
As described above, the actions of T4 and T3 through αvβ3 initiate the downstream
intracellular signaling involved in angiogenesis and angiogenesis-related activities,
such as the transcription of vascular growth factor genes and modulation of the
activity of vascular growth factor receptors (Lin et al. 2015). The thyroid hormone
receptor on integrin αvβ3 also plays a role in brain neocortex expansion and
development (Stenzel et al. 2014). Pharmacologic or immunologic inhibition of
thyroid hormone action through integrin αvβ3 significantly decreases the angiogenic
activity of the hormone in the chick chorioallantoic membrane assay. The application
of this particular integrin αvβ3-dependent model may enable the development of
innovative approaches to study antiangiogenesis in oncology (Davis et al. 2015d).

At physiological concentrations T4 induces αvβ3-mediated tumor cell prolifera-
tion, whereas physiological levels of T3 do not stimulate tumor cell division (Davis
et al. 2016). Clinical induction of the euthyroid hypothyroxinemia state – by
pharmacologically interrupting the production of T4 in thyroid gland, but
maintaining the euthyroid state with exogenous T3 – prolonged the survival of
patients with advanced cancers, who had exhausted conventional chemotherapeutic
options (Hercbergs et al. 2015). This encouraging observational study still requires
confirmation. The thyroid hormone metabolite tetrac, as well as its nanoformulation,
acts at the hormone receptor site on αvβ3 to block binding of T4 (and, less efficiently,
of T3). Tetrac acts as an antitumor compound through this mechanism, but it has also
been shown in preclinical studies to have other important anticancer properties
independently of T4 and T3. These include nongenomically initiated disruption of
tumor cell division, induction of apoptosis, and effects on tumor cell chemosen-
sitivity. Studies on tetrac emphasize the overlapping effects of thyroid hormone
analogs on both nongenomic and genomic mechanisms. It should be mentioned that
tetrac and its formulations do not affect the proliferation of nonmalignant immortal-
ized primate cells (Davis et al. 2015a, 2016).

Thyroid hormone acting through the integrin increases the expression of the hypoxic-
inducible factor-1α (HIF-1α) gene by a PI3K-dependent mechanism (Lin et al. 2015).
This effect is subject to inhibition by tetrac, and targeting this effect via the integrin is a
strategy to influence tumor cell proliferation and tumor-relevant angiogenesis (Cayrol
et al. 2015; Davis et al. 2016). Hypoxia is a reduction in tissue oxygen content, an
important parameter for the molecular mechanisms promoting tumor growth. Hypoxia
is also related to resistance to chemotherapy and radiotherapy, and to poor survival rates.
Successful inhibition by tetrac of the action of thyroid hormones through the integrin
pathway has been demonstrated in PC-12 pheochromocytoma cells, both differentiated
and undifferentiated, and in mesenchymal stem cells in a cell-conditioned environment
(Barbakadze et al. 2014; Schmohl et al. 2015).
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The first demonstrations that integrin αvβ3 was essential to the proangiogenic
actions of T3 and T4 at 10�8–10�7 M concentrations were obtained in the chick
chorioallantoic membrane model and in a tridimensional endothelial sprouting assay.
These hormone concentrations gave physiologic levels of free T4 in the buffer
system used (Bergh et al. 2005). Thyroid hormones had the same angiogenic efficacy
as VEGF and bFGF in these model systems. GC-1, an analog of T4 developed as a
specific TRβ1 agonist, as well as diiodothyropropionic acid (DITPA), was also very
effective proangiogenically, and the action of both analogs was blocked by tetrac
(Mousa et al. 2005).

Thyroid Hormone and Normal Granulocytes and Platelets

Nonmalignant cells may also express sufficient αvβ3 to exhibit nongenomic hor-
monal effects. This is the case with high turnover of hematologic cells, such as
granulocytes and megakaryocytes. Phagocytosis of bacteria by white blood cells
may be stimulated by thyroid hormone via αvβ3 (Chen et al. 2012), and platelet
aggregation and ATP release are stimulated nongenomically by T4 (Mousa et al.
2010). The latter was demonstrated in vitro, but thromboembolism occurs in clinical
hyperthyroidism (Grine et al. 2013; Min et al. 2014; Elbers et al. 2014; Horacek et al.
2015) and may reflect hormone action on platelets. That there is a distinction
between the functions, and perhaps also the structure, of the thyroid hormone
receptor on αvβ3 in certain nonmalignant tissues is clear, for example, GC-1 and
DITPA are proangiogenic like T4, but neither GC-1 nor DITPA induces platelet
aggregation (Mousa et al. 2010).

