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Preface to the Fifth Edition

It is seven years since the last edition of the Textbook of Diabetes
was published and despite many advances in the understanding
of diabetes and its treatment over that time, the management of
diabetes still remains a major global burden for people with dia-
betes, their families, and the wider society in which they live.
Whereas the global prevalence of diabetes according to the Inter-
national Diabetes Federation affected 246 million people in 2010,
the current estimate is 415 million and is projected to rise further.
One in 10 of the world’s population has diabetes and one person
dies because of diabetes every 6 seconds. Twelve percent of global
health expenditure is spent on diabetes. The challenge to people
with diabetes and their healthcare professionals has never been
greater.

Despite the ever-increasing numbers, better management is
starting to pay dividends. The outlook for those with diabetes
appears to be improving, at least in high income countries where
an individual’s risk of developing complications and losing years
to diabetes is falling. If the variation between the best and worst
care could be obliterated, much morbidity and mortality would be
prevented.

Ironically, as the volume of information and the vast numbers
of resources available in this digital age have increased, many are
finding it overwhelming to keep abreast of the new advances. It is
particularly challenging to determine the validity of many source
materials. In this textbook, we aim to bring together a series of up-
to-date chapters from an international group of leading diabetes
specialists who provide accurate and clinically relevant informa-
tion to both academic and practicing diabetes healthcare profes-
sionals. Having the key information in one volume still has its mer-
its, and this is further enhanced by online access and searchability.

The editors have retained the structure from the previous edi-
tion, with a similar length and number of chapters. We begin
with a history of diabetes that provides many valuable insights
from the past. The book then takes us through the epidemiology
of diabetes, the physiology and pathogenesis of diabetes before
moving onto management. We have taken a broad view in these

Xiv

sections recognizing that diabetes management encompasses so
much more than drug therapy alone. A discussion of the microvas-
cular and macrovascular complications then follows before a new
section on the psychosocial aspects of diabetes. Different models
of care as well as the management of diabetes in special groups
are included before the final section looks into the future. There
are new chapters on the biology of glucagon, the microbiome and
diabetes, cancer, non-alcoholic fatty liver disease, and end-of-life
care. These additions reflect the advances in our understanding of
diabetes, its management, and have implications for a variety of
related disorders.

As editors, we are only too aware of the hard work that goes into
the production of a comprehensive and up-to-date book such as
this. Our thanks go to each and every chapter author, who, despite
busy academic and professional lives, were prepared to devote the
time, energy, and expertise to provide their essential contributions
to the text. Thank you for your forbearance of our nagging e-mails!

We are also grateful for the immense help we have received
from our publisher, Wiley-Blackwell. Our commissioning editor,
Priyanka Gibbons, who took over from Oliver Walter, during the
book’s development, has provided guidance, encouragement, and
support. Our thanks also go to Gill Whitley who kept the momen-
tum going when Rob Blundell left, and to the rest of the produc-
tion team. The book looks even better than the last edition!

We hope you enjoy reading the book, whether it be dipping in
or reading from cover to cover, as much as we did editing it. We
have all taken away useful novel information that will aid our daily
professional lives and we hope that this book will help you to sup-
port those with diabetes in the widest sense of this meaning.

Richard Holt
Clive Cockram
Allan Flyvbjerg

Barry Goldstein
February 2016
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1 The History of Diabetes Mellitus

Robert B. Tattersall'

University of Nottingham, Nottingham, UK

Key points

Polyuric diseases have been described for over 3500 years. The name
"diabetes” comes from the Greek word for a syphon; the sweet taste of
diabetic urine was recognized at the beginning of the first millennium,
but the adjective “mellitus” (honeyed) was only added by Rollo in the
late 18th century.

The sugar in diabetic urine was identified as glucose by Chevreul in 1815.
In the 1840s, Bernard showed that glucose was normally present in
blood, and showed that it was stored in the liver (as glycogen) for
secretion into the bloodstream during fasting.

In 1889, Minkowski and von Mering reported that pancreatectomy
caused severe diabetes in the dog. In 1893, Laguesse suggested that the
pancreatic “islets” described by Langerhans in 1869 produced an
internal secretion that requlated glucose metabolism.

Insulin was discovered in 1921 by Banting, Best, Macleod, and Collip in
acid-ethanol extracts of pancreas. It was first used for treatment in
January 1922.

Diabetes was subdivided on clinical grounds into diabéte maigre (lean
subjects) and diabéte gras (obese) by Lancereaux in 1880, and during
the 1930s by Falta and Himsworth into insulin-sensitive and
insulin-insensitive types. These classifications were the forerunners of the
etiological classification into type 1 (insulin-dependent) and type 2
(non-insulin-dependent) diabetes.

Insulin resistance and B-cell failure, the fundamental defects of type 2
diabetes, have been investigated by many researchers. The “insulin
clamp” method devised by Andres and DeFronzo was the first accurate
technique for measuring insulin action. Maturity-onset diabetes of the
young was described as a distinct variant of type 2 diabetes by Tattersall
in 1974,

Lymphocytic infiltration of the islets (insulitis) was described as early as
1901 and highlighted in 1965 by Gepts who suggested that it might be a
marker of autoimmunity. Islet cell antibodies were discovered by Doniach
and Bottazzo in 1979.

The primary sequence of insulin was reported in 1955 by Sanger and the
three-dimensional structure by Hodgkin in 1969. Proinsulin was
discovered by Steiner in 1967, and the sequence of the human insulin
gene by Bell in 1980. Yalow and Berson invented the radioimmunoassay
for insulin in 1956. The presence of insulin receptors was deduced in
1971 by Freychet, and the receptor protein was isolated in 1972 by
Cuatrecasas.

The various types of diabetic retinopathy were described in the second
half of the 19th century as were the symptoms of neuropathy.
Albuminuria was noted as a common abnormality in people with
diabetes in the 19th century and a unique type of kidney disease was
described in 1936 by Kimmelstiel and Wilson. The concept of a specific
diabetic angiopathy was developed by Lundbeek in the early 1950s.
Milestones in insulin pharmacology have included the invention of
delayed-action preparations in the 1930s and 1940s; synthetic human
insulin in 1979; and in the 1990s novel insulin analogs by recombinant
DNA technology.

The first sulfonylurea carbutamide was introduced in 1955, followed

by tolbutamide in 1957 and chlorpropamide in 1960. The biguanide
phenformin became available in 1959 and metformin in

1960.

That improved glucose control in both type 1 and type 2 diabetes was
beneficial was proved by the Diabetes Control and Complications Trial
(1993) and the UK Prospective Diabetes Study (1998).

Landmarks in the treatment of complications include photocoagulation
for retinopathy first described by Meyer-Schwickerath; the importance of
blood pressure control to slow the progression of nephropathy
(demonstrated by Mogensen and Parving); the introduction of low-dose
insulin in the treatment of diabetic ketoacidosis in the 1970s; and
improvements in the care of pregnant women with diabetes pioneered by
White and

Pedersen.

Prof. David R. Matthews has made small editorial changes to the text.

Textbook of Diabetes, Fifth Edition. Edited by R. Holt, C. Cockram, A. Flyvbjerg and B. Goldstein.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.



Part 1 Diabetes in its Historical and Social Context

Ancient times

Diseases with the cardinal features of diabetes mellitus were rec-
ognized in antiquity (Table 1.1). A polyuric state was described
in an Egyptian papyrus dating from ca 1550 Bc, discovered by
Georg Ebers (Figure 1.1), and a clearly recognizable description of
what would now be called type 1 diabetes was given by Aretaeus of
Cappadocia in the 2nd century Ap (Figure 1.2a). Aretaeus was the
first to use the term “diabetes,” from the Greek word for a syphon,
“because the fluid does not remain in the body, but uses the man’s
body as a channel whereby to leave it” His graphic account of
the disease highlighted the incessant flow of urine, unquenchable
thirst, the “melting down of the flesh and limbs into urine” and
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Table 1.1 Milestones in the clinical descriptions of diabetes and its

complications.

Clinical features of diabetes

Ebers papyrus (Egypt, 1500 BC)

Sushrut and Charak (India, 5th
century BC)

Aretaeus (Cappadocia, 2nd century
AD)

Chen Chuan (China, 7th century)

Avicenna (Arabia, 10th century AD)

Diabetic ketoacidosis
William Prout (England, 1810-1820)
Adolf Kussmaul (Germany, 1874)

Hyperlipidemia
Albert Heyl (Philadelphia, 1880)

Retinopathy

Eduard von Jaeger (Germany, 1855)

Stephen Mackenzie and Edward
Nettleship (England, 1879)

Edward Nettleship (England, 1888)

Julius Hirschberg (Germany, 1890)

Neuropathy and foot disease
John Rollo (England, 1797)
Marchal de Calvi (France, 1864)

William Ogle (England, 1866)
Frederick Pavy (England, 1885)

Julius Althaus (Germany, 1890)
Thomas Davies Pryce (England, 1887)

Nephropathy
Wilhelm Griesinger (Germany, 1859)

Paul Kimmelstiel and Clifford Wilson
(USA, 1936)

Polyuric state
Sugary urine; thin and obese
patients distinguished

Polyuric state named “diabetes”

Sugary urine
Sugary urine; gangrene and
impotence as complications

Diabetic coma
Acidotic breathing

Lipemia retinalis

General features
Microaneurysms

New vessels, beading of retinal
veins

Classification of lesions; specific to

diabetes

Neuropathic symptoms

Neuropathy is a complication of
diabetes

Ocular nerve palsies in diabetes

Peripheral neuropathy

Mononeuropathy

Perforating foot ulcers

Renal disease in people with
diabetes

Glomerulosclerosis associated
with heavy proteinuria
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Figure 1.1 The Ebers papyrus. Source: Courtesy of the Wellcome Library, London.

The Hindu physicians, Charak and Sushrut, who wrote between
400 and 500 Bc, were probably the first to recognize the sweetness
of diabetic urine (Figure 1.2b). Indeed, the diagnosis was made by
tasting the urine or noting that ants congregated round it. Charak
and Sushrut noted that the disease was most prevalent in those
who were indolent, overweight, and gluttonous, and who indulged
in sweet and fatty foods. Physical exercise and liberal quantities of
vegetables were the mainstays of treatment in the obese, while lean
people, in whom the disease was regarded as more serious, were
given a nourishing diet. The crucial fact that diabetic urine tasted
sweet was also emphasized by Arabic medical texts from the 9-
11th centuries AD, notably in the medical encyclopedia written by
Avicenna (980-1037).

The 17th and 18th centuries

In Europe, diabetes was neglected until Thomas Willis (1621-
1675) wrote Diabetes, or the Pissing Evil [1]. According to him,
“diabetes was a disease so rare among the ancients that many
famous physicians made no mention of it ... but in our age, given
to good fellowship and guzzling down of unallayed wine, we meet
with examples and instances enough, I may say daily, of this dis-
ease” He described the urine as being “wonderfully sweet like
sugar or honey” but did not consider that this might be because
it contained sugar.

The first description of hyperglycemia was in a paper pub-
lished in 1776 by Matthew Dobson (1735-1784) of Liverpool
(Figure 1.3 and Table 1.2) [2]. He found that the serum as well
as the urine of his patient Peter Dickonson (who passed 28 pints
of urine a day) tasted sweet. Moreover, he evaporated the urine



(a

Diabetes is a dreadful affliction, not very frequent among
men, being a melting down of the flesh and limbs into
urine. The patients never stop making water and the flow is
incessant, like the opening of aqueducts. Life is short,
unpleasant and painful, thirst unquenchable, drinking
excessive, and disproportionate to the large quantity of
urine, for yet more urine is passed. One cannot stop them
either from drinking or making water. If for a while they
abstain from drinking, their mouths become parched and
their bodies dry; the viscera seem scorched up, the patients
are affected by nausea, restlessness and a burning thirst, and
within a short time, they expire.

Figure 1.2 (a) Clinical description of diabetes by Aretaeus of Cappadocia (2nd century AD). Adapted from Papaspyros NS (1952) The History of Diabetes Mellitus.
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Sushrut (Susrata), an Indian physician who wrote medical texts with Charak (Charuka) between 500 BC and 400 BC.
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XXVIL Experiments and Olfervations on
the Urine in a Diabetes, &y Matthew
Dobfon, M. D. of Liverpool; communi-
cated by Dr. Fothergill,

OME authors, efpecially the Englifh,

have remarked, that the urine in the
diabetes is fweet. Others, on the con-
trary, deny the exiftence of this quality,
and confequently exclude it from being a
chara&eriftic of the difeafe. So far as
my own experience has extended, and I
have met with nine perfons who were af-
flied with the diabetes, the urine has al-
ways been fweet in a greater or lefs degree,
and particularly fo in the cafe of the fol-
lowing patient.

Peter Dickonfon, thirty-three years of
age, was admitted into the public hofpital
in Liverpool, O&ober 22, 1772. His dif-
cafe was a confirmed diabetes; and he
pafled twenty-eight pints of urine every
24 hours. He had formerly cnjoyed a
good ftate of health; nor did it appear
what had been the remote caufes of this

indifpo-

Figure 1.3 Frontispiece and opening page of the paper by Matthew Dobson (1776), in which he described the sweet taste of both urine and serum from a person with

diabetes [2].



Part 1 Diabetes in its Historical and Social Context

to “a white cake [which] smelled sweet like brown sugar, neither
could it by the taste be distinguished from sugar” Dobson con-
cluded that the kidneys excreted sugar and that it was not “formed
in the secretory organ but previously existed in the serum of the
blood”

The Edinburgh-trained surgeon, John Rollo (d. 1809) was
the first to apply the adjective “mellitus” (from the Latin word
meaning “honey”). He also achieved fame with his “animal
diet,” which became the standard treatment for most of the 19th
century. Rollo thought that sugar was formed in the stomach from
vegetables, and concluded that the obvious solution was a diet
of animal food. Thus, the regimen described in his 1797 book,
An Account of Two Cases of the Diabetes Mellitus [3], allowed his
patient Captain Meredith to have for dinner “Game or old meats
which have been long kept; and as far as the stomach may bear,
fat and rancid old meats, as pork” Rollo was probably the first to
note the difficulty that some people with diabetes find in adhering
to treatment—a difficulty he blamed for the death of his second
patient (Figure 1.4).

42

5th.

* My urine as yefterday. Eat animal food
only; took an emetic of ipecacuan in the evening,
which made me very fick, and I brought up all I
had caten in the courfe of the day; and in thelaft
puke the matter was very four.

6th.

* Urine fince laft night not exceeding a pint
and a quarter, high coloured, very urinous in
fmell, and depofiting a reddifh fand.” Continued

''my bitter, alkali in milk, and the hepatifed am-
monia. 2
Remartks.

"The patient was ftrongly remonfirated with, and
told the confequence of repeated deviations, in
probably fixing the difpofition to the difeafe fo
firmly as not only to increafe the difficulty, but
to eftablith the impraéticability of removing it. -
Fair promifes were therefore renewed, and abfolute
confinement to the houfe, entire animal food, and
the hepatifed ammonia as before, with the quafiia
infufion, were preferibed and agreed upon. The
urine continued pale, though falt, and of an urin-
ous fmell; but on Sunday the 4th December,
the urine had a doubtful fmell, and fome of it
being evaporated, yiclded a refiduum evidently
faccharine, though much lefs fo than in the firfi
experiinent, the urinous falts being now more pre-

dominant.

Figure 1.4 Extract from John Rollo's account of two cases of diabetes (1797).
Rollo was well aware of the problem of non-adherence. Note that “the patient was
strongly remonstrated with, and told of the consequences of repeated deviations.”
Source: Courtesy of the Wellcome Library, London.

The 19th century

In 1815, the French chemist Michel Chevreul (1786-1889) proved
that the sugar in diabetic urine was glucose [4]. In the middle of
the century, tasting the urine to make the diagnosis was super-
seded by chemical tests for reducing agents such as glucose as
introduced by Trommer in 1841, Moore in 1844 and—the best
known—Fehling in 1848. Measurement of blood glucose could
only be done by skilled chemists but needed so much blood that it
was rarely used in either clinical care or research. It only became
practicable with the introduction in 1913 of a micromethod by the
Norwegian-born physician Ivar Christian Bang (1869-1918) and
it was the ability to measure glucose repeatedly which led to devel-
opment of the glucose tolerance test between 1913 and 1915.
Glucose metabolism was clarified by the work of Claude
Bernard (1813-1878) [5], the Frenchman whose numerous dis-
coveries have given him a special place in the history of phys-
iology (Figure 1.5). When Bernard began work in 1843, the
prevailing theory was that sugar could only be synthesized by
plants, and that animal metabolism broke down substances orig-
inally made in plants. It was also thought that the blood only

Figure 1.5 Claude Bernard (1813-1878). Source: Courtesy of the Wellcome
Library, London.
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contained sugar after meals, or in pathologic states such as dia-
betes. Between 1846 and 1848, Bernard reported that glucose was
present in the blood of normal animals, even when starved. He
also found higher concentrations of glucose in the hepatic than
in the portal vein, and “enormous quantities” of a starch-like sub-
stance in the liver which could be readily converted into sugar.
He called this “glycogen” (i.e. sugar-forming) and regarded it as
analogous to starch in plants. His hypothesis—the “glycogenic”
theory—was that sugar absorbed from the intestine was converted
in the liver into glycogen and then constantly released into the
blood during fasting.

Another discovery by Bernard made a great impression in
an era when the nervous control of bodily functions was a
scientifically fashionable concept. He found that a lesion in the
floor of the fourth ventricle produced temporary hyperglycemia
(piqiire diabetes) [6]. This finding spawned a long period in
which nervous influences were thought to be important causes of
diabetes; indeed, one piece of “evidence”—cited by J.J.R. Macleod
as late as 1914—was that diabetes was more common among
engine drivers than other railway workers because of the mental
strain involved [7].

In the first part of the 19th century the cause of diabetes was a
mystery, because autopsy usually did not show any specific lesions.
A breakthrough came in 1889 when Oskar Minkowski (Figure
1.6) and Josef von Mering (1849-1908) reported that pancreatec-
tomy in the dog caused severe diabetes [8]. This was serendipitous,
because they were investigating fat metabolism; it is said that the
laboratory technician mentioned to Minkowski that the dog, pre-

viously house-trained, was now incontinent of urine. Minkowski
realized the significance of the polyuria, and tested the dog’s urine Figure 1.6 Oskar Minkowski (1858-1931).
(Table 1.3).

Possible explanations for the role of the pancreas were that it
removed a diabetogenic toxin, or produced an internal secretion
that controlled carbohydrate metabolism. The concept of “internal
secretions” had been publicized in June 1889, by the well-known
physiologist Charles-Edouard Brown-Séquard (1817-1894), who
claimed to have rejuvenated himself by injections of testicular
extract [9]. It was given further credence in 1891, when Murray
reported that myxedema could be cured by sheep thyroid extract
by injection or orally.

In 1893, Gustave Laguesse suggested that the putative internal
secretion of the pancreas was produced by the “islands” of cells
scattered through the gland’s parenchyma [10], which had been
discovered in 1869 by the 22-year-old Paul Langerhans (1847-
1888) (Figure 1.7). Langerhans had described these clusters of
cells, having teased them out from the general pancreatic tis-
sue, but had not speculated about their possible function [11]; it
was Laguesse who named them the “islets of Langerhans.” At this
time, the glucose-lowering internal secretion of the islets was still
hypothetical, but in 1909 the Belgian Jean de Meyer named it insu-
line (from the Latin for “island”) [12].

It would be wrong to give the impression that Minkowski’s

experiments immediately established the pancreatic origin of dia- : 3
betes. In fact, during the next two decades, it was widely agreed Figure 1.7 Paul Langerhans (1847-1888). Source: Courtesy of the Wellcome
that diabetes was a heterogeneous disorder with various subtypes, Library, London.
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and that its pathogenesis involved at least three organs: the brain,
pancreas, and liver [13]. The discovery by Blum in 1901 that
injection of an adrenal extract caused glycosuria implicated other
glands, and led to the “polyglandular theory” of Carl von Noorden
(Vienna), who proposed that the thyroid, pancreas, adrenals, and
parathyroids controlled carbohydrate metabolism.

Clinical diabetes in the 19th century
Doctors in the 19th century were therapeutically impotent; their
main role was as taxonomists who described symptom complexes
and the natural history of disease. As a result, most of the major
complications of diabetes were well described before 1900.
Eduard von Jaeger (1818-1884) is credited with the first
description of diabetic retinopathy, in his beautiful Atlas of Dis-
eases of the Ocular Fundus, published in 1869 [14]. In fact, the
features illustrated (Figure 1.8), from a 22-year-old man, look

more like hypertensive retinopathy. In 1879, Stephen Macken-
zie (1844-1909) and Sir Edward Nettleship (1845-1913) found
microaneurysms in flat preparations of the retina and, in 1888,
Nettleship described new vessels and the beaded appearance of
retinal veins [15]. The full picture of diabetic retinopathy was
described in 1890 by Julius Hirschberg (1843-1925) who was the
first to claim that it was specific to diabetes [16].

Neuropathic symptoms in people with diabetes had been men-
tioned by Rollo at the end of the 18th century, and in 1864 Charles
Marchal de Calvi (1815-1873) concluded that nerve damage was
a specific complication of diabetes. In 1885, the Guy’s Hospital
physician, Frederick Pavy (1829-1911), gave a description of neu-
ropathic symptoms which would grace any modern textbook [17]:

The usual account given by these patients of their condition is that
they cannot feel properly in their legs, that their feet are numb, that

Figure 1.8 Pictures from Jaeger’s Atlas of the Optic
Fundus, 1869 [14]. Top left: Bright's disease. Top right:
Jaeger's retinitis hemorrhagica is now recognized as
central retinal vein occlusion. Bottom left: A 22-year-old
man with suspected diabetes. Bottom right: Central retinal
artery occlusion. Source: Courtesy of W.B. Saunders.



their legs seem too heavy—as one patient expressed it, “as if he had
20 Ib weights on his legs and a feeling as if his boots were great deal too
large for his feet” Darting or “lightning” pains are often complained
of. Or there may be hyperaesthesia, so that a mere pinching of the
skin gives rise to great pain; or it may be the patient is unable to bear
the contact of the seam of the dress against the skin on account of the
suffering it causes. Not infrequently there is deep-seated pain located,
as the patient describes it, in the marrow of the bones which are tender
on being grasped, and I have noticed that these pains are generally

worse at night.

Pavy also recorded unusual presentations, including a 67-year-
old who complained of “lightning pains on the right side of
the waist” and cases in which the third nerve was affected with
“dropped lid and external squint” [18].

Kidney disease was known to be relatively common in diabetes.
In 1859, Wilhelm Griesinger (1817-1868) reported 64 autopsies
in adults, half of whom had renal changes which he attributed to
hypertension and atherosclerosis [19]; however, the histologic fea-
tures of diabetic kidney disease and the importance of renal com-
plications were not reported until the 1930s.

The History of Diabetes Mellitus Chapter 1

In the latter part of the 19th century it was becoming apparent
that there were at least two clinically distinct forms of diabetes. In
1880, the French physician Etienne Lancereaux (1829-1910) iden-
tified lean and obese patients as having diabéte maigre and diabéte
gras [20], and this observation laid the foundations for subsequent
etiologic classifications of the disease.

The 20th century

Murray’s cure of myxedema in 1891 led to a belief that pancreatic
extract would soon result in a cure for diabetes, but, in the face of
repeated failures over the next 30 years, even believers in an antidi-
abetes internal secretion were depressed about the likelihood of
isolating it, and diverted their attention to diet as a treatment for
the disease.

Best known was the starvation regimen of Frederick Madison
Allen (1876-1964), which Joslin (Figure 1.9) described in 1915
as the greatest advance since Rollos time [21]. This approach
was an extreme application of one that had been proposed
as early as 1875 by Apollinaire Bouchardat (1806-1886), who

THE TREATMENT

DIABETES MELLITUS

WITH OBSERVATIONS UPON THE DISEASE BASED
UPON ONE THOUSAND CASES

BY
ELLIOTT P. JOSLIN, M.D.

ASSISTANT PROFESSOR OF MEDICINE, HARVARD MEDICAL SCHOOL; CONSULTING PHYSICIAN,
LLABORATOR TO THE NUTRITION LABORATORY OF THE
CARNEGIE INSTITUTION OF WASHINGTON, IN BOSTON

BOSTON CITY

ILLUSTRATED

LEA & FEBIGER
PHILADELPHIA AND NEW YORK
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Figure 1.9 Elliott P. Joslin (1869-1962), arguably the most famous diabetes specialist of the 20th century and the frontispiece to his 1916 textbook [22]. Source: Courtesy of

the Wellcome Library, London.
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advocated intensive exercise and “manger le moins possible” Star-
vation treatment did work in a limited sense, in that some peo-
ple could survive for many months or even years, instead of a
few weeks or months with untreated type 1 diabetes. The qual-
ity of life, however, was very poor, and some died of malnutrition
rather than diabetes. In 1921, Carl von Noorden (1858-1944)—
proponent of the “oatmeal cure’—turned away in disapproval

(a)

when he saw Joslin’s prize patient, 17-year-old Ruth A, who at just
over 1.52 m in height weighed only 24.5 kg (a body mass index of
10.6 kg/m?).

Discovery of insulin
Many attempts were made between 1889 and 1921 to isolate the
elusive internal secretion of the pancreas. These largely failed

(b)
Experimentelle Untersuchungen iiber den
Diabetes.")

Kurze Mitteilung.?)

Von

G. Zuelzer.

F. Blum hat vor einigen Jahren gezeigt, dass subkutane
oder intravendse Injektion von Nebennierensaft bei den ver-
schiedensten Tieren Glykosurie hervorruft, die 48 bis 74 Stunden
anhalten kann. Ich, und kurze Zeit darauf Metzger wiesen nach,
dass gleichzeitig eine Hyperglykimie besteht, dass es sich beim
Nebennierendiabetes also nicht etwa um ein Analogon des Phloridzin-
diabetes, um einen sogenannten Nierendiabetes handeln konne.
Wihrend ich mich dahin aussprach, dass dieser Diabetes seiner
ganzen Natur nach dem richtigen Diabetes ihuele, nur durch
die Dauer seines Bestehens von ihm unterschieden sei und
naturgemiss auch keine Tendenz zum Fortschreiten zeigen, i. e.
niemals das Endstadium des gewdhnlichen schweren menschlichen
Diabetes darbieten konne, wurde die in Frage stehende Glykos-
urie von den meisten anderen Autoren als eine ziemlich be-
langlose toxische Glykosurie aufgefasst.

Es schien mir nicht sehr wahrscheinlich, dass ein Korper,
der anscheinend unverindert, wie er normalerweise produziert
und dauernd3) dem Siftestrom des Organismus zugefiihrt wird,
dass ein solcher, quasi physiologischer Korper eine vollkommen
unphysiologische Wirkung sollte hervorbringen konnen. Ich habe
also versucht, den Ort des Angriffs des Nebennierensaftes?),
sowie die Ursachen seiner toxischen Wirkung nidher zu er-
forschen. Ich folgte dabei, wie gesagt, stets dem Gedanken,
in dem Nebennierendiabetes ein, wenn auch nur fliichtiges
Bild gewisser menschlicher Diabetesformen zu finden.

So untersuchte ich zuerst, welchen Einfluss hat der Neben-
nierensaft auf die Leber als dasjenige Organ, welches, allgemein
ansgedriickt, mit der Zuckerregulierung im Korper in erster

1) Die Untersuchungen wurden zum Teil mit Unterstiitzung der
Grifin Bose-Stiftung im physiologischen Institut der Berliner Universitit,
und zwar noch unter Mithilfe der verstorbenen Proff. I. Munk und
Paul Schultz ausgefiihrt.

2) Diese kurze Mitteilung wurde der Redaktion bereits vor ca.
3 Jahren eingereicht. Die Drucklegung unterblieb auf Wunsch des Verf.
in der bisher nicht erfiillten Erwartung, dass es gelingen wiirde, aus den
theoretischen Untersuchungen praktisch-therapeutische Resultate zu erzielen.

8) Durch Versuche von Ehrmann, Archiv f. experim. Pathol. u.
Pharmakol.,, Bd. 55, ist inzwischen der Nachweis erbracht worden, dass
die Adrenalinsekretion konstant vor sich geht.

4) In meinen ersten Versuchen bediente ich mich des von mir selbst
hergestellten Nebennierensaftes. In den zahlreichen spiteren Versuchen

habe ich inzwischen genan die gleichen Wirkungen mit den verschieden-
artig hergestellten kiuflichen Adrenalinpriparaten feststellen konnen.

Figure 1.10 (a) Georg Zuelzer (1840-1949) and (b) the title page from his paper (1907) reporting that a pancreatic extract reduced glycosuria in pancreatectomized dogs

[23] (top). (c) Nicolas Paulesco (1869—1931).
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Figure 1.11 The discoverers of insulin. Clockwise from
top left: Frederick G. Banting (1891-1941); James B.
Collip (1892-1965); J.J.R. Macleod (1876-1935); and
Charles H. Best (1899-1978). Source: Courtesy of the
Fisher Rare Book Library, University of Toronto.

because the extracts were inactive or had unacceptable side
effects; some preparations may have had limited biologic activity,
but this was not recognized, either because hypoglycemia was
misinterpreted as a toxic reaction or because blood glucose was
not measured. Those who came closest were the Berlin physician,
Georg Zuelzer (1840-1949) in 1907 [23], Ernest Scott (1877-
1966) in Chicago in 1911 [24], and Nicolas Paulesco (1869-1931)
in Romania in 1920-1921 [25] (Figure 1.10).

The story of how insulin was discovered in Toronto in 1921 is
well known, at least superficially (Figure 1.11). A young ortho-
pedic surgeon, Frederick Banting, inspired after reading an arti-
cle by the pathologist Moses Barron (1884-1975), wondered
whether the antidiabetes pancreatic principle was digested by
trypsin during extraction, and decided to prevent this loss by
ligating the pancreatic duct, thus causing the exocrine tissue
to degenerate. He approached the Professor of Physiology in
Toronto, J.J.R. Macleod, an authority on carbohydrate metabolism,
who poured scorn on the idea and suggested that the only
likely outcome would be “a negative result of great physiological
importance”

Eventually, Macleod relented and installed Banting in a run-
down laboratory, later leaving for Scotland and a fishing holiday.
A student, Charles Best, was chosen by the toss of a coin to help

The History of Diabetes Mellitus Chapter 1

Banting. Within 6 months of this unpromising start, Banting and
Best (referred to in Toronto academic circles as B?) had discovered
the most important new therapy since the antisyphilitic agent Sal-
varsan. These events are described in detail in the excellent book
by Michael Bliss [26].

Their approach began with the injection of extracts of atrophied
pancreas (prepared according to Macleod’s suggestions) into dogs
rendered diabetic by pancreatectomy. Subsequently, they discov-
ered that active extracts could be obtained from beef pancreas
which Best obtained from the abattoir. The extraction procedure
(usingice-cold acid-ethanol) was greatly refined by James B. (Bert)
Collip, a biochemist who was visiting Toronto on sabbatical leave.

The first clinical trial of insulin (using an extract made by Best)
took place on January 11, 1922, on 14-year-old Leonard Thomp-
son, who had been on the Allen starvation regimen since 1919
and weighed only 30 kg (Figure 1.12). After the first injection, his
blood glucose level fell slightly, but his symptoms were unchanged
and he developed a sterile abscess. On January 23, he was given
another extract prepared by Collip, and this normalized his blood
glucose by the next morning; further injections over the next 10
days led to marked clinical improvement and complete elimina-
tion of glycosuria and ketonuria. Initial clinical results in seven
cases were published in the March 1922 issue of the Canadian

1"
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Figure 1.12 Leonard Thompson, the first person to receive insulin, in January
1922. Source: Courtesy of the Fisher Rare Book Library, University of Toronto.

Medical Association Journal [27], which concluded dramatically
that:

1 Blood sugar can be markedly reduced, even to normal values;
2 Glycosuria can be abolished;

3 The acetone bodies can be made to disappear from the urine;
4 The respiratory quotient shows evidence of increased utiliza-
tion of carbohydrates;

5 A definite improvement is observed in the general condition of
these patients and, in addition, the patients themselves report a
subjective sense of well-being and increased vigor for a period fol-
lowing the administration of these preparations.

The term “insulin” was coined by Macleod, who was unaware
of de Meyer’s earlier suggestion of insuline. News of its miracu-
lous effects spread astonishingly rapidly [28]. In 1922, there were
only 19 references in the world literature to “insulin” or equivalent
terms such as “pancreatic extract”; by the end of 1923, there were
320 new reports, and a further 317 were published during the first
6 months of 1924.

By October 1923, insulin was available widely throughout
North America and Europe. International recognition followed
rapidly for its discoverers, and the 1923 Nobel Prize for Physiology
or Medicine was awarded jointly to Banting and Macleod. Bant-
ing was angered by the decision, and announced publicly that he
would share his prize with Best, whereupon Macleod decided to
do the same with Collip.

The postinsulin era
It was confidently anticipated that insulin would do for diabetes
in the young what thyroid extract had done for myxedema, but
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it soon became obvious that insulin was a very different type of
treatment. Thyroid was given once a day by mouth and at a fixed
dosage. Insulin had to be injected in measured amounts which var-
ied from day to day, and carried the ever-present danger of hypo-
glycemia. One often reads that insulin “revolutionized” the treat-
ment of diabetes; it did so in the sense that it saved the lives of
many who would otherwise have died, but its unforeseen effect
was to transform an acute, rapidly fatal illness into a chronic dis-
ease with serious long-term complications. For example, only 2%
of deaths among Joslin’s young patients with diabetes before 1937
were caused by kidney disease, while over 50% dying between
1944 and 1950 had advanced renal failure. Strategies to avoid and
prevent the chronic complications of diabetes remain important
scientific and clinical priorities today.

The rest of this chapter highlights some developments that can
be regarded as landmarks in the understanding and management
of the disease: to some extent, this is a personal choice, and it is
obvious from the other chapters in this book that the “history” of
diabetes is being rewritten all the time.

Causes and natural history of diabetes

The recognition that diabetes was not a single disease was impor-
tant in initiating research that has helped to unravel the causes of
hyperglycemia.

The broad etiologic subdivision into type 1 (juvenile-onset,
or insulin-dependent) and type 2 diabetes (maturity-onset, or
non-insulin-dependent) stemmed ultimately from Lancereaux’s
diabéte maigre and diabéte gras distinction, as well as observations
soon after the discovery of insulin that some individuals did not
react “normally” to insulin. In the 1930s, Wilhelm Falta (1875-
1950) in Vienna [29] and Harold Himsworth (1905-1993) in
London [30] proposed that some individuals with diabetes were
more sensitive to the glucose-lowering effects of insulin, whereas
others were insulin-insensitive, or insulin-resistant. The former
were usually thin and required insulin to prevent ketoacidosis,
while the latter were older, obese, and ketosis-resistant.

The “insulin clamp” technique developed in the 1970s by Ralph
DeFronzo et al. [31] in the USA was the first to measure rigor-
ously the hypoglycemic action of insulin, and has led to countless
studies of insulin resistance and its relationship to type 2 diabetes
and vascular disease. Various groups, including DeFronzo’s, have
helped to clarify the role of p-cell failure in type 2 diabetes, and
how it relates to insulin resistance. Maturity-onset diabetes of the
young (MODY) was recognized in 1974 by Robert Tattersall (b.
1943) as a distinct, dominantly inherited subset of type 2 diabetes
[32]; since 1993 a variety of different molecular defects have been
identified in this condition.

The causes of the profound B-cell loss that led to the severe
insulin deficiency of type 1 diabetes remained a mystery for a
long time. “Insulitis”, predominantly lymphocytic infiltration of
the islets, was noted as early as 1901 by Eugene L. Opie (1873-
1971) and colleagues [33], but because it was apparently very rare,



found in only six of 189 cases studied by Anton Weichselbaum
(1845-1920) in 1910, its importance was not appreciated. The pos-
sible role of insulitis in -cell destruction was not suggested until
1965, by the Belgian Willy Gepts (1922-1991) [34]. The theory
that type 1 diabetes results from autoimmune destruction of the
B cells was first made in 1979 by Deborah Doniach (1912-2004)
and GianFranco Bottazzo (b. 1946) [35]. Unlike other autoim-
mune endocrine diseases where the autoantibody persists, islet
cell antibodies turned out to be transient and disappeared within
a year of the onset of diabetes. An unexpected finding from the
Barts—Windsor prospective study of the epidemiology of diabetes
in childhood started by Andrew Cudworth (1939-1982) was that
islet cell antibodies could be detected in siblings of young peo-
ple with diabetes up to 10 years before they developed appar-
ently acute-onset diabetes. This long lead-in period raised the pos-
sibility of an intervention to prevent continuing p-cell destruc-
tion. Cyclosporine in people with newly diagnosed type 1 diabetes
prolonged the honeymoon period but without permanent benefit
once the drug was stopped [36]. Nicotinamide and small doses of
insulin (together with many other interventions) prevented dia-
betes in the non-obese diabetic (NOD) mouse but were without
effect in relatives of people with type 1 diabetes with high titers of
islet cell antibodies [37, 38].

From 1967, when Paul Lacy (1924-2005) showed that it was
possible to “cure” diabetes in inbred rats with an islet cell trans-
plant, it always seemed that the problem of islet cell transplanta-
tion in humans was about to be solved. Hope was rekindled in
2000 by a team in Edmonton, Canada. After 5 years 80% of those
who had received a transplant were producing some endogenous
insulin but only 10% could manage without any injected insulin
[39].

Chronic diabetic complications

It had been assumed that arteriosclerosis caused chronic diabetic
complications, but this notion was challenged by two papers pub-
lished in the mid-1930s, which pointed to specific associations of
diabetes with retinal and renal disease (Table 1.2). In 1934, Henry
Wagener (1890-1961) and Russell Wilder (1885-1959) from the
Mayo Clinic reported people who had retinal hemorrhages but no
other clinical evidence of vascular disease [40], and concluded that
“The very existence of retinitis in cases in which patients have no
other signs of vascular disease must mean that diabetes alone does
something to injure the finer arterioles or venules of the retina,
probably the latter”

In 1936, Paul Kimmelstiel (1900-1970) and Clifford Wil-
son (1906-1997) described the striking histologic finding of
“intercapillary glomerulosclerosis”—large hyaline nodules in the
glomeruli—in the kidneys of eight people at autopsy (Figure 1.13)
[41]. Seven of the eight individuals had a known history of dia-
betes, and Kimmelstiel and Wilson noted the common features
of hypertension, heavy albuminuria with “edema of the nephrotic
type, and renal failure. In fact, this paper led to considerable
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Table 1.2 Milestones in the scientific understanding of diabetes and its

complications.

Matthew Dobson (England, 1776)
Michel Chevreul (France, 1815)
Claude Bernard (France, 1850s)

Wilhelm Petters (Germany, 1857)

Paul Langerhans (Germany, 1869)

Adolf Kussmaul (Germany, 1874)

Oskar Minkowski and Josef von
Mering (Germany, 1889)

Gustave Edouard Laguesse
(France, 1893)

M.A. Lane (USA, 1907)

Jean de Meyer (Belgium, 1909)

Frederick Banting, Charles Best,
J.J.R. Macleod, James Collip
(Canada, 1922)

Richard Murlin (USA, 1923)

Bernado Houssay (Argentina,
1924)

Frederick Sanger (England, 1955)

W.W. Bromer (USA, 1956)

Rosalyn Yalow and Solomon
Berson (USA, 1959)

Donald Steiner (USA, 1967)

Dorothy Hodgkin (England, 1969)

Pierre Freychet (USA, 1971)

Pedro Cuatrecasas (USA, 1972)

Axel Ullrich (USA, 1977)

Ralph DeFronzo and Reuben
Andres (USA, 1979)

Graham Bell (USA, 1980)

Diabetic serum contains sugar

The sugar in diabetic urine is glucose

Glucose stored in liver glycogen and
secreted during fasting

Diabetic urine contains acetone

Pancreatic islets described

Describes ketoacidosis

Pancreatectomy causes diabetes in
the dog

Glucose-lowering pancreatic
secretion produced by islets

Distinguished A and B islet cells

Hypothetical islet secretion named
“insuline”

Isolation of insulin

Discovered and named glucagon

Hypophysectomy enhances insulin
sensitivity

Determined primary sequence of
insulin

Determined primary sequence of
glucagon

Discovered radioimmunoassay for
insulin

Discovered proinsulin

Determined three-dimensional
structure of insulin

Characterized insulin receptors

Isolated insulin receptor protein

Reported sequence of rat insulin

Invented insulin clamp technique

Reported sequence of human insulin
gene

confusion during the next 15 years: according to one writer, the
“Kimmelstiel-Wilson syndrome” came to mean all things to all
men [42]. Nonetheless, it was significant because it drew attention
to a specific diabetic renal disease.

Acceptance of the concept that diabetic angiopathy was spe-
cific to the disease owed much to the work of Knud Lundbek of
Aarhus in Denmark (Figure 1.14), who published his findings in a
book in 1953-1954 and a paper in the Lancet in 1954 [43,44]. His
key arguments were that long-standing diabetic vascular disease
differed fundamentally from atherosclerosis, in that both sexes
were equally affected and that microaneurysms, ocular phlebopa-
thy, and Kimmelstiel-Wilson nodules were unique to diabetes and
usually occurred together.

The molecular and cellular mechanisms underlying diabetic
tissue damage remain controversial after decades of intensive
research. One of the early landmarks in this field was the work of
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Figure 1.13 Nodular glomerulosclerosis. Figure from the paper by Kimmelstiel
and Wilson, 1936 [41]. Source: Courtesy of the British Medical Association Library.

J.H. Kinoshita (b. 1922) during the early 1970s, which pointed to
the involvement of the polyol pathway in the formation of diabetic
cataracts [45].

Physiology

In 1907, M. A. Lane, a student of Robert Bensley (1867-1956), Pro-
fessor of Anatomy in Chicago, used conventional histologic tech-
niques to distinguish two different cell types in the islet of Langer-
hans, which he termed A and B [46]. The hormones secreted by
these respective cell types were not identified until much later
(Table 1.2). Frank Young (1908-1988) and colleagues reported
in 1938 that injections of anterior pituitary extract could induce
permanent diabetes in the dog, and that this was accompanied
by selective degranulation and loss of the f cells [47]; it was
surmised that these cells produced insulin, and this was finally
confirmed using immuno-histochemistry by Paul Lacy in 1959
[48]. Glucagon was similarly localized to the a cells in 1962 by
John Baum and colleagues [49].
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Figure 1.14 Knud Lundbak (1912-1995). Source: Courtesy of Dr. Carl Erik
Mogensen.

Table 1.3 Milestones in the understanding of the causes of diabetes.

Thomas Willis (England, 17th
century)

Thomas Cawley (England, 1788)

Oskar Minkowski and Josef von
Mering (Germany, 1889)

Etienne Lancereaux (France, 1880)

Eugene Opie (USA, 1900)
Eugene Opie (USA, 1910)

Wilhelm Falta (Vienna) and Harold
Himsworth (England, early 1930s)
Willy Gepts (Belgium, 1965)

Deborah Doniach and GianFranco
Bottazzo (England, 1979)

Andrew Cudworth and John
Woodrow (England, 1975)

Overindulgence in food and drink

Pancreatic stones cause diabetes

Pancreatectomy causes diabetes in
the dog

Lean and obese diabetic subtypes
distinguished

Hyaline degeneration (amyloidosis) of
islets (type 2 diabetes)

Lymphocytic infiltration of islets
(“insulitis”; type 1 diabetes)

Distinguished insulin-resistant and
insulin-sensitive forms of diabetes

Suggested that insulitis caused f-cell
destruction (type 1 diabetes)

Suggested that insulin-dependent
diabetes is an autoimmune disease

Insulin-dependent diabetes
associated with specific HLA
antigens




The amino acid sequence of insulin was reported in 1955
by Frederick Sanger in Cambridge, UK [50], and the three-
dimensional structure of the molecule in 1969 by Dorothy
Hodgkin, in Oxford [51]; both discoveries were recognized by
the award of Nobel Prizes (Figure 1.15). The complete insulin
molecule was synthesized from amino acids by Wang Ying-lai
(1908-2001) and colleagues in Shanghai in 1965 [52]. The insulin
precursor, proinsulin, was described in 1967 by Donald Steiner
(1930-2014) in Chicago [53]. The first bioassay for insulin,
based on the hormone’s ability to lower blood glucose in the
alloxan-diabetic rat, was reported in 1950 by the Australian
Joseph Bornstein (1918-1994), working in London with Robin
D. Lawrence (see Figure 1.20) [54]. This method was superseded
in 1956 by Rosalyn Yalow and Solomon Berson in the USA,
who discovered that insulin was antigenic; they exploited the
binding of the hormone to anti-insulin antibodies to develop the
first radioimmunoassay [55]. This assay method revolutionized
endocrinology—and indeed, many areas of physiology and
medicine—and was also rewarded with a Nobel Prize (Figure
1.16).

The sequence of rat insulin genes was described in 1977 by Axel
Ullrich (b. 1945) and colleagues [56], and the human sequence by
Graham Bell (b. 1948) and his group in 1980 [57]. The existence
of insulin receptors was inferred from the insulin-binding charac-
teristics of liver-cell membranes by Pierre Freychet (b. 1935) and
colleagues in 1971 [58], and the receptor protein was isolated by
Pedro Cuatrecasas (b. 1936) in the following year [59]. The gene
encoding the insulin receptor was cloned and sequenced in 1985
by two groups [60, 61]. In recent years, numerous advances have
helped to clarify how insulin exerts its biologic actions. Among

The History of Diabetes Mellitus Chapter 1

Figure 1.15 Frederick Sanger (1918-2013) and Dorothy Hodgkin, née Crowfoot (1910-1994). Source: Courtesy of Godfrey Argent Studio, London.

these was the discovery in 1985 of the first of the glucose trans-
porter (GLUT) proteins by Mueckler and colleagues in the USA
[62].

Management of diabetes

An objective observer surveying clinical diabetes during the half-
century after the discovery of insulin and the “resurrection”
(a word used by Joslin) of young people with diabetes would
have been dismayed by what he saw (Table 1.4). In particular,
young people were dying of complications that had previously
been assumed to be the preserve of the elderly. Two particu-
larly depressing papers were published in 1947 and 1950. First,

Figure 1.16 Solomon Berson and Rosalyn Yalow.
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Table 1.4 Selected milestones in the management of diabetes.

Lifestyle modification

Li Hsuan (China, 7th century)

Thomas Willis (England, 17th century)
John Rollo (England, 1797)
Apollinaire Bouchardat (France, 1875)
Carl von Noorden (Germany, 1903)
Frederick Allen (USA, 1913)

Karl Petrén (Sweden, 1915)

Insulin treatment

Georg Zuelzer (Germany, 1907) and Nicolas Paulesco (Romania,
1921)

Frederick Banting, Charles Best, J.J.R. Macleod, and James Collip
(Canada, 1922-1923)

Hans Christian Hagedorn (Denmark, 1936)

David Goeddel (USA, 1979)

John Pickup (London, 1978)
John Ireland (Scotland, 1981)

Oral hypoglycemic agents
Avicenna (Arabia, 10th century)
Willhelm Ebstein (Germany, 1876)
E. Frank (Germany, 1926)

Celestino Ruiz (Argentina, 1930)
Auguste Loubatiéres (France, 1942)

H. Franke and J. Fuchs (Germany, 1955)
G. Ungar (USA, 1957)

Diabetic monitoring and treatment targets
University Group Diabetes Program (USA, 1969)
Peter Sonksen and Robert Tattersall (1978)

R. Fliickiger and K.H. Winterhalter (Germany, 1975)
World Health Organization (1991)

Diabetes Control and Complications Trial (USA, 1993)

UK Prospective Diabetes Study (UK, 1998)

Management of complications

Gerd Meyer-Schwickerath (Germany, 1964)

University of Minnesota Team (USA, 1966)

Carl-Erik Mogensen and Hans-Henrik Parving (Denmark, 1980s)

Avoid wine, sex, and salty cereals
Food restriction

Animal diet

Food restriction and increased exercise
"Oatmeal” cure

Starvation diet for early-onset diabetes
High-fat, low-carbohydrate diet

Isolated pancreatic extracts with hypoglycemic activity
Isolation and first clinical use of insulin

Protamine insulin, the first long-acting insulin

Synthetic human-sequence insulin produced by recombinant DNA
technology

Described continuous subcutaneous insulin infusion

Invented pen injection device

Recommended lupin, fenugreek, and zedoary seeds

Recommended sodium salicylate

Biguanide derivative (Synthalin) introduced, but withdrawn because
of toxicity

Noted hypoglycemic action of some sulfonamides

Discovered hypoglycemic action of prototype sulfonylurea

Carbutamide introduced

Phenformin introduced

First randomized trial in diabetes

Introduction of self blood glucose monitoring

Showed that HbA, was glycated hemoglobin

St. Vincent Declaration identified targets for diabetes care

Proved that improved glycemic control prevents and slows
progression of microvascular complication in type 1 diabetes

Proved that improved glycemic and blood-pressure control improve
microvascular and macrovascular outcomes in type 2 diabetes

Use of xenon arc lamp to treat diabetic retinopathy

First combined kidney—pancreas transplants

Strict blood pressure controls slows progression of diabetic
neuropathy

Henry Dolger (1909-1997) in New York described 20 people
who fulfilled the then-accepted criteria for excellent diabetic con-
trol, but who all developed severe retinopathy after 6-22 years
[63]; among these was the first person ever to receive insulin at
Mount Sinai Hospital, New York, who also had heavy albumin-
uria and hypertension by the age of 32. Second, Ruth Reuting
reported a cohort of 50 young patients originally identified in
1929 [64]. By 1949, one-third had died (mostly from cardiovas-
cular and renal disease) at an average age of 25 years, after only
18 years of diabetes, and the survivors showed “ominous signs of
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hypertension, azotemia, and proteinuria in significant numbers””
This had occurred despite the introduction of more versatile
insulin preparations (see below); the situation was so hopeless that
it inaugurated 20 years of treatment with “heroic” measures such
as adrenalectomy and hypophysectomy.

These and other studies raised questions about whether lower-
ing blood glucose levels to normal could prevent diabetic com-
plications or reverse them once they had appeared. The hypothe-
sis remained untestable for four more decades, until the means to
achieve tight glycemic control and measure it had been devised.



Figure 1.17 Hans Christian Hagedorn (1888-1971) from the Hagedorn Medal.
Source: Courtesy of C. Binder, Steno Institute, Hvidovre, Denmark.

Insulin

For the first decade after its discovery, insulin was available only
in its soluble (regular) formulation, whose short-action profile
required multiple daily injections. The first delayed-action prepa-
ration, protamine insulinate, was introduced in 1936 by Hans
Christian Hagedorn in Denmark (Figure 1.17) [65]. This was fol-
lowed by protamine zinc insulin later the same year, then globin
insulin in 1939, NPH (neutral protamine Hagedorn, or isophane)
in 1946, and the lente series in 1952. Long-acting insulins were
welcomed by diabetes specialists and people with diabetes, but
their use as a single daily injection probably produced worse
glycemic control than three or four injections of soluble insulin.
Indeed, delayed-action preparations were initially condemned by
some diabetes specialists, such as Russell Wilder of the Mayo
Clinic, because the patient could slip without apparent warning
into hypoglycemia.

The number and variety of insulin preparations proliferated,
but the main advances were in methods to produce highly purified
preparations from porcine or bovine pancreas, which remained
the source for therapeutic insulin until the early 1980s. Insulin
was the first therapeutic protein to be produced by recombi-
nant DNA technology, initially by David Goeddel (b. 1951), who
expressed synthetic genes encoding the A- and B-chains separately
in Escherichia coli and then combined these chemically to pro-
duce human-sequence insulin [66]. From there, genetic engineer-
ing has been used to produce “designer” insulins such as the fast-
acting insulin analogs lispro and aspart and the “peakless” basal
insulins such as glargine, detemir, and degludec. These insulins
are more expensive than NPH but the evidence suggests that there
is less clinical hypoglycemia with their use [67].

Most people with diabetes still inject insulin subcutaneously.
From a patient’s viewpoint, major milestones were the replace-
ment of glass and steel syringes by disposable plastic syringes with
fine-gauge needles, and then by “pen” injection devices invented
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by John Ireland (1933-1988) in Glasgow, Scotland, in 1981 [68].
Portable insulin infusion pumps were developed by John Pickup
(b. 1947) and colleagues in London during the late 1970s [69],
and have become progressively smaller and more sophisticated.
Both people with diabetes and manufacturers hope that there will
eventually be an insulin that can be given without injection. The
first inhaled insulin was marketed in 2006 but withdrawn a year
later because of lack of demand and concerns about safety [70],
but other products have more recently reached the market.

Oral antidiabetes agents

The first orally active glucose-lowering drug, synthalin, a guani-
dine derivative, was developed by Frank and colleagues in Breslau
in 1926 [71], but had to be withdrawn because of toxicity (a
recurrent problem for oral antidiabetes drugs). The sulfonylureas
originated from the work of Auguste Loubatiéres (1912-1977)
in France during the early 1940s on the glucose-lowering action
of a sulfonamide derivative, 2254RP. Loubatieres made the
crucial observations that proved that these drugs act as insulin
secretagogues and that they were effective in intact, but not
in pancreatectomized, animals [72]. In 1955 carbutamide was
the first sulfonylurea to enter clinical practice and tolbutamide
followed in 1957. Phenformin, the first biguanide, was intro-
duced in 1959 following research into the metabolic effects of
guanidine derivatives which had built on FranK’s initial studies
[73]. Metformin appeared on the European market in 1960 but
was not marketed in the USA until 1994. Troglitazone, the first of
a class of antidiabetes drugs—the glitazones—was also marketed
in 1994 but withdrawn because of liver damage. It was followed
by rosiglitazone and pioglitazone. Another class of drugs, acting
on the incretin system, were introduced in 2005. These are
either glucagon-like peptide 1 (GLP-1) receptor agonists (such
as exenatide) or inhibitors of the enzyme dipeptidylpeptidase-4
(DPP-4) which breaks down GLP-1 (gliptins).

In 2010 another class of agents, the SGLT2 inhibitors—the
gliflozins—became widely available with action blocking the renal
sodium-glucose co-transporters and thereby causing glycosuria—
with effects on lowering plasma glucose, reducing blood pressure,
and causing weight loss. A landmark trial using empagliflozin in
high-risk people with existing cardiovascular disease showed a
marked reduction in mortality [74].

Tolbutamide, phenformin, and insulin were compared in the
treatment of “maturity-onset” diabetes in the first randomized
controlled trial, the University Group Diabetes Program [75-77].
This much-criticized study concluded that the death rate was
higher for both oral agents than for placebo, and that insulin
(whether given in a fixed or variable dose) was no better than
placebo [77]. These findings were interpreted by some as suggest-
ing that treatment of maturity-onset diabetes was a waste of time—
amyth that was only laid finally to rest by the UK Prospective Dia-
betes Study [78].

Glucose control and treatment targets
During the 1920s, opinion leaders advocated normalizing blood
glucose in young people with diabetes, the rationale being to “rest”
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the pancreas, in the hope that it might regenerate. The only way of
monitoring diabetic control was by testing the urine for glucose,
and attempts to keep the urine free from sugar inevitably resulted
in severe hypoglycemia and often psychologic damage. This led
to the so-called “free diet” movement—linked particularly with
Adolf Lichtenstein (Stockholm) and Edward Tolstoi (New York)—
which encouraged people with diabetes to eat whatever they liked
and not to worry about glycosuria, however heavy. Tolstoi’s view
[79] was that a life saved by insulin should be worth living, and
that people with diabetes should be able to forget that they had
diabetes after each morning’s injection; it seems likely that many
physicians followed this policy for the next 40 years.

Adult physicians were similarly ambivalent about the impor-
tance of good glycemic control. Only one-third of diabetes physi-
cians questioned in England in 1953 thought that normoglycemia
would prevent diabetic complications, and only one-half advised
urine testing at home [80].

Practical monitoring of diabetic control became feasible in the
late 1970s with the introduction into clinical practice of test strips
for measuring blood glucose in a fingerprick sample and the
demonstration that most people with diabetes could use them
at home [81, 82]. The discovery of hemoglobin A, . by Samuel
Rahbar (1929-2012) paved the way for glycated hemoglobin
(HbA,.) assays which gave an objective measure of overall glu-
cose control [83]. These methods in turn made possible the North
American Diabetes Control and Complications Trial, which in
1993 finally established that good control prevents and delays
the progression of microvascular complications in type 1 diabetes
[84]. For type 2 diabetes, the importance of good glycemic con-
trol was definitively proved by another landmark study, the UK
Prospective Diabetes Study (UKPDS), masterminded in Oxford,
UK, by Robert Turner (Figure 1.18). The UKPDS reported in
1998, and not only showed a beneficial effect of improved glycemic
control on microvascular complications [78], but also established
the importance of treating hypertension [85]. By the late 1990s
it was clear that reducing glucose levels, high blood pressure, or
cholesterol separately would reduce the frequency of heart dis-
ease and death and it was natural to wonder whether tackling
them simultaneously (multiple risk factor intervention) would be
even better. The Steno 2 study, which began in Denmark in 1992,
enrolled people with type 2 diabetes with microalbuminuria and
after 13 years of follow-up showed that multiple risk factor inter-
vention reduced the risk of death by 20% and the risk of develop-
ing nephropathy, retinopathy, and neuropathy by 50% [86].

Diabetic complications

Apart from the general benefits of controlling blood glucose, some
specific treatments have emerged for certain chronic complica-
tions. Well-conducted clinical trials during the late 1970s showed
the effectiveness of laser photocoagulation in preventing visual
loss from both maculopathy and proliferative retinopathy [87].
This technique was derived from the xenon arc lamp originally
described in the late 1950s by Gerd Meyer-Schwickerath (1921~
1992) of Essen, Germany [88].
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Figure 1.18 Robert Turner (1939-1999), instigator of the UKPDS, the first study
to show that good control of blood glucose and blood pressure was beneficial in
type 2 diabetes. Source: Courtesy of the British Diabetic Association.

The importance of blood pressure control in preventing the
progression of nephropathy is now fully recognized, and block-
ade of the renin-angiotensin system may be particularly beneficial;
that blood pressure control slowed the progression of nephropathy
was shown in studies by Carl-Erik Mogensen (b. 1938) and Hans-
Henrik Parving (b. 1943) published in the early 1980s [89]. The
detection of very low albumin concentrations in urine (microal-
buminuria), now used throughout the world to screen for and
monitor the course of diabetic nephropathy, is derived from a
radioimmunoassay developed in 1969 by Harry Keen and Costas
Chlouverakis, at Guy’s Hospital in London [90].

Diabetic ketoacidosis

The introduction of insulin was only one aspect of the manage-
ment of this acute and previously fatal complication of diabetes.
Of the first 33 cases treated by Joslin and his colleagues between
January 1, 1923 and April 1, 1925, 31 survived—an excellent



outcome, even by modern standards, which Joslin [91] attributed
to: “Promptly applied medical care, rest in bed, special nursing
attendance, warmth, evacuation of the bowels by enema, the intro-
duction of liquids into the body, lavage of the stomach, cardiac
stimulants, and above all the exclusion of alkalis.”

Sadly, other centers did not pay so much attention to detail. In
1933, the death rate from ketoacidosis in Boston was only 5%,
but elsewhere in North America and Europe it averaged 30% and
could be as high as 75%. An important advance in management
was the acceptance of relatively low-dose insulin replacement, fol-
lowing the example of Ruth Menzel and colleagues in Karlsburg,
Germany [92]. This broke with the tradition of high-dose regi-
mens such as that proposed by Howard Root in the USA, which
had recommended an average of 1200 units of insulin during the
first 24 hours of treatment [93]. Another step forward was the
recognition by Jacob Holler in 1946 of the danger of hypokalemia
[94]. Holler’s observation helped to establish the need for mon-
itoring plasma potassium levels, which became feasible with the

(a
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introduction of the flame photometer, and replacing potassium
accordingly.

Diabetic pregnancy

As late as 1950, the outcome of pregnancy in women with diabetes
was still very poor in most units, with perinatal fetal losses of 45—
65%, some 10 times higher than in the general population. Excep-
tions to this depressing rule were the units run by Priscilla White
at the Joslin Clinic in Boston, who had published excellent results
as early as 1935 [95], and by Jergen Pedersen in Copenhagen
(Figure 1.19). Pedersen identified the common features under-
pinning success as good diabetic control and care provided by an
experienced and dedicated team consisting of a physician, obste-
trician, and pediatrician [96]. Pedersen’s target of a fetal mortality
rate of 6% was not achieved in most European or US units until
the 1980s.

(b)

Figure 1.19 Jargen Pedersen (1914-1978) and Ivo Drury (1905—1988), pioneers, with Priscilla White (1900—-1989), in the management of pregnancy in women with type 1
diabetes. Source: Courtesy of Dr. Carl Erik Mogensen and the Royal College of Physicians of Ireland.
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(a

Figure 1.20 Eresto Roma (1887-1978) and (right) Robin D. Lawrence (1892—1968). Source: Photograph of Dr. Roma by courtesy of Manuel Machado Sa Marques and the

Associacao Protectura das Diabéticos de Portugal.

Delivery of care for people with diabetes

From the earliest days of insulin injection and urine testing, it was
apparent that people with diabetes needed knowledge and practi-
cal skills to manage their disease effectively. Lip-service was often
paid to the importance of diabetes education, but most patients
were badly informed. In 1952, Samuel Beaser (1910-2005) ques-
tioned 128 people with diabetes attending the Boston Diabetes
Fair, and found that “all were distinctly deficient in knowledge of
their disease” [97]; he felt that responsibility lay with both doctors
and administrators. Further studies during the 1960s by Donnell
Etzwiler (1927-2003) in Minneapolis showed that many doctors
and nurses were also ignorant about managing diabetes. Since the
1980s, diabetes specialist nurses and nurse educators have been
appointed in increasingly large numbers—thus fulfilling a sugges-
tion originally made by Joslin in 1916.

National and international diabetes associations have also
played an important part by supporting scientific and clinical
research, providing practical and moral help for people with dia-
betes, and lobbying governments on their behalf. The first of
these organizations was the Portuguese Association for the Pro-
tection of Poor Diabetics, founded in 1926 by Ernesto Roma of
Lisbon after an inspiring visit to Joslin’s clinic in Boston (Figure
1.20). The Association’s aim was to provide free insulin and edu-
cation for people with diabetes and their families. In the UK, the
Diabetic Association (later the British Diabetic Association, and
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now Diabetes UK) was established in 1934 by Robin Lawrence
of King’s College Hospital, London, helped by the novelist H.G.
Wells (Figure 1.20). Similar organizations were later founded in
France (1938), the USA (1940), and Belgium (1942), and now exist
in most countries.

On a wider scale, the International Diabetes Federation was
established in 1950 and the European Association for the Study of
Diabetes (EASD) in 1964. These organizations are devoted to the
practice of diabetes care as well as the basic and clinical science
of the disease, and have been valuable in coordinating treatment
targets and strategies at international level; an important exam-
ple was the St. Vincent Declaration, issued jointly in 1990 by the
EASD and the World Health Organization [98].
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Key points

* Diabetes is a group of metabolic diseases characterized by hyperglycemia

resulting from defects in insulin secretion, insulin action, or both.
e There is a general agreement that there are three main types of diabetes
and the fourth type includes the less common specific types of varied

e Although blood glucose remains the main stay for diagnosis of diabetes,

HbA, is now approved as an alternative diagnostic test for
hyperglycemia.

* Diagnostic criteria for gestational diabetes (GDM) are modified.

etiology. * Impaired glucose tolerance (IGT) is a predictor for subsequent
development of type 2 diabetes and is also a cardiovascular risk factor.
In the late 19th century, two categories were recognized, one
Introduction category was described as occurring in young people with a short

Diabetes is one of the most common metabolic diseases with
a complex, multifactorial etiology and has varied clinical and
biochemical manifestations. Multiple therapeutic approaches are
required for glycemic management of its different groups. The
main cause of the disease is inadequate secretion and/or impaired
action of insulin on the target tissues. Severity of the resultant
hyperglycemia and the symptoms and signs vary widely. The
vascular damage resulting in microvascular and macrovascular
complications depends largely on the degree and duration of
hyperglycemia.

Diabetes mellitus has been known since ancient times. The
term “diabetes” was probably first used by Apollonius of Memphis
around 250 BC, which literally meant “to go through” or siphon as
the disease drained more fluid than a person could consume. The
Latin word “mellitus” was added later as the urine of people with
diabetes was sweet (Chapter 1) [1].

In 1500 BC, Hindu scholars described “a mysterious disease
causing thirst, enormous urine output, and wasting away of the
body with flies and ants attracted to the urine of people” [2]. At
the same period, an Egyptian physician, Hesy-ra and the Greek
physician Arateus also documented similar symptoms of a myste-
rious disease which also caused emaciation. If urine tasted sweet
diabetes was diagnosed. It was only in the 1800s that chemical
tests were developed to detect the presence of sugar in the urine.
The early descriptions were probably related to severe forms of
the disease, either type 1 diabetes (T1DM) or late type 2 diabetes
(T2DM) [3].

time course before ketoacidosis occurred and the second one
was described as common in older and obese people. In 1936,
Himsworth showed that diabetes could be divided into insulin-
resistant and insulin-sensitive types and the former was more
common among the maturity-onset variety [4].

Definition

Diabetes is a group of metabolic diseases characterized by hyper-
glycemia resulting from defects in insulin secretion, insulin
action, or both. The chronic hyperglycemia of diabetes is associ-
ated with long-term damage, dysfunction, and failure of different
organs, especially the eyes, blood vessels, heart, nerves, and kid-
neys [5,6].

Diabetes is characterized by disturbances in carbohydrates, fat,
and protein metabolism. The clinical symptoms include polyuria,
polydipsia, polyphagia, weight loss, and blurring of vision which
usually occur when prolonged hyperglycemia is severe. It exac-
erbates to uncontrolled diabetes namely ketoacidosis or hyper-
osmolar non-ketotic coma. Often symptoms are mild or absent
among people with T2DM for many years especially when hyper-
glycemia is mild. The disease may remain undetected, but tissue
damage may develop and therefore vascular complications may
be present at the time of diagnosis [6]. Chronic hyperglycemia
may cause impairment of growth and increase the susceptibility to
certain infections in some people with diabetes. In addition to the
classic symptoms, people with diabetes may present with vague
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symptoms such as unexplained weight loss, fatigue, restlessness,
and body pain. A few persons in the early stages of hyperglycemia
present with symptoms of reactive hypoglycemia.

Long-term complications of diabetes are mainly of two types:
(1) microvascular complications which include retinopathy with
potential loss of vision, nephropathy leading to renal failure,
peripheral neuropathy with risk of foot ulcers, amputations, and
Charcot joints; and (2) autonomic neuropathy causing gastroin-
testinal, genitourinary, and cardiovascular symptoms, and sex-
ual dysfunction [5, 6]. The macrovascular complications include
cardiovascular diseases with increased incidence of atheroscle-
rotic cardiovascular, peripheral arterial, and cerebrovascular dis-
eases. Hypertension and dyslipidemia often coexist in people with
diabetes.

Classification of diabetes

Diabetes has been known for many centuries and the variations in
the severity of diabetes was also described. However, a clear dis-
tinction between two types of diabetes emerged only in the 20th
century. The first real attempt to classify diabetes was by the World
Health Organization (WHO) Expert Committee on Diabetes
Mellitus which classified diabetes based on the age of onset of the
disease, mainly juvenile-onset diabetes and maturity-onset dia-
betes [7]. Although at that time other phenotypes such as the brit-
tle, gestational, pancreatic, endocrine, insulin-resistant, and iatro-
genic varieties were described, there was no clear understanding
of etiology [3].

Glucose measurements in blood became common but no stan-
dard criteria for diagnosis were used. Diagnosis was usually made
if there were clinical symptoms with high blood glucose and gly-
cosuria. In juvenile-onset diabetes ketonuria was noted to be com-
mon. Later on with the availability of insulin measurement using
radioimmunoassay, insulin deficiency or lack of insulin secretion
in juvenile-onset diabetes and apparently normal or raised lev-
els in maturity-onset diabetes could be demonstrated. This was
a major breakthrough in the history of diabetes.

The WHO has published several guidelines for diagnosis of
diabetes since 1965 [6-9]. The second report of the WHO pub-
lished in 1980 [8] marked the beginning of the modern clas-
sification which was a revision of the criteria published by the
National Diabetes Data Group (NDDG) [10]. For the first time
the four major groups were defined: (i) insulin-dependent dia-
betes mellitus (IDDM, type 1); (ii) non-insulin-dependent dia-
betes mellitus (NIDDM, type 2); (iii) the “other types”; and
(iv) gestational diabetes mellitus (GDM). Two risk classes: previ-
ous abnormality of glucose intolerance, and potential abnormal-
ity of glucose tolerance were also suggested in place of the terms
“prediabetes” or “potential” diabetes. Both diagnosis and classifi-
cation were reviewed in 1985 [9] and 1999 [6]. At the same time
the American Diabetes Association (ADA) also published a report
of an expert committee on the diagnosis and classification of dia-
betes [11]. Both the classifications attempted to encompass both
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etiology and clinical stages of the disease based on the sugges-
tions of Kuzuya and Matsuda [12]. It was recognized that diabetes
may progress through several clinical stages from normoglycemia
to ketoacidosis. With the discovery of human leucocyte antigen
(HLA) genotypes and also the islet cell antibodies, it was clear that
juvenile-onset diabetes or the younger people with diabetes who
were insulin-dependent had an autoimmune etiology. Maturity-
onset diabetes was considered to be a milder form of the disease.

It was also recognized that people with T2DM can move from
one to another stage of varying severity of hyperglycemia, from an
insulin requiring stage to non-pharmacological intervention with
modification of lifestyle. The etiological classification of glycemia
was described by WHO [6] and also approved by ADA [13].
Table 2.1 shows the classification as recently described by ADA [5].

The classification of T2DM is largely characterized by exclu-
sion. As new causes are discovered they are included as “other
specific types” such as the maturity-onset diabetes of the young
(MODY) [3]. WHO revisited the classification in 2006 [14] and
2010 and no major modifications were made. Impaired glucose
tolerance (IGT) was removed from the formal classification of
T2DM but was retained as a risk state. A new category of risk sta-
tus, impaired fasting glucose (IFG), was introduced.

Methods and criteria for diagnosing
diabetes [5,6]

An HbA,  of >6.5% (>48 mmol/L) is recommended as the
cut point for diagnosing diabetes [15]. A value less than 6.5%
(<48 mmol/mol) does not exclude diabetes diagnosed using glu-
cose tests. The expert group concluded that currently there is
insufficient evidence to make any formal recommendation on the
interpretation of HbA,_ levels below 6.5%. The diagnostic crite-
ria currently recommended by WHO, the International Diabetes
Federation (IDF), and also by ADA (with minor variations) are
shown in Table 2.2.

Fasting glucose may not be as accurate and equivalent to the use
of an OGTT in identifying persons with diabetes. Studies in Asian
populations [16] and the European DECODE study [17] showed
that if only a fasting blood glucose was used, nearly one-third of
cases with diabetes might be missed and vice versa at the point of
diagnosis. However, with time, the three groups of people identi-
fied by the different tests coalesce so that those diagnosed by only
one method will be identified by the other tests in due course.

Glycated hemoglobin (HbA, ) for diagnosis
of diabetes

Blood glucose measurement has been the mainstay for diagnosis
and monitoring glycemic control in diabetes for many decades.
Use of OGTT is a comparatively inexpensive, sensitive index of
hyperglycemia including impaired glucose homeostasis. However,
several disadvantages such as wide biological variability, poor



Classification and Diagnosis of Diabetes Chapter 2

Table 2.1 Classification of diabetes (adapted from ADA).

— |. Type 1 A. Immune-mediated

(B-cell destruction, absolute insulin)
B. Idiopathic
—— II. Type 2 diabetes
(Predominantly insulin resistance with relative insulin deficiency to a predominantly secretory defect with insulin resistance)

—— A. Genetic defects
—— lIl. Other specific types

o MODY 3 (Chromosome 12, HNF-1cx)

o MODY 1 (Chromosome 20, HNF-4cx)

o MODY 2 (Chromosome 7, glucokinase)

o Other very rare forms of MODY (e.g. MODY 4: Chromosome 13, insulin promoter factor-1;
MODY 6: Chromosome 2, NeuroDl MODY 7: Chromosome 9, carboxyl ester lipase)

o Transient neonatal diabetes (most commonly ZAC/HYAMI imprinting defect on 6q24)

o Permanent neonatal diabetes (most commonly KCNJ11 gene encoding Kir6.2 subunit of
(B-cell KATP channel)
o Mitochondrial DNA
o Others
—  B. Genetic defects in insulin action
Type A insulin resistance, Leprechaunism, Rabson—-Mendenhall syndrome
Lipoatrophic diabetes and others
——  C.Diseases of the exocrine pancreas
Pancreatitis, Trauma/pancreatectomy, Neoplasia, Cystic fibrosis, Hemochromatosis,
Fibrocalculous pancreatopathy, and others
——  D. Endocrinopathies
Acromegaly, Cushing’s syndrome, Glucagonoma, Pheochromocytoma, Hyperthyroidism, Somatostatinoma,
Aldosteronoma, and others
—  E.Drug- or chemical-induced

Vacor, Pentamidine, Nicotinic acid, Glucocorticoids
Thyroid hormone, Diazoxide, B-Adrenergic agonists, Thiazides
Dilantin, y-Interferon, and others

—  F. Infections
Congenital rubella, Cytomegalovirus, and others
—  G. Uncommon forms of immune-mediated diabetes

Stiff-man syndrome, Anti-insulin receptor antibodies, and others

L—  H. Other genetic syndromes sometimes associated with diabetes

Down syndrome, Klinefelter syndrome, Turner syndrome, Wolfram syndrome, Friedreich ataxia,
Huntington chorea, Laurence-Moon-Bied| syndrome, Myotonic dystrophy, Porphyria,
Prader-Willi syndrome, and others

L— |V. Gestational diabetes mellitus

reproducibility, influenced by acute factors such as stress, food,
and exercise, and also by some medications, are the main disad-
vantages of using blood glucose [18].

Glycated hemoglobin (HbA, ) initially identified as an index
of chronic hyperglycemia has now evolved as a valuable tool to
monitor glycemic control, for screening and diagnosis of diabetes

and prediabetes and as a predictor of micro- and macrovascu-
lar complications [18,19]. Assays of HbA,_ have multiple advan-
tages over that of blood glucose including its preanalytical and
analytical stability, its independence of the prandial status, and
the assays are well standardized with high precision and accu-
racy. Presently the results are traceable to the Diabetes Control and
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Table 2.2 Criteria for the diagnosis of diabetes (adapted from ADA).

Test Description Diagnostic cut-off

HbA The test should be performed in a laboratory using a method >6.5% (48 mmol/mol)
that is NGSP certified and standardized to the DCCT assay*

OR

Fasting plasma glucose Fasting is defined as no caloric intake for at least 8 h* >126 mg/dL (7.0 mmol/L)

OR

Two-hour plasma glucose during
an oral glucose tolerance
testing (OGTT)

OR

Random plasma glucose

The test should be performed as described by the World
Health Organization, using a glucose load containing the
equivalent of 75 g anhydrous glucose dissolved in water*

The test is advised for people with classic symptoms of

>200 mg/dL (11.1 mmol/L)

>200 mg/dL (11.1 mmol/L)

hyperglycemia or hyperglycemic crisis

*In the absence of unequivocal hyperglycemia, criteria 1-3 should be confirmed by repeat testing.

Complications Trial (DCCT) assay values (measured as %) [20]
and can also be compared to the highly accurate International
Federation of Clinical Chemistry (IFCC)-standardized values
(mmol/mol) [18]. High cost of the assay and its instrumentation,
lack of awareness regarding its utility among the medical practi-
tioners and the assay interferences (hematological abnormalities,
hemoglobinopathies, factors influencing erythropoiesis), limit its
application in many countries. Healthcare professionals using the
test should be aware of these limitations and use their discretion
in interpreting the results. Several lacunae still exist in the under-
standing of the relationship between HbA, . and glycemia [18].
These include the relationship in children and the elderly, in preg-
nancy, in chronic liver and renal disease, the effect of HIV, the
understanding of the genetic influences on HbA, variance, and
ethnic influences [21].

Type 1 diabetes (T1DM) [5, 6]

Formerly known as insulin-dependent diabetes mellitus or
juvenile-onset diabetes, TIDM occurs due to cellular-mediated
autoimmune destruction of pancreatic f cells, causing an absolute
deficiency of endogenous insulin. Persons with TIDM are depen-
dent on exogenous insulin for survival and are ketosis-prone.
Markers of the immune destruction of the  cell include islet cell
autoantibodies, autoantibodies to insulin, autoantibodies to glu-
tamic acid decarboxylase (GAD-GADG65), and autoantibodies to
the tyrosine phosphatases IA-2 and IA-2f. One or more of these
autoantibodies are present in 85-90% of individuals when fast-
ing hyperglycemia is initially detected. The disease also has strong
HLA associations, with linkage to the DQA and DQB genes, and
is influenced by the DRB genes.

The rate of destruction of p cells is rapid mainly in infants,
young children, and adolescents and they may present with
ketoacidosis at the time of first presentation. Some persons with
T1DM, mostly adults, may have slow deterioration of p cells and
show detectable levels of plasma C-peptide for many years. Some
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people with TIDM are also prone to other autoimmune disor-
ders such as Graves’ disease, Hashimoto’s thyroiditis, Addison’s
disease, vitiligo, celiac-sprue, autoimmune hepatitis, myasthenia
gravis, and pernicious anemia.

About 2-12% of persons diagnosed with diabetes show pheno-
type characteristics of T2DM and have good glycemic control with
oral antidiabetes agents, but rapidly progress to requiring insulin.
They also show the presence of autoimmune markers of f-cell
destruction, such as GADA-65. This subgroup is termed “latent
autoimmune diabetes of adults” (LADA) [22].

A few people with TIDM may have no evidence of autoimmu-
nity, but are prone to episodic ketoacidosis and may exhibit vary-
ing degrees of insulin deficiency and insulin dependency during
those periods. This form, termed “idiopathic diabetes” is com-
monly seen in persons of African and Asian ethnicity and is
strongly familial.

Type 2 Diabetes (T2DM)

T2DM, previously known as non-insulin-dependent diabetes,
constitutes more than 95% of the total population with dia-
betes. Its prevalence is increasing globally but the most strik-
ing changes are now seen in the low- and middle-income coun-
tries. T2DM remains asymptomatic for many years and therefore
remains undetected in nearly 50% of persons affected by the dis-
ease [5, 6,23]. T2DM is commonly diagnosed incidentally when
a medical checkup is done for other reasons. Individuals with
T2DM have a relative insulin deficiency; they secrete insulin but
not enough to overcome insulin resistance. Though most of them
require only lifestyle changes and oral antidiabetes agents to main-
tain glycemic control, many of them become insulin-requiring
over a period of time. Chronic exhaustion of p-cell function is a
major cause of this.

Although research studies have focused on the molecular mech-
anisms underlying T2DM, only modest success has been achieved
in unraveling the genetic abnormalities. In the past two decades



T2DM in children and adolescents has become common in Asian
populations which could be partly attributed to the rising rates of
obesity in children. A study from Taiwan has reported T2DM to
be the commonest form of diabetes in children aged 6-18 years.
Signs associated with insulin resistance are also common among
these children [24].

Other specific types

These forms of diabetes are relatively less common. The under-
lying defects of the disease processes can be identified in these
forms, such as those listed below. Some of these defects are reme-
diable and types of glycemia can also be cured [5,6].

¢ Genetic defects in B cells such as MODY.

¢ Genetic defects in insulin action, such as Leprechaunism.

e Diseases of the exocrine pancreas, such as cancer of the
pancreas, cystic fibrosis, and fibrocalculous pancreatopathy
(a form of diabetes, which was formerly classified as one type of
malnutrition-related diabetes mellitus).

¢ Endocrinopathies, such as Cushing syndrome, acromegaly, and
pheochromocytoma.

¢ Drug-induced, such as steroid and thiazides.

¢ Infections, such as rubella, cytomegalovirus; immune-mediated
diabetes such as seen in cases with insulin-receptor antibodies; a
number of genetic syndromes as shown in Table 2.1 are associated
with diabetes.

Gestational diabetes (GDM)

GDM is a state of carbohydrate intolerance resulting in hyper-
glycemia of variable severity, with onset or first recognition

Table 2.3 Screening for and diagnosis of GDM (adapted from ADA).
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during pregnancy. It does not exclude the possibility that the
glucose intolerance may antedate pregnancy but has previously
gone unrecognized. The definition applies irrespective of whether
or not insulin is used for treatment or whether the condition
persists after pregnancy [5,6].

Women who have diabetes and subsequently become preg-
nant are termed as having “diabetes mellitus and pregnancy” and
should be treated accordingly during and after the pregnancy.
GDM may develop at any stage of pregnancy. Hyperglycemia
may resolve after the delivery. However, 5-10% of women
may continue to have diabetes, often T2DM and will require
treatment with lifestyle changes and appropriate hypoglycemic
agents.

Women with GDM should be screened for diabetes 6-12
weeks postpartum, using non-pregnant OGTT criteria. Diagno-
sis using HbA . at the postpartum screening is not recommended
but may be considered beyond 12 weeks postpartum. Women
who show impaired glucose regulation at this stage should be
treated with lifestyle interventions and in some circumstances
metformin.

Women with any of the following risk factors should be
screened with an appropriate blood test as shown in Table 2.3,
during the first prenatal visit; if the result is found to be normal,
they should be tested again between 24 and 28 weeks of preg-
nancy [5,6]. The risk factors for GDM include older age, obesity,
history of elevated blood glucose levels or GDM during previous
pregnancy, women who had large-for-gestational age babies,
strong family history of diabetes, and women from high-risk
ethnic groups such as Asians.

The criteria used for diagnosis of GDM are shown in Table 2.3.

Different criteria are now used to diagnose GDM. Establishing
a uniform approach to diagnosis will have extensive benefits for
patients, caregivers, and policy makers [5].

Test Cut-off values

Diagnosis

"“One-step” (IADPSG consensus)

The test is performed at 24-48 weeks of gestation
in women with no history of overt diabetes.

75-g Oral glucose tolerance test
(fasting for minimum 8 hours)

“Two-Step” (NIH consensus)

The test is performed at 24-48 weeks of gestation
in women with no history of overt diabetes.

Step 1:

50-g Oral glucose tolerance test (non-fasting)

Step 2:

100-g Oral glucose tolerance test (fasting for
minimum 8 hours)

Fasting: >92 mg/dL (5.1 mmol/L)
1'h:>180 mg/dL (10.0 mmol/L)
2 h:>153 mg/dL (8.5 mmol/L) values

1 h post glucose: >140 mg/dL* (7.8 mmol/L)
3 h post glucose: >140 mg/dL (7.8 mmol/L)

Diagnosis of GDM is made when any of the
plasma glucose value exceeds the cut-off

If plasma glucose measured 1 h post load is
>140 mg/dL* (7.8 mmol/L) proceed to
Step 2.

Diagnosis of GDM is made when plasma
glucose measured 3 h after the test is
>140 mg/dL (7.8 mmol/L)

*The American College of Obstetricians and Gynecologists (ACOG) recommend a lower threshold of 135 mg/dL in high-risk ethnic minorities with higher prevalence of GDM.
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Intermediate hyperglycemia or impaired
glucose regulation (prediabetes)

Prediabetes is typically defined as blood glucose levels above
normal, but below diabetes thresholds and is a risk state that
increases the chance of developing diabetes. About one-third of
persons with IGT develop T2DM; the annual incidence rate ranges
between 2% to 10% per year depending on the population and
presence of risk factors [14].

T2DM goes through several subclinical stages of abnormali-
ties before its clinical manifestations occur. IGT is a postprandial
abnormality of glucose tolerance where the 2-hour plasma glu-
cose value after 75 gm glucose intake is between 7.8-11.1 mmol/L
(140-199 mg/dL). Nearly 20-30% of people with IGT will also
have IFG. The values for IFG are a fasting plasma glucose
concentration of >6.1 mmol/L (110 mg/dL), but <7.0 mmol/L
(126 mg/dL). IFG can also exist as an isolated condition [14].
The ADA applies the same threshold for IGT, but uses a lower
cut-off value for IFG, that is, fasting plasma glucose of 5.6-
6.9 mmol/L (100-125 mg/dL) [5]. The ADA has also intro-
duced the use of HbA,_ levels of 5.7-6.4% (38.8-46.4 mmol/mol)
as a new category of high diabetes risk. It is possible to pre-
vent the development of diabetes in these people by lifestyle
modification.

Use of the term prediabetes has been criticized on the basis that
not all people with this condition progress to T2DM and the term
“intermediate hyperglycemia” is preferred.

Conclusion

Over the past two decades significant clarity has been achieved
in both the classification of diabetes mellitus, and in the diagnos-
tic criteria. This has helped to establish some uniformity in data
collection and has also allowed comparison of the international
profile of the disease.

However, consensus is still lacking in many areas, for example
the diagnostic criteria for GDM. Moreover, sufficient importance
is not being given to identifying prediabetes states, which are the
strongest predictors of incident T2DM. Conversion of prediabetes
to T2DM can be prevented or delayed in a large proportion of indi-
viduals by healthy lifestyle modification.

28

The classification of diabetes continues to evolve as underly-
ing genetic, and other, factors become identified with increasing
precision.
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Keypoints
 Type 1 diabetes mellitus (T1DM) develops in genetically susceptible

individuals after a preclinical phase of variable length usually with
immune-mediated destruction of pancreatic B cells, and requires lifelong
treatment with insulin.

e The disease can occur at any age, but the incidence peaks around
puberty. Classification of T1DM versus type 2 diabetes mellitus (T2DM)
becomes increasingly difficult with age.

« In childhood, the incidence is similar in females and males, but there is a
1.3-2.0-fold male excess in incidence after about 15 years of age in most
populations.

e The incidence in childhood varies enormously between countries. Some
Asian and South American populations have low incidences (~0.1-8 per
100,000/year), whereas Finland (>40 per 100,000/year), Sardinia
(~38 per 100,000/year), and Sweden (~30 per 100,000/year) have high
incidences. North America (1525 per 100,000/year) and Australia
(~15 per 100,000/year) have moderate to high incidences, while eastern
countries in Europe have low to moderate incidences (4—10 per
100,000/year).

e About 10-20% of newly diagnosed childhood cases of T1DM have an
affected first-degree relative. Those with an affected sibling or parent

have a cumulative risk of 3-7% up to about 20 years of age, compared
with cumulative risks of 0.2—0.8% in the respective general populations.
The cumulative incidence among monozygotic co-twins of persons with
T1DM is less than 50%, even after >30 years' follow-up.

Some of the geographic differences and familial aggregation may be
explained by human leukocyte antigen haplotypes.

The incidence of childhood-onset T1DM has increased by 3-4% per year,
and there is a tendency towards younger average age at onset over time,
which cannot be explained by genetic factors. The causes of this
increasing trend are not known.

Virus infections and nutritional factors have been implicated, but no
specific environmental factor has been established as a risk factor.

Even though insulin replacement therapy and other advances in the
management of T1DM have improved the prognosis of persons with
T1DM, their mortality is still at least two times (~2—8-fold) higher than in
the background population. This is because of both acute and chronic
complications of the disease, including cardiovascular disease, after about
30 years of age.

Introduction

Type 1 diabetes mellitus (T1DM) requires lifelong treatment with
insulin, and in the majority of cases results from a cell-mediated
autoimmune destruction of the p cells in susceptible individuals.
This occurs after a preclinical period of months to years when islet
autoantibodies to insulin, glutamic acid decarboxylase (GAD),
and insulinoma-associated antigen 2 (IA-2) and other autoanti-
gens can be detected [1]. Autoantibodies are not thought to cause
the disease, but are markers of ongoing B-cell destruction. Persis-
tent positivity for two or more islet autoantibodies in early life is

associated with a high probability of developing T1DM within the
following months to years in genetically susceptible individuals—
a more than 60% cumulative incidence after 10 years [2].

Genetic factors influence the susceptibility to T1DM, particu-
larly human leukocyte antigen (HLA) genes [3, 4]. The combina-
tion of HLA class II haplotypes DR3-DQ2 and DR4-DQ8 confers
avery high risk of T1IDM, whereas those who carry only one of the
two risk haplotypes have moderately increased risk. Several other
alleles, including those in class I loci, further influence the genetic
risk. More details on the role of genetic factors and the patholog-
ical process are covered elsewhere in this volume. Diagnosis of
T1DM among children is considered relatively simple, typically

Textbook of Diabetes, Fifth Edition. Edited by R. Holt, C. Cockram, A. Flyvbjerg and B. Goldstein.

© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

29



Part 1 Diabetes in its Historical and Social Context

with very high glucose levels and clear dependence upon insulin,
but classification and early detection become increasingly difficult
with increasing age.

Occurrence of TIDM by age, sex, place, and time

The World Health Organization (WHO) DIAMOND Study
(Multinational Project for Childhood Diabetes) [5] and the
EURODIAB ACE Study [6] have collected standardized incidence
data for TIDM among children aged under 15 years, based on
notification by the diagnosing physician and date of diagnosis,
defined as the date of first insulin injection. In both projects, the
degree of undercounting of cases has been estimated using a sec-
ond source of information.

Incidence rates are calculated as the number of new cases per
100,000 person-years. Person-years are typically estimated by the
mean population size in each calendar year, sex, and age group.
The proportion of the population expected to develop the disease
by a certain age, the cumulative incidence, can be approximated by
multiplying the average incidence rate in an age group by the num-
ber of years covered by the age group. For instance, if the average
incidence rate among 0-14-year-olds is 20 per 100,000 person-
years, then ([20/100,000] x 15 = 0.003) 0.3% of children in that
population will develop disease before they reach 15 years of age.
Note that this corresponds closely to the prevalence at age 15 years
(assuming no mortality), while the prevalence in the age group
0-14 years will be substantially lower.

Most of the incidence data available today come from studies
of children in European countries. Incidence data from Africa are
still sparse, but increased information on the incidence of T1IDM
among Asian and South American populations has changed the
understanding of the global patterns in variation in incidence.

Occurrence of T1DM by age

In principle, T1IDM may occur at any age, but it is very rare in the
first year of life and becomes increasingly difficult to distinguish
from other types of diabetes after about 30 years of age. Essentially
all populations display a steady increase in incidence rate with age
up to around 10-15 years [5], but more recent data from Finland
indicate an incidence in 0-4-year-olds that is nearly as high as that
in 10-14-year-olds [7]. The incidence rate increases from birth to
peak at around puberty (Figure 3.1) and in most populations is
lower among 15-29-year-olds than among 0-14-year-olds [8-12].
In some populations there seems to be a second rise in incidence
after the age of about 25-30 years [13-15].

In the Swedish nationwide prospective incidence study of 15—
34-year-olds, 78% of the newly diagnosed participants were clas-
sified as having TIDM and 15% as having type 2 diabetes mel-
litus (T2DM) at the time of the diagnosis [16]. The follow-up
showed that 92% of participants diagnosed before 30 years of age
were treated with insulin at a later date [17]. These findings are
consistent with incidence data from Finland among 15-39-year-
olds [18,19]. In these studies, the incidence of T2DM exceeded
that of T1IDM by the age of about 30 years. By contrast, in Turin,
Italy, which has a much lower incidence of T1DM, the incidence
of T2DM is about three times higher than that of T1IDM at the
age of 30 years [13]. Although beyond the scope of this chapter,
it is important to consider the possible clinical heterogeneity and
increasing difficulty of classification of diabetes with increasing
age, and also potential monogenic diabetes among those with very
early onset [20]. A proportion of the apparent heterogeneity may
represent extremes within a continuum.

There is a lack of population-based incidence data for age
groups above 35 years of age. The only published population-
based incidence studies covering the incidence of TIDM over the
whole age span is one from Rochester, Minnesota, 1945-1969 [21]

50
g
g 40f EEWAN
c o ‘e
2 /A
5 o
g ,r.r,l\._./. %
o 30}
S 4 \
3 - ./\‘\;,-'. R
= Va B
@ 7 \
a 20 d |
g u, 6 Bg e Males
é [ D‘\ ey .\._I—l/l
I =8 a — T
< o0} Ooa n oFo [
m] T 0qg
L o \D—D‘DD
Femal
N A Figure 3.1  Incidence rate of type 1 diabetes per
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 100,000/year in Swedish males and females by age
Age (years) during 1983—1998. Source: Pundziute-Lycka et al.
2002 [11]. Reproduced with permission of Springer.

30



and from Denmark, 1973-1977 [22]. The latter study indicated
that the cumulative probability of developing T1DM before age
80 years is in the range 1-1.5%.

Incidence by sex

The peak in incidence rate among children occurs slightly earlier
in girls than boys (Figure 3.1), suggesting an influence of puberty.
During the 1970s, there was a male excess of T1IDM in children in
populations of European origin and a female excess in populations
of African and Asian origin [23]; however, during the early 1990s,
the sex-specific pattern in incidence among children changed
towards more modest differences. Of 112 centers with data
during 1990-1999, only six showed a significant excess of females
(Beijing, Hong Kong, and Zunyi in China, New South Wales in
Australia, Puerto Rico, and the African American ethnic group
in the United States) and six centers showed a significant male
excess (West Bulgaria, Finland, and Attica in Greece, Switzerland,
Oxford in the United Kingdom, and the Dominican Republic),
and all differences were generally of modest magnitude [5]. The
general impression is still that it is the high-incidence countries
that tend to have a slight male excess, whereas the opposite is
seen in low-incidence countries. Many studies have shown a male
excess in the incidence of T1IDM among young adults. Whereas
the male : female ratio among children in most populations is
0.9-1.1 [5], the male : female ratio among young adults ranges
from about 1.3 up to 2.0 in many populations [12, 24].

Incidence by country

The incidence rate of TIDM among childhood populations shows
a vast geographic variation worldwide (Figure 3.2) [5,25-27].
Over the period 1990-1999, the age-adjusted incidence rate of
T1DM ranged globally from 0.1 in Zunyi (China) and Caracas
(Venezuela) to 37.8 in Sardinia and 40.9 per 100,000/year in
Finland [5]. The most recent data from Finland indicate an
incidence rate of nearly 60 per 100,000 in 2006 [7], the highest
incidence ever recorded.

European countries are well represented with registries, and
there is an ~10-fold difference between highest and lowest
incidence countries in Europe [26], with the apparently lowest
rate of 3.6 per 100,000/year in Macedonia during 1989-1994.
Sweden has a high incidence rate (30 per 100,000/year). Centers
in France and mainland Italy, for instance, report intermediate
incidence rates of ~10 per 100,000/year, whereas some other
European countries have intermediate to high incidence rates
[5]. In general, the incidence rates are low in Eastern European
countries, although the most recent EURODIAB data show that
for several countries where the incidence rate previously was
below 10 per 100,000/year, during 1999-2003 it increased to 10
per 100,000/year or more, for example, in Lithuania, Bucharest in
Romania, and in Katowice in Poland [27].

Standardized data for the age group 15-29 years from
European centers (in Belgium, Lithuania, Romania, Sardinia,
Slovakia, Spain, Sweden and the UK) during 1996-1997 showed
incidence rates between 5 and 12 per 100,000/year [12]. Incidence
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rates among 15-29-year-olds within this range have also been
reported, albeit from earlier time periods, in other European
centers, such as 5.5 per 100,000/year in Rzeszow, Poland, in
1980-1992 [28], ~7 per 100,000/year in Turin, Italy, in 1984-1991
[13,29], and ~13 per 100,000/year in two regions of Denmark in
1970-1976 [8].

Although Sweden and Sardinia had higher incidence rates
among children, the incidence rate among young adults was not
much higher there than in the other centers in the multicenter
study [12]. Older data from Norway (1978-1982) [10] indicated
a higher incidence rate of 17 per 100,000/year and more recent
data from Finland (1992-2001) [18] indicated 8 per 100,000/year
among 15-29-year-olds. Recent data on new users of insulin (and
no other hypoglycemic agents) indicated stable incidences over
30 per 100,000/year among 15-29-year-olds in Norway during
2006-2010 [30]. In addition to problems with correct classifica-
tion of type of diabetes in adults mentioned above, incomplete
ascertainment may also be a greater problem for young adults
than among children [31], whereas incomplete ascertainment is
not a likely problem with the insulin use data. Differences between
countries in the incidence among young adults should be inter-
preted with caution until more data are collected using compara-
ble methodology.

The USA is represented with the data collected during the 1990s
from Allegheny County in Pennsylvania, Chicago in Illinois, and
Jefterson County in Alabama, with incidence rates in the range
11-18 per 100,000/year among children. Alberta and Calgary in
Canada had slightly higher rates (~23 per 100,000/year; Figure
3.2) [5], while the data from the Avalon Peninsula, Newfoundland,
indicated a higher incidence rate of 35.9 per 100,000/year [32].

In South America, children in centers in Venezuela, Paraguay,
and Colombia had incidence rates of <1 per 100,000/year, Chile
(Santiago) had ~4 per 100,000/year, and Argentina and Brazil
had an average of ~8 per 100,000/year. Many centers in Central
America and the West Indies (except Puerto Rico and St. Thomas)
generally had low to intermediate incidence rates, with indications
of decreasing time trends [5].

Data from New Zealand and parts of Australia show moder-
ate to high incidence rates (15-25 per 100,000/year) among chil-
dren [5]. Data from other Pacific Island countries are lacking,
and would be difficult to interpret because the populations in
most island countries are small. In Asia, the mean incidence rate
among the 23 centers in China during the early 1990s was 0.8 per
100,000/years. Japan had a slightly higher average incidence rate
of 1.7 per 100,000/year among three centers, and Kuwait stood out
with a high incidence rate of 22 per 100,000/year.

There is limited information on the incidence rate of TIDM
from sub-Saharan Africa [33]. The five DIAMOND centers are
all in North Africa (Algeria, Libya, Sudan, and Tunisia) or
Mauritius, an island off the coast of Madagascar. Incidence rates
reported from these centers range from low to intermediate, but
these countries cannot be said to be representative of Africa.

Additional incidence data from other regions are discussed in
sections below.
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Finland
Sardinia
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Figure 3.2 Geographic variation in childhood
onset type 1 diabetes incidence rates, 1990-1999.
L , Note that most registries were not nationwide and
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Incidence (per 100 000/year)

40 50 that several countries display within-country variation.
Source: The DIAMOND Project Group 2006 [5].

Trends in incidence over time

The methodology for population-based incidence registries was
not standardized until the late 1980s, but a number of older data
sources have been reviewed to assess possible time trends. There
is a general impression that the incidence of TIDM increased
strongly after the middle of the 20th century [34, 35], although
in Denmark the incidence among 0-29-year-olds seemed stable
from 1924 to the 1970s [8]. An analysis of incidence trends of
more standardized registry data from 1960 to 1996 in 37 popu-
lations worldwide showed a significant increase in incidence rate
over time in the majority of populations, with a steeper rela-
tive increase in low-incidence than in high-incidence populations
[36].
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In the 103 centers participating in the WHO DIAMOND
project for at least 3 years during 1990-1999, the overall relative
increase in incidence rate was 2.8% per year [5]. By continent,
overall increasing trends per year were estimated at 5.3% in North
America, 3.2% in Europe and 4.0% in Asia [5]. The only regions
with an overall decreasing trend were Central America and the
West Indies [5].

In general, the increasing trend appeared to be strongest in
the centers with high and very high incidence rates during the
1990s. In the centers with low and very low incidence rates, there
were no significant increases in incidence rates over time. How-
ever, the 15-year (1989-2003) time trends in Europe reported to
EURODIAB indicated an overall mean increase in incidence



rate of 3.9% per year, with a tendency towards stronger relative
increases in the countries with the lowest average incidence rates
during the first 5 years (1989-1994) [27].

Overall, the relative increase over time during the 1990s among
the DIAMOND centers was most pronounced in the younger
age group: 4.0% among 0-4-year-olds, 3.0% in 5-9-year-olds and
2.1% in 10-14-year-olds, and was similar for boys and girls in
most centers. The pattern of a steeper relative increase among
the youngest was seen in Europe and Oceania, but not in Asia
and North America [5]. A smaller relative increase in incidence
rate over time among older individuals than among younger ones
has also been seen in European studies covering wider age ranges
[11, 14, 15,37, 38]. This latter observation is in line with a model
where a certain pool of genetically susceptible individuals contract
the disease at younger ages [11, 14,39]. The few available data,
however, are not entirely consistent with this idea. An increas-
ing incidence rate has been seen also among older age groups in
some populations [15, 19,29], but the lack of standardized inci-
dence data covering the whole age range makes it difficult to draw
firm conclusions. Note that despite the time trends indicated in
Sweden with decreasing average age of onset, the peak incidence
rate remained around the age of puberty [11].

In Finland, the incidence rate increased linearly from the mid-
1960s to the mid-1990s [40] and thereafter even more steeply,
reaching almost 60 per 100,000/year in 2006. After a peak in 2006,
the incidence among children in Finland seems to have plateaued
[41]. However, when considering the year-to-year variation in
long-term data from Finland and other Nordic countries, this
may well be only temporary (Figure 3.3). Whereas data from the
Swedish Childhood Diabetes Register suggested a possible plateau
in the incidence in Sweden in 2006 [42], other register data from
Sweden showed a continuing increase up to 2009 [43]. Further-
more, data from Germany [44], Israel [45], USA [46], Yorkshire,
UK [47], and Shanghai, China [48] show these to be examples
of countries or regions with continuing rises in incidence up to
recent years. Data from Western Australia suggest a continuing
increase over the long term, but that the incidence varies in cycles
of ~5 years [49]. Similar patterns have been observed elsewhere,
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but it does not seem to be a general pattern (Figure 3.3). On the
other hand, a plateau in incidence in Norway is strongly suggested
from about 2004 to 2012 [50]. Also, in the Czech Republic, the
incidence among children seems to have leveled off [51]. We are
not aware of countries where consistent and significant decreases
in incidence have been observed during the past 2-3 decades.
When stratified by sex and age groups, the year-to-year variation
in most studies becomes very large and trends should be inter-
preted with caution. It should be clear from the observed long-
term trends (Figure 3.3) that predictions about future trends in
incidence rates are more or less futile.

Variation in incidence within countries, including

by ethnic group

In several countries, marked within-country variations in the
incidence rate of TIDM have been reported, even in relatively
homogeneous populations. Marked ethnic variations have also
been observed, generally in line with differences in countries or
regions discussed above, and some geographic differences may
be due in part to differences in the distribution of ethnic groups.
Potential methodological problems should be considered when
making inferences based on epidemiological studies of different
ethnic groups and immigrants. These include differential ascer-
tainment and definition of ethnic group, underestimation of the
base population in some ethnic groups, genetic admixture, and
possible heterogeneity in clinical presentation [20,52]. Among
childhood-onset cases, however, it seems that the large majority,
even in Japan [53], have classic autoimmune T1DM.

Historically, the incidence of TIDM has been higher in pop-
ulations of European origin, particularly those living in Europe,
than that among populations of non-European origin [52, 54]. The
incidence rates of T1IDM in most South American studies with
standardized registries seem to be much lower than those among
Latino people in the USA and lower than those among Spaniards
living in Spain [52]. Data from the SEARCH study in the USA
showed clear ethnic differences in the prevalence of T1IDM in
2009 [55]. The highest prevalence was among non-Hispanic white
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youth, while African American and Hispanic youth had approx-
imately half, Asian Pacific Islanders approximately one-quarter,
and American Indian youth approximately one-seventh of the
prevalence compared with non-Hispanic white youth. Other stud-
ies have indicated that the differences in incidence among ethnic
groups in the USA are less dramatic, at least for some groups in
some regions of the USA [5, 54]. It is worth noting that many eth-
nic groups in the USA have considerable admixture with people
of European ancestry, which may dilute any potential effect of eth-
nicity on T1DM risk.

Up to 1.5-fold differences have been described among counties
or regions within Finland, Sweden, and Norway [56-58]. In Italy
during 1990-2003, the incidence rate among children varied
from ~40 per 100,000/year in the island Sardinia, from 11 to
19 per 100,000/year in regions of northern mainland Italy, and
from 8 to 12 per 100,000/year in the central-southern part of
Italy [59]. Sardinia’s population history is different from that for
mainland Italy. Children born in families who moved to mainland
Italy from Sardinia kept their high T1DM incidence [60]. In New
Zealand, the 1.5-fold higher incidence among children in the
South Island compared with that in the North Island was largely
explained by the 4.5 times higher incidence among children
of European origin compared with that among Maoris [61].
In China, there was a 12-fold geographic variation (0.13-1.61
per 100,000/year), generally with higher incidence in the north
and east. In addition, there was a sixfold difference between
the Mongol (1.82 per 100,000/year) and the Zhuang (0.32 per
100,000/year) ethnic groups [62]. Considering immigrants as a
single group, the time trends in incidence differed significantly
from “ethnic Swedes” from the late 1980s and onwards [43]
(Figure 3.4). In Israel, there was a parallel increase over time,
but a consistently lower incidence in childhood-onset T1IDM
among non-Jews (mainly Palestinians) than among Jews during
1997-2010 [45]. There also seemed to be a systematically lower
incidence among South Asian than among non-South Asian
children in Yorkshire [47] (Figure 3.4).

The incidence of T1IDM among children of immigrant parents
in Germany, Sweden, and mainland Italy has been shown to cor-
relate with the incidence in the country or region of origin of
their parents, whether the incidence in the country of origin is
higher or lower [60, 63, 64]; however, the incidence among immi-
grants from Pakistan to the UK (or their children) is similar to
that among native Britons [65, 66], despite the very much lower
incidence recorded in Karachi, Pakistan [5].

In summary, although there are clear ethnic differences in inci-
dence rate of T1DM and strong evidence for a role of genetic fac-
tors, some of the above-mentioned studies also suggest a possible
role for as yet unidentified environmental factors.

Seasonal variation in diagnosis of TIDM

Several studies have reported a peak in the number of cases diag-
nosed in the autumn (fall) and winter, and a smaller proportion
of cases diagnosed in the spring or summer, consistent in both
the northern and southern hemispheres [9, 26]. Although reason-
ably consistent, there is some variation in exact peak and nadir
between countries, age groups, sexes, and periods. Generally, the
degree of seasonal variation is stronger among those diagnosed at
age 10-14 years than in younger children (Figure 3.5) [26]. Differ-
ent methods have been used in the analysis of seasonal variations,
and often with data covering relatively short periods of time and
a limited number of cases; the results are therefore not necessarily
comparable. Interpretation of seasonal variation must be carried
out in light of the long and variable preclinical period in T1DM,
and it is speculated that viral or other periodic factors have a role
in the timing of the precipitation or onset of the disease in suscep-
tible individuals who would develop it sooner or later.

Familial clustering and twin studies

In addition to providing clues regarding the relative importance
of genetic and non-genetic factors in the etiology of disease, data
on risk of TIDM among people with affected relatives may also
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aid the clinician in counseling family members of newly diag-
nosed individuals. Around 80-90% of people with newly diag-
nosed T1DM do not have any affected siblings or parents, but first-
degree relatives of a person with T1DM are at increased risk. By
the age of 20 years, ~4-6% of siblings of T1IDM probands have
been reported to develop T1IDM in populations of European ori-
gin [67-69], compared with around 0.2-1.0% in the correspond-
ing background populations. The offspring of affected fathers have
a 1.5-3-fold increased risk of T1IDM compared with the offspring
of affected mothers [70,71]. By 20 years of age, 5-8% of the off-
spring of men with diabetes, but only 2-5% of the offspring of
women with diabetes, have been found to be affected. There is cur-
rently no accepted explanation for this phenomenon.

Given the well-established effect of genetic factors, it is no sur-
prise that the concordance rate for TIDM in monozygotic (MZ)
twins is much higher than that in dizygotic (DZ) twins [72, 73].
In one study from North America, the estimated cumulative risk
10 years after onset in the proband (diagnosed before age 40 years)
was about 25% in MZ twins and about 11% in DZ twins [74]. Cor-
responding 10-year cumulative risks from Finland were estimated
as 32% for MZ twins and 3.2% for DZ twins [73]. Comparable esti-
mates were also found in the Danish twin registry, although the
exact age at onset was not known in this study [72]. In general, the
risk for the co-twins was higher and the discordance time shorter
the earlier the onset in the proband [73-75]. In a long-term follow-
up of discordant MZ twins from the USA and the UK, more than
50% of MZ pairs remained discordant for TIDM (Figure 3.6) [75].

Because MZ twins share 100% of their genomic DNA, this sug-
gests that genetic susceptibility is in most cases not sufficient for
the development of disease.

Despite the relatively high proportion of MZ twins being discor-
dant for clinical T1DM, many of the non-diabetic co-twins of per-
sons with T1IDM develop islet autoimmunity [76]. Together with
the limited variation in prevalence of positivity for islet autoan-
tibodies between countries [39] and animal studies suggesting a
two-stage disease process [77], this supports the idea that envi-
ronmental factors may have an important role in the progression
from islet autoimmunity to overt disease.

Environmental risk factors for TIDM: clues from
epidemiological studies

The time trends described above must be ascribed to some change
in the environment, even in the event that the increase is brought
about by a change in the age distribution. Some of the variation
in incidence rate between European countries can be explained
by differences in the frequency of HLA susceptibility genotypes
[78], but clearly not all [79]. It has been suggested that the pro-
portion of persons with newly diagnosed TIDM who carry the
highest risk genotype (DR3-DQ2/DR4-DQ8) has decreased over
time (reviewed in [80]). It may be speculated that increased expo-
sure to some risk factor or decreased exposure to some pro-
tective factor have caused more individuals with moderate risk
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(“permissive”) genotypes (e.g. either DR3-DQ2 or DR4-DQ8, but
not both) to develop T1DM in recent years. Although there is
overwhelming evidence for an essential role of genetic factors in
the etiology of T1DM, available evidence strongly suggests that
one or more non-genetic factors are also involved; however, the
nature of these putative factors is not well known.

In general, environmental factors may be envisioned to have a
role in the following:
1 initiating of the autoimmune disease process;
2 modulating the progression from islet autoimmunity to clinical
T1DM; or
3 “precipitating” disease in individuals with advanced preclinical
disease.
Little is known about the initiation of autoimmunity in humans
[81], but some form of immune-mediated mechanism leading
to the breakdown of self-tolerance is likely to be involved. An
incidence peak in islet autoimmunity in the second year of life
and instances of very early seroconversion for islet autoantibodies
among children who develop T1DM suggests that potential envi-
ronmental factors influencing step 1 are likely to operate very early
in life [82]. Limited geographic variation in the prevalence of islet
autoimmunity despite the large differences in incidence of T1IDM
between countries suggests a major importance of environmental
factors in the progression from islet autoimmunity to TIDM [39],
although the hypothesis that there are environmental triggers of
autoimmunity cannot be discarded [83]. Responsible factors may
operate by modulating the immune system and metabolism. In
vitro experiments have suggested that actively insulin-secreting
cells hyperexpress islet autoantigens such as GAD, and are more
susceptible to toxic effects of the cytokine interleukin-1p [84]. It
may be speculated that factors that increase the stress on f cells
may contribute non-specifically to the precipitation of clinical
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disease [84]. This includes insulin resistance or other mecha-
nisms implied in infections, puberty, and growth spurts. Insulin
resistance is not easy to measure reliably in humans, but sev-
eral studies have found measures of insulin resistance relative
to first-phase insulin response to an intravenous glucose toler-
ance test to be predictive of progression to TIDM (reviewed in
[85]). Below, some of the most frequently studied non-genetic
factors with a potential role in the etiology of human T1DM are
discussed.

Specific putative environmental factors

Viral infections
There is a large body of literature linking infections and T1IDM
[86], but the link has not been established as causal in humans.
Studies vary in design, ranging from in vitro studies [87], exper-
iments with various animal models [88], studies of people with
disease including of pancreatic tissue [87,89-92], and epidemi-
ological case-control and cohort studies [9,93-95]. Congenital
rubella syndrome has been associated with a several-fold increase
in the incidence of TIDM [96]. Although not contributing to
the incidence of TIDM in most countries today, this observa-
tion has been cited as a proof of principle that intrauterine factors
and viral infections in general can influence the risk of T1IDM in
humans. It probably remains the best example of a non-genetic
factor contributing to increased risk of T1DM in humans, but the
consistency of the available evidence and the absolute risk associ-
ated with congenital rubella syndrome may have been overstated
[97,98].

Several early studies based on assays for antibodies to
enteroviruses in cases with TIDM and controls initially seemed
promising, but systematic review of the data showed too much



heterogeneity in the methodology and results to be able to
draw any conclusion [93]. Prospective study design and detec-
tion of enterovirus RNA represent important contributions to the
methodology of such studies in recent years, but a careful review
of available data revealed only limited consistency across studies
with similar design [95].

Increased risk of childhood-onset TIDM has been associated
with evidence of maternal enterovirus infections during preg-
nancy in some studies, but not in all [95,99]. Using both serum
enterovirus antibodies and RNA as indications of postnatal infec-
tion, independent prospective studies from Finland have found
enterovirus to be associated with increased risk of islet autoim-
munity and T1DM [83], whereas other similar studies did not find
any significant association [95]. It seems that the presence of viral
particles in the blood is more strongly correlated to TIDM than
mere presence in the stool, although still larger studies are needed
[94,95,100]. An immunohistochemical study of stored sections
of pancreatic biopsies obtained post-mortem in young individ-
uals with recent-onset TIDM found that the f cells of multiple
islets stained positive for enterovirus capsid protein VP1 in 44 of
72 cases. Very few of the controls in that study stained positive
[91]. This study substantiated previous evidence based on one or
a few participants [89, 90] and indicated problems with the meth-
ods used in a previous study of a similar material where no such
evidence was found [101]. Based on early data [89], the Coxsackie
B4 serotype of human enterovirus has been suspected to be partic-
ularly diabetogenic. Technical difficulties with the detection and
interpretation of small quantities of viral particles remain, but a
recent study found signs of enterovirus by multiple techniques and
in different laboratories in fresh pancreatic tissue obtained from
six newly diagnosed young adults with TIDM [92]. Neverthe-
less, the serotype or other characteristics of the enterovirus could
not be determined in this study. Recently, application of serotype-
specific neutralizing antibody tests to the prospective DIPP study
suggested a novel association between the Coxsackie B1 serotype,
and rather a possible protective association with Coxsackie B4, but
this needs to be replicated [83].

Enterovirus infections are common and there is evidence that
the frequency of infection has decreased with improved hygiene
in recent decades, opposite to the trend seen for TIDM. It has
been postulated that the increasing incidence of T1DM in children
may be explained in part by decreased protection from maternal
enterovirus antibodies [102]. A more direct test of this hypothesis
is still lacking.

The so-called “hygiene hypothesis” comes in different ver-
sions but essentially proposes that the decline in microbial expo-
sure in many populations over the past few decades has caused
a concomitant increase in incidence of immune-mediated dis-
eases, including TIDM [103]. Some infections and microbial
agents reduce the incidence of autoimmune diabetes in experi-
mental animals [104]. Epidemiological studies have investigated
non-specific infections and infectious symptoms, but the results
have been inconsistent. Daycare attendance is usually associated
with increased exposure to microbial agents, and a meta-analysis
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concluded that there is some evidence for a lower risk of TIDM
among children who attended daycare centers early in life, but
the results were not sufficiently homogeneous to allow a strong
conclusion [105].

There are many promising observations supporting a possi-
ble role of viral infections in the etiology of T1DM, but the cur-
rent evidence that infections have an important and causal role in
human T1DM is not conclusive. Although the problem of iden-
tifying the potential strain of enterovirus that might be diabeto-
genic would pose an additional problem, early work on vaccine
development towards such a strain is in progress. Others have sug-
gested that it may be possible to develop a vaccine that can repro-
duce the potential beneficial effects of viral infections (cf. “hygiene
hypothesis”) regardless of the existence or identification of one or
a few diabetogenic viral serotypes [104]. However, it is currently
unknown whether such vaccines will be efficacious and feasible
for the prevention of TIDM.

Toxins

A number of other environmental chemicals may influence the
immune system and potentially the risk of TIDM [106]. The
rodenticide Vacor has been associated with T1IDM in humans
after ingestion of large doses [107]. There are structural and
mechanistic similarities between Vacor and streptozotocin and
alloxan [107], which are specifically toxic to B cells, and used
to induce diabetes in experimental animals [107,108]. Some
epidemiological studies have assessed the intake of nitrates and
nitrites, which may be converted to related N-nitroso compounds,
but most studies have used ecological study designs and assessed
levels in community drinking water, which is probably a poor
indicator of total exposure. A potential diabetogenic role of in
utero exposure to bafilomycin, a toxin produced by bacteria
growing on the skin of root vegetables such as potatoes, has
been suggested based on experiments with rodents and in vitro
studies [109]. In a prospective study, there was no support for the
idea that frequent potato consumption during pregnancy could
increase the risk of islet autoimmunity in the offspring, but it is
unknown whether frequency of potato intake really is a marker for
bafilomycin exposure [110]. In a case—control study nested within
a cohort of pregnant women, persistent organochlorine pollutants
in stored sera were not associated with later risk of TIDM in the
offspring [111]. If anything, there was a tendency towards inverse
associations. In conclusion, few high-quality studies are available
on the potential influence of environmental chemicals on TIDM
incidence in the population, and there is currently little direct
evidence for an important involvement of such factors in human
T1DM.

Nutritional factors

Several possible plausible mechanisms have been proposed to
link dietary factors to T1DM, including “molecular mimicry” and
a detrimental effect of bovine insulin in cow’s milk (reviewed
in [112]). A reduced risk conferred by prolonged breastfeeding
and/or delayed introduction of cow’s milk has been suggested in
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many case—control studies, but most of these studies were suscep-
tible to recall bias and the issue is controversial [113]. Prospec-
tive studies of genetically susceptible children have found mixed
results. In the DIPP study, neither multiple islet autoantibodies
nor TIDM were associated with duration of exclusive or total
breastfeeding [114], whereas the DAISY study found an asso-
ciation between early or late introduction of solid foods and
increased risk of TIDM [115]. In MIDIA, there was an inverse
association between long duration of any breastfeeding and risk
of T1DM, but no association with duration of full breastfeeding,
age at introduction of solid foods, or breastfeeding when intro-
ducing solid foods [116]. Duration of breastfeeding was not asso-
ciated with self-reported TIDM up to age 30 years in a prospective
population-based study including 61 cases [117]. It is difficult to
differentiate the role of breastfeeding versus introduction of wean-
ing foods, but the hypothesis that delaying the introduction of
intact cow’s milk proteins (regardless of breastfeeding duration) is
tested in a large randomized trial called the TRIGR. While results
for the primary endpoint (T1DM at age 10 years) are expected in
2017, the intervention showed no significant reduction in positiv-
ity for multiple islet autoantibodies [118].

The immunomodulatory effects of vitamin D and the pre-
ventive effect of pharmacological (hypercalcemic) doses of 1,25-
dihydroxyvitamin D on diabetes development in experimental
animals have been documented in several studies [119]. Systemic
concentration of 1,25-dihydroxyvitamin D is tightly controlled by
hydroxylation of 25-hydroxyvitamin D, and this must be taken
into account when evaluating experimental results from animal
models. Vitamin D is also produced in the skin upon exposure
to ultraviolet light, and no prospective study has yet been pub-
lished of serum 25-hydroxyvitamin D, which is an established
marker of vitamin D status, and risk of TIDM. A multicenter case-
control study found a significantly lower risk of T1IDM associ-
ated with reported use of vitamin D supplement in early life [120],
although recall and selection bias may have affected these findings;
however, this was also supported by a prospective Finnish study
[121]. In the DAISY study of genetically predisposed children fol-
lowed longitudinally, there was no significant association between
25-hydroxyvitamin D in serum from toddlers and risk of islet
autoimmunity or progression from islet autoimmunity to T1IDM
[122]. The German BABYDIAB study similarly found no signif-
icant association between circulating 25-hydroxyvitamin D and
progression from islet autoimmunity to T1IDM [123]. Prospec-
tive studies of maternal intake of vitamin D via food during
pregnancy and risk of islet autoimmunity in children have not
produced convincing evidence for any relation [124]. However,
a study in Norway found a significant association between low
25-hydroxyvitamin D in late pregnancy and higher risk of TIDM
in the offspring [125]. A study of serum 25-hydroxyvitamin D
in pregnant women collected during the first trimester of index
pregnancies did not find any significant association with risk of
childhood-onset T1DM in the offspring [126].

A case—control study in Norway found an association between
the use of cod liver oil in the first year of life and lower risk
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of T1IDM [127]. Cod liver oil, which is commonly used in Nor-
way, is an important source of both vitamin D and long-chain n-
3 fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) in this population. The lack of association with other
vitamin D supplements in these studies supports a role of n-3
fatty acids rather than vitamin D. Recall bias cannot be ruled out
entirely from the latter study. Although support for the hypothe-
sis that intake of dietary n-3 fatty acids may prevent islet autoim-
munity and/or T1IDM came from a prospective study including
both dietary assessment and analysis of fatty acid composition of
red-cell membranes, which is a biomarker of n-3 fatty acid status
[128], a later follow-up of this study did not find any association
with progression from islet autoimmunity to TIDM [129].

Despite previous indications from two prospective studies that
serum a-tocopherol (vitamin E) could be associated with lower
risk of TIDM, there was no association with advanced islet
autoimmunity or T1DM in early life in the DIPP study [130].
In conclusion, the role of nutritional factors in TIDM remains
uncertain.

Perinatal factors and postnatal growth

Oftspring of mothers without diabetes aged 35 years or more when
giving birth have a ~20-30% increased risk compared with off-
spring of mothers who are aged 25 years or less [131, 132]. Results
for birth order and for paternal age have been less consistent
[131, 133, 134]. Birth by cesarean section has been associated with
a ~20% increased risk of TIDM in children according to a meta-
analysis of 20 published studies [135]. Although there is some
potential for selection bias in the case—control studies included,
and the mechanism is unknown, it was speculated that delayed
colonization of the infant’s intestine associated with cesarean sec-
tion may be involved. On the other hand, a recent study of discor-
dant sibships did not find any association between cesarean sec-
tion and T1DM [136].

Increased birth weight has been associated with a relatively
weak but significant increase in risk of childhood-onset T1IDM
in large cohort studies based on linkage of population reg-
istries, independent of maternal diabetes and other potential con-
founders [137]. There have also been studies reporting no signif-
icant association, but these were generally smaller case-control
studies. Birth weight is certainly only a marker of some other phe-
nomenon and the mechanisms involved remain to be defined.

Associated factors such as postnatal growth or excess body
weight might be of relevance. A number of studies have indicated
that children developing T1DM are taller, heavier, or gain more
weight or height prior to diagnosis compared with their peers
[138,139]. However, there was substantial heterogeneity between
studies in methodology and results, such as age at measurement
of body size, which body size or growth measurement was associ-
ated with TIDM, and how data were analyzed statistically. Many of
the published studies were case-control studies, which are prone
to selection bias. However, two recent large-scale cohort stud-
ies found that for each standard deviation (approximately 1 kg)
increase in weight or weight gain up to age 12 months, the risk of



T1DM [140] or multiple islet autoantibodies [141], increased by
approximately 20%.

In summary, environmental factors may influence individuals
very differently, depending on the genetic background, although
direct evidence for specific gene-environment interactions from
humans is scarce. No specific single factor has been identified thus
far. Taking into account the multifactorial nature of T1DM, spe-
cific environmental risk factors with sufficiently large impact to be
of clinical importance and detectable in epidemiological studies
may not exist; however, identification of potential environmental
risk factors and their role in the disease process is important in the
potential prevention of T1IDM in the future, and lack of consis-
tent findings may reflect lack of properly conducted prospective
studies. Given the enormous amount of resources necessary for
conducting preventive intervention trials, and the negative results
of completed trials, it may be wise to initiate future trials based on
consistent findings from properly conducted prospective observa-
tional studies.

Mortality

Before the discovery of insulin in 1922, TIDM meant an
almost certain death soon after its onset. After the initiation of
insulin replacement therapy, a dramatic improvement in survival
occurred. Another major improvement in survival occurred in
people with diabetes diagnosed in the 1950s [142]; however, even
today TIDM is associated with a ~2-8-fold excess risk of pre-
mature mortality [143] (Figure 3.7). A large variation in relative
mortality has been reported from different countries. For instance,
the standardized mortality ratio (SMR) for people with TIDM
in Finland was lower than that in Lithuania, Estonia, and Japan
[144,145]. A higher mortality in African American compared
with white individuals with T1DM in the USA has been reported,
and this difference seems to be attributable to acute complications
[146].

Data from Europe showed that the short-term mortality was
two times higher in people followed from diagnosis of TIDM in
childhood than the respective general populations, with variation
in the SMR from about 1.1 to 4.7 in different countries [147]. In a
nationwide cohort of individuals with TIDM in Norway followed
from onset before 15 years of age and up to 40 years’ duration
(mean 17 years), the SMR was 3.6 [148]. In a UK cohort of more
than 7000 prevalent cases of TIDM with a mean age of 33 years
at baseline, the SMR after up to 7 years of follow-up (mean 4.5
years) was 3.7 [149]. Many studies have reported that the SMR
varies with age and with diabetes duration, or both, but the results
are not consistent among studies.

Ascertainment of cause of death is difficult, but around one-
third of the early deaths in the European multicenter study were
clearly attributable to diabetic ketoacidosis (DKA), and about half
of the relatively few deaths among young people with T1IDM
seem to be unrelated to diabetes [147,150]. This was consis-
tent also in a recent study where a clinical committee evaluated

Epidemiology of Type 1 Diabetes Chapter 3

Country, years of diagnosis
Cuba (Havana), 1965-1980 —_—
USA (Pittsburgh), 1965-1979 —e—
Israel, 1965-1993 e
Finland, 1970-1999 =
UK (Leicestershire), 1970-1989 ——
Norway, 1973-1982 ——
Italy (Turin), 1974-2000 e
Sweden, 1977-2000 -
UK (Yorkshire), 1978-2004 —
Estonia, 1980-1994 —_—
Lithuania, 1983-1994 —_——
Australia (Western), 1987-2007 ——
Bulgaria (Eastern), 1989-1999 —_——
Denmark, 1989-2002 —
Norway, 1989-2003 ——
012 4 8
SMR (95% Cl)

Figure 3.7 Standardized mortality ratios (SMRs) for people followed from
diagnosis of childhood-onset type 1 diabetes. Data are from different studies,
summarized by Morgan et al. 2015 [143]. Only studies with at least 10 observed
deaths are shown. An SMR of 1.0 means a mortality rate among people with type
1 diabetes that is equal to that in the background population for the same age,
sex, and calendar period. Studies were sorted by the earliest year of diagnosis of
type 1 diabetes, and secondarily by SMR. Note that there were differences in
duration of follow-up and other minor methodological differences between studies.

all available death certificates, medical records, autopsy reports,
and police reports to adjudicate the cause of death [151]. Hypo-
glycemia as a cause of death is currently rare compared with DKA,
but potentially increasing because of the more vigorous glycemic
control suggested for the prevention of long-term complications
[152]. After ~10-15 years of diabetes duration, microvascular
and macrovascular chronic diabetes complications start to make
an impact, and after about 30 years of age cardiovascular causes
become increasingly important [153]. The relative mortality from
cardiovascular causes is at least as high for women as for men.
SMRs for cardiovascular causes of death of 8-40 have been
reported in people with T1DM, and the SMR depends strongly
on nephropathy [154]. There are some data suggesting that people
with T1DM who remain free of nephropathy do not have higher
mortality than that in the background population [153, 155], but
this has not been confirmed in other studies [156, 157].

There is growing evidence that better glycemic control and
improved risk factor control such as lowering of blood pressure
and lipids are associated with reduced risk of late complica-
tions and improved survival [154]. Long-term follow-up in
the DCCT/EDIC showed that multiple daily insulin injections
(today’s standard mode of treatment) compared with less intensive
insulin treatment for 1-15 years resulted in a significant reduction
in total mortality [158]. Nevertheless, a large proportion of indi-
viduals with TIDM have suboptimal HbA,_ levels. Despite the
relationship between increased HbA,. and increased mortality,
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a Swedish study found that even those with low HbA,_  seem to
have a significantly higher mortality than people without diabetes
[155]. In line with the impression that treatment is gradually
improving, people diagnosed with TIDM in more recent years
seem to have lower short-term mortality than those diagnosed
in earlier time periods [159-161]. Nevertheless, a major gap in
mortality compared to the general population remains in recent
large-scale studies [162]. A continuing challenge is the deaths of
individuals with undiagnosed T1DM and people without access
to care in the developing world.

Conclusions

T1DM is one of the most common chronic diseases diagnosed
in childhood, but the disease can occur at any age. Its incidence
varies drastically between populations and even within popula-
tions. TIDM has a strong genetic component and familial clus-
tering, but the majority of cases have no affected siblings or par-
ents. Only a minority of carriers of the susceptibility genes develop
T1DM. The incidence of TIDM is increasing in most studied pop-
ulations at an average rate of ~3-4% per year. The causes of this
increase are not known. It is believed that some environmental
factors may have contributed to it, but no definite causal environ-
mental factor for autoimmune T1DM has yet been identified.

T1DM was a fatal disease before the insulin era. Although mor-
tality in people with diabetes has decreased drastically, both acute
and late complications lead to increased morbidity and premature
mortality in TIDM. Primary prevention of TIDM would be the
only solution to these problems, but unfortunately no practical
preventive measures are currently available.
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Key points
e The prevalence of type 2 diabetes mellitus (T2DM) is increasing

worldwide.

e Approximately 415 million people worldwide had diabetes in 2015,
making it one of the most common non-communicable diseases globally.

* The largest increase is observed in regions with rapidly developing
economies and urbanization.

* The aging population, with an increase in the proportion of people aged
>65 years in most countries, has contributed significantly to this increase
in prevalence.

* The age of onset of diabetes is also decreasing in many countries, giving
rise to an increasing proportion of young people of working age being
affected by the disease.

e Several risk factors are known to be associated with increased risk of
T2DM. Many of these risk factors are associated with a Westernized
lifestyle and increase with urbanization, although novel environmental
risk factors have emerged.

Areas with a high ratio of impaired glucose tolerance (IGT) to diabetes
are at an earlier stage of the diabetes epidemic, and thus may be a
particular target for preventive strategies.

The regions with the highest diabetes prevalence rate at present are in
the Pacific Islands and Middle East.

The largest increase in diabetes prevalence is predicted to occur in China
and India.

Diabetes is associated with approximately twofold increased mortality in
most populations, with the excess risk decreasing with increasing age.
The increase in diabetes prevalence, particularly among young adults,
along with the increased morbidity and mortality associated with
microvascular and macrovascular complications, is likely to lead to an
escalation of healthcare costs and loss of economic growth.

Prevention efforts require widespread public education and coordinated
multisectoral efforts to encourage physical activity and a healthy diet.
Maternal health and the intrauterine environment have also emerged as
an important window of opportunity for primordial prevention.

Introduction

Type 2 diabetes mellitus (T2DM) is one of the commonest forms
of chronic disease globally and few societies or ethnic groups are
spared. It accounts for about 85% of cases of diabetes in white
Europeans and virtually all other ethnic groups. In 2015, the Inter-
national Diabetes Federation (IDF) estimated that 415 million
people worldwide had diabetes, of whom 75% live in low- and
middle-income countries. Among those aged 20-79 years, about
8.8% had diabetes globally, of whom an estimated 46.5% remain
undiagnosed. The highest number of people with diabetes was in
the Western Pacific region, with 153.2 million, and the region with
the highest prevalence rate, at 12.9%, was North America and the
Caribbean [1].

The number of people with diabetes is expected to reach 642
million by 2040, an increase of 55% [1]. The largest increases
will be in countries with rapidly growing economies, such as
India and China. With the increasing consumption of high-energy

food, increasing adoption of sedentary lifestyles and urbanization,
increasing numbers of individuals are developing T2DM, and the
age at which individuals are diagnosed is decreasing. Individu-
als exposed to longer periods of hyperglycemia will undoubtedly
have increased risks of developing vascular complications related
to diabetes. The potential healthcare costs and burden of diabetes
in these regions will have a significant impact on the economic
growth of these regions, as discussed further in Chapter 5.

The epidemiology and prevalence of diabetes are partly deter-
mined by the diagnostic criteria used to diagnose diabetes, and
these have been modified on a number of occasions. The diag-
nostic criteria for diabetes and impaired glucose tolerance are
based on epidemiological evidence relating microvascular com-
plications to specific degrees of hyperglycemia, and the fasting
glucose cut-off has been modified as new data emerged. These
changes have major implications for the interpretations of current
and future epidemiological studies on diabetes. In 1999, the diag-
nostic threshold of fasting glucose was lowered from 7.8 mmol/L
(140 mg/dL) to 7.0 mmol/L (126 mg/dL). A fasting glucose level
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between 6.1 and 6.9 mmol/L (111-125 mg/dL) was considered
to be prediabetic and the term “impaired fasting glucose” was
used. Subsequent lowering of the “normal” fasting glucose level
to 5.6 mmol/L (100 mg/dL) further increases the number of peo-
ple with “prediabetes” Impaired glucose tolerance (IGT), on the
other hand, is another prediabetic state, which is only identified
by oral glucose tolerance testing, with a post-load glucose level of
7.8-11.0 mmol/L (140-199 mg/dL). It is estimated that about 318
million people or 6.7% in the 20-79 years age group have IGT [1].

Risk factors for T2DM

Several risk factors are known to be associated with increased
risk of T2DM, including increasing age, obesity (especially central
obesity), dietary excess, dietary factors such as increased intake
of animal fats and sugar-sweetened beverages, sedentary lifestyle,
a positive family history, history of gestational diabetes, polycys-
tic ovary syndrome, presence of hypertension, hyperlipidemia, or
other cardiometabolic risk factors (Figure 4.1) (see Part 8). Many
of these risk factors are associated with a Westernized lifestyle
and increase with increasing urbanization and mechanization.
The recognition of the role of these factors in the pathogenesis
of T2DM has led to recommendations for selective screening for
T2DM in people with these risk factors [2, 3].

Several large studies, including the Nurses Health Study in the
United States and the Inter ACT Study in Europe, have contributed
to improved understanding of the role of dietary factors and the
risk of incident T2DM. Dietary factors that increase the risk for
T2DM include the following [4, 5]:

* increased fat intake;

e increased intake of red and processed meat;
* consumption of fried food;

* increased intake of white rice;

* sugar-sweetened beverages.

Age Family history
(genetic factors)

/ Gestational diabetes

Obesity

\ !

Sedentary
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Figure 4.1 Risk factors in the development of T2DM. HDL, high-density
lipoprotein cholesterol; PCOS, polycystic ovarian syndrome; TG, triglycerides.
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Dietary factors that decrease the risk for T2DM include the fol-
lowing [4, 5]:

* increased fruit and vegetable intake;

¢ a Mediterranean diet pattern;

e fermented dairy products;

* intake of oily fish;

* tea.

Obesity accounts for 80-85% of the overall risk of develop-
ing T2DM, and underlies the current global spread of the disease
[6]. The risk of T2DM increases as the body mass index (BMI)
increases above 24 kg/m?, although the risk appears to be present
with lower BMI in Asians [7, 8]. Although central obesity is a par-
ticularly strong factor, it can impart further risk regardless of the
overall level of general obesity. This obesity-related risk is marked
in certain ethnic populations such as Pima Indians, black Africans,
South Asians, Chinese, and other Asian populations [9-13], and
may be related to increased visceral adiposity. Obesity, particu-
larly central adiposity, is associated with insulin resistance, and
also B-cell dysfunction, partly through increased free fatty acids
and lipotoxicity (see Chapter 16). Obesity is also associated with
other metabolic abnormalities such as dyslipidemia and hyperten-
sion.

The clustering of some of the risk factors, namely hypertension,
elevated blood glucose, elevated triglyceride, low high-density
lipoprotein (HDL) cholesterol, and abdominal obesity, is termed
the metabolic syndrome. Presence of the metabolic syndrome,
according to the definition, is associated with a 2-5-fold increased
risk of developing diabetes in most populations [14].

A positive family history is an important risk factor for T2DM.
In the InterAct case—cohort study, a family history of T2DM was
associated with a 2.7-fold risk of incident diabetes [15]. There have
been advances in our understanding of the genetic basis of T2DM
over the last few years, with more than 80 genetic variants so far
identified as being associated with T2DM (see Chapter 14) [16].
Nevertheless, the identified genetic variants explain <10% of the
heritability of T2DM. In the InterAct study, a genetic risk score
composed of known genetic variants for T2DM explained only
2% of the family history-associated risk of T2DM, suggesting that
there are still unexplained factors that contribute to the associa-
tion between family history and T2DM, including yet-to-be iden-
tified genetic factors, shared environment and behavior, epige-
netic factors, and possibly other factors [15]. Most of the known
genetic variants for T2DM were identified in European popula-
tions. Although several T2DM-associated genetic variants have
been identified in other populations including, East Asians and
South Asians, our current knowledge of genetic variants associ-
ated with T2DM cannot explain the marked geographical and eth-
nic variations in diabetes prevalence [13,17].

Traditional risk factors such as increasing age, adiposity, physi-
cal inactivity, dietary factors, positive family history, and presence
of other cardiometabolic risk factors are well-recognized factors
for diabetes and many are considered to be on the causal pathway.
Current approaches to diabetes prevention are mostly focused on
addressing these risk factors for diabetes, in particular unhealthy



diet and physical inactivity. In the prospective Whitehall II study,
it was estimated that traditional modifiable risk factors such as
health behavior and obesity, when measured repeatedly over time,
explain approximately half of the social inequalities in incidence
of T2DM [18].

Recent emerging risk factors

Sugar-sweetened beverages

Consumption of sugar-sweetened beverages is now recognized as
an important contributor to the recent rapid escalation in obe-
sity and diabetes [19, 20]. Sugar-sweetened beverages include car-
bonated soft drinks, fruit juices, iced tea, and energy and vitamin
water beverages, and are similar in having high sugar content, low
satiety, and low nutritional value. The intake of such beverages has
increased markedly over recent decades, and consumption trends
often mirror those of obesity and diabetes prevalence in differ-
ent parts of the world [21]. Sugar-sweetened beverages contain
added sugars in the form of fructose, chronic exposure to which
can lead to hepatic steatosis, insulin resistance, central obesity, and
metabolic abnormalities [22].

Decreased sleep

In addition to changes in diet and physical activity, it has recently
been recognized that there is a U-shaped relationship between
sleep duration and diabetes risk, with short sleep duration,
another facet of our modern lifestyle, being an important contrib-
utor to the increasing prevalence of T2DM. Early seminal work
highlighted the detrimental effects of sleep deprivation on glucose
tolerance and insulin sensitivity [23]. Subsequent cross-sectional
studies have suggested an association between short sleep dura-
tion and diabetes [24] and obesity [25]. In a prospective study
of more than 70,000 women in the Nurses Health Study, short
sleep duration was associated with a ~57% increase in diabetes
risk over the 10-year study period [26]. Similar data were obtained
from the First National Health and Nutrition Examination Survey
(NHANES 1), which noted that people with a sleep duration of
<5hhad a47% increase in incident diabetes over a 10-year period
[27]. The exact mechanism whereby sleep restriction increases
diabetes risk is unclear, although it may be related to activa-
tion of the sympathetic nervous system, decrease in cerebral glu-
cose utilization, changes in the hypothalamic-pituitary-adrenal
axis, and other neuroendocrine dysregulation [27]. In addition to
short duration, other sleep disturbances, and also altered circa-
dian rhythm, for example during shift work, are associated with
increased risk of diabetes [28].

Depression and treatment of depression

There is a bidirectional relationship between depression and dia-
betes/IGT (see Chapter 57). The incident rate of T2DM is mod-
estly higher among those with baseline depressive symptoms.
Once T2DM was diagnosed, there was a positive association with
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depressive symptoms, illustrating the emotional burden of hav-
ing diabetes [29]. The use of second-generation antipsychotic
agents, commonly referred to as “atypical antipsychotics,” has been
linked with hyperglycemia and diabetes [30]. A complex associa-
tion exists between mental illness, use of psychiatric medications,
and diabetes [31].

Drug-induced metabolic changes

There is increasing recognition that some commonly used med-
ications may be associated with adverse metabolic effects and
increased risk of diabetes (see Chapter 19) [32]. High-dose thi-
azide diuretics worsen insulin resistance and p-blockers can
impair insulin secretion. The increasing use of highly active
antiretroviral therapy (HAART) has dramatically reduced the
mortality of people with HIV infection. However, protease
inhibitors and, to a lesser extent, nucleoside reverse transcrip-
tase inhibitors are associated with insulin resistance, deranged
glucose and lipid metabolism, and an increased risk for T2DM.
The increasing use of such agents will likely have a significant
impact on the epidemiology of diabetes in areas where HIV/AIDS
is endemic, such as Africa [33].

Environmental toxins

Whereas most studies on the increasing burden of diabetes with
Westernized lifestyle have focused on changes in dietary patterns
and the increasingly sedentary lifestyles, some studies suggest that
environmental pollutants may represent a previously unrecog-
nized link between urbanization and diabetes [34, 35]. For exam-
ple, there is strong cross-sectional association between serum con-
centrations of chlorinated persistent organic pollutants with dia-
betes [36] and also components of the metabolic syndrome [37].
Brominated flame retardants, bisphenol A, and perfluorinated
compounds have emerged as other classes of organic pollutants
that are associated with diabetes [38,39]. These environmental
toxins may accumulate in adipose tissue and act as endocrine dis-
ruptors, leading to dysregulation of glucose and lipid metabolism.

Low birthweight and fetal malnutrition

There is a relationship between intrauterine environment, fetal
malnutrition, and the risk of diabetes and cardiovascular disease
later in life [40, 41]. Maternal undernutrition and low infant birth-
weight, along with rapid postnatal growth, are associated with
increased risk of diabetes in the offspring. This “mismatch” of a
metabolic phenotype programmed during intrauterine develop-
ment and the nutritionally rich postnatal environment may be
most important in regions that are undergoing rapid economic
development, and may be an important factor contributing to the
rapid rise in diabetes in Asia and the Pacific region [42].

Maternal obesity, maternal hyperglycemia, and other
factors in early development

In addition, offspring of obese women or women with diabetes
have an increased risk of diabetes and cardiometabolic abnor-
malities [43,44]. This is partly caused by the effects of maternal
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overnutrition and effects of intrauterine hyperglycemia on fetal
growth, although it may also involve epigenetic changes [45]. With
increasing numbers of women with obesity or young-onset dia-
betes, this is likely to exacerbate the epidemic of diabetes fur-
ther by setting up a vicious cycle of “diabetes begetting diabetes”
[41, 46, 47].

Despite the increasing recognition of these novel risk factors,
the main risk factors associated with diabetes remain the tradi-
tional ones such as increasing age, adiposity, physical inactivity,
dietary factors, positive family history, and presence of other car-
diometabolic risk factors, as outlined in Figure 4.1.

Methodological issues in the epidemiology
of T2DM

In comparing epidemiological data in T2DM, one must be aware
of the importance of the study methodology. Survey methods
must be robust, to allow comparison and standardization. A large,
truly random sample of a community, with a good response rate,
is best; workplace samples may demonstrate “healthy worker”
effects, whereas selective samples (e.g. volunteers or people with
another disease) are the least useful because of inbuilt recruit-
ment bias. The age distribution of sample populations is crucial
in studying T2DM, whose prevalence rises with age; study popu-
lations must be age stratified and any comparisons age adjusted,
either within the data set or standardized against a reference pop-
ulation