Integrin avb3 and Gene Expression

Gene expression is modulated by thyroid hormones in many cases via integrin
αvβ3 at the plasma membrane; the genes identified so far are listed in Table 2.
This has been seen particularly in the capability of tetrac to inhibit tumor cell growth
and induce apoptosis (Davis et al. 2016). RNA microarray studies have shown that
the treatment of tumor cells with tetrac or its nanoformulation downregulates
pro-survival pathway gene expression and upregulates pro-apoptotic gene transcrip-
tion. The ultimate hormonal effect is genomic, but the action is initiated non-
genomically at the plasma membrane integrin αvβ3. The desirable anticancer
actions of tetrac include downregulation of the genes XIAP (X-linked inhibitor of
apoptosis) andMCLI (myeloid cell leukemia 1) and upregulation of CASP2 (caspase
2), CBY1 (catenin inhibitor chibby homolog 1), and THBS1 (anti-angiogenic
thrombospondin 1). The epidermal growth factor receptor gene EGFR is down-
regulated very efficiently by nanoparticulate tetrac, whereas unmodified tetrac fails
to affect expression of this gene. The effect on EGFR expression is particularly
important since the gene product is a principal factor in tumor cell growth; therefore
an efficient way to target this gene through tetrac may have clinical implications
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(Glinskii et al. 2009). In contrast to such actions of the different tetrac formulations,
T4 is anti-apoptotic (Lin et al. 2015) and, as indicated above, proangiogenic (Davis
et al. 2015d; Mousa et al. 2014). Thus thyroid hormones support cancer cell
proliferation and tumor vascularization, whereas tetrac, and the more efficient
nanotetrac, inhibits these processes.

Integrin αvβ3 binds specific extracellular matrix proteins, and in addition to
thyroid hormone, it also binds small molecules such as dihydrotestosterone (Lin
et al. 2009a) and resveratrol (Lin et al. 2006), which initiate actions that are also
cancer relevant. The integrin may also contain a cell surface estrogen receptor (Davis
et al. 2013b). Although all of these small molecule receptors appear to be proximal to
the RGD recognition site on αvβ3, there is very little interaction among these sites
from the standpoint of binding or function.

P-Glycoprotein (also known as P-gp, MDR1, and ABCB1) is a plasma membrane
pump that extrudes a number of anticancer agents and other potentially toxic sub-
stances from the cell. It is an important component of cancer cell chemoresistance.
The gene for P-glycoprotein and the activity of the protein are both subject to
stimulation by thyroid hormone (Davis et al. 2015b), but it is not yet known whether
αvβ3 is involved in the contributions of the hormone to affect the quantity and
function of P-glycoprotein in the membrane.

Integrin Monomer av and Thyroid Hormones

Integrin αvβ3 is internalized by cells treated with thyroid hormone (Lin et al. 2013).
However, this is not a mechanism of cell uptake of thyroid hormone. The αv
monomer is trafficked to the nucleus in T4-exposed tumor cells where it functions
as a coactivator protein that is phosphorylated and binds to the promoter regions of

Table 2 Genes modulated by thyroid hormones through integrin avb3. Increased expression ("),
decreased expression (#)
Gene expression Reference

FGF2 " Shih et al. (2004)

HIF1A " Lin et al. (2009b)

PTGS2 " Davis et al. (2016)

THRA " Lin et al. (2009a)

THRB " Lin et al. (2013)

ESR1 " Lin et al. (2009b)

MMP9 " Davis et al. (2016)

APAF1 # Davis et al. (2016)

CASP3 # Davis et al. (2016)

INOS " Barreiro Arcos et al. (2011)

SREBP1 " Gnoni et al. (2012)

CX3CL1 " Davis et al. (2016)

PCNA " Hsieh et al. (2016)
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several genes, such as ESR1 (estrogen receptor α), HIF1A, (HIF-1α), PTGS2
(cyclooxygenase-2), and THRA (thyroid hormone receptor TRα1). Estrogen receptor
α is well known to be involved in the activity of cancers of the breast, ovary, and
lung, and cyclooxygenase-2 is involved in the induction of apoptosis by several
drugs. HIF-1α is a pro-survival factor that stimulates angiogenesis and cellular
conversion to anaerobic metabolism. The recycling of integrin αvβ3 involves the
PI3K/Akt pathway (Roberts et al. 2004), but the internalization process in response
to thyroid hormone is incompletely understood at the molecular level. It is remark-
able that a cell surface protein capable, when stimulated by a specific ligand, of
inducing downstream specific gene expression has a monomeric component with
intranuclear transcriptional function. The function of the β3 monomer within the cell
is unknown; the protein does not enter the nucleus in hormone-exposed cells (Lin
et al. 2013).

Additional Receptor Proteins for Nongenomic Effects of Thyroid
Hormones

In the course of the years, the separation between genomic and nongenomic effects
of thyroid hormones has become mixed up, and it is now recognized that nuclear
genomic effect may also start at the plasma membrane level. It has been known for
years that the nuclear thyroid hormone receptor TRβ1 may reside either in the
nucleus or in the cytosol, and that there are also truncated forms of TRα1 in the
cytosol or in the mitochondria. These receptors may shuttle between the plasma
membrane, the mitochondria, cytosol, and nucleus (Davis et al. 2015c). In this
section we present a brief overview of the variety of receptors able to modulate the
nongenomic effects of thyroid hormones, besides the integrin αvβ3.

Only T3 binds to the nuclear receptors, whereas the other thyroid hormone
metabolites and analogs normally are not active at the nuclear level. An examination
of their possible binding sites resulted in the discovery of a 16 kDa protein, called the
TRΔα1 isoform, which does not bind T3. This modified nuclear receptor is widely
expressed in the brain and is believed to be a possible candidate for the binding to T4

in the cytosol. Another truncated and transcriptionally incompetent form of TRα1,
that binds to the plasma membrane and is subject to palmitoylation, has recently
been described by Kalyanaraman et al. (2014). When liganded to thyroid hormone,
this interesting receptor nongenomically induces an increase in calcium ion levels,
nitric oxide, and cyclic guanosine monophosphate that lead to proliferation of bone
cells in particular. This protein may be an important regulator of proliferation in
nonmalignant cells exposed to thyroid hormone. Another truncated TRα isoform is
localized in lipid rafts, and its downstream signaling involves ERK1/2 and PI3K. A
TRβ mutant binds to the regulatory subunit of PI3K in the absence of the ligand.
There seems to be a plethora of signaling pathways from different TR receptor
isoforms to ERK and PI3K, and NOS may be achieved by such isoforms but also by
integrin αvβ3 (Shih et al. 2001; Chen et al. 2012). Also the trafficking of the TRα and
TRβ receptors can be regulated by integrin αvβ3, and this appears to be pivotal in the
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control of cell response to hormones. Furthermore truncated variants of TRα1 may
also be found in mitochondria, such as the p43 and p28 proteins mentioned above.

In endothelial cells TRα1 may associate with the p85α subunit of PI3K, activating
Akt and eNOS (Hiroi et al. 2006). When thyroid hormone T3 is bound to TRβ1, it
interacts in the cytosol with the p85 subunit of PI3K, leading to the activation of
HIF-1α and its target genes related to glucose uptake and metabolism; the latter
include glucose transporter-1 (SLC2A1) and platelet phosphofructokinase (PFKP)
(Moeller et al. 2006). Another nuclear receptor isoform, TRβ1, supports postnatal
development of pyramidal neurons by a nongenomic mechanism (Martin et al. 2014;
Davis et al. 2015b). It is interesting to observe that new nongenomic mechanisms
and responses are being discovered practically every year, and it is a general feeling
among researchers in the field that we still only know fragments of the complete
picture. After more than 30 years, we are still very far from understanding the
physiological role and importance of the nongenomic effects of thyroid hormones.

Summary

Nongenomic actions of thyroid hormones do not require direct activation of the
nuclear receptors TRα and TRβ, but instead depend on hormone binding to various
extranuclear receptors or binding sites. Only thyroid hormone T3 can produce a
genomic response, but the different nongenomic effects may be activated by T3, T4,
or other iodothyronine derivatives such as T2. The nongenomic actions are typically
observed within minutes, because they are independent of gene expression and
protein synthesis. In the last ten years many nongenomic actions have been discov-
ered and characterized, and binding sites have been identified in several cellular
compartments and on the external surface of the plasma membrane. Recent results
confirm the existence of crosstalk between nongenomic and genomic effects of
thyroid hormones, suggesting a hitherto unknown mechanism that could be involved
in cardiovascular, inflammatory and immune diseases, and in the mechanisms of
cancer-related angiogenesis.

Conclusions

The nongenomic effects of thyroid hormones have been widely studied for almost
four decades. The physiologic and pathophysiologic consequences of these effects
are increasingly well defined, and some of these nongenomic functions are candi-
dates to become new pharmacologic targets. Thyroid hormones contribute to the
basic functioning of the cell, such as membrane transport systems, basal metabolic
rates, and cell proliferation, but they are also involved in more specialized cell
functions as shown by their effects on actin polymerization in the central nervous
system and their nongenomic action on deiodinase activity. Among the specific
responses to thyroid hormone that are nongenomic in mechanism are (1) immune
system responses by potentiation of the IFN-γ antiviral effect, cell migration,
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activation of STAT-1α, and nitric oxide production; (2) ion channel modulation in
excitable tissues, leading to potentiation of cardiac contraction and fast relaxation in
heart tissue, and vasodilation in vascular tissue; (3) ion channel modulation in nerve
cells and muscle cells, leading to physiological responses such as altered firing
activity and the expansion of progenitor cells in the development of the cerebral
cortex; and (4) cancer cell proliferation and cell survival pathway regulation and
modulation of cancer-relevant angiogenesis. Nongenomic effects and genomic
effects of thyroid hormones overlap or engage in crosstalk, particularly in the setting
of cancer. Improving our understanding of these nongenomic effects may lead to the
development of new therapeutic tools for a variety of diseases.
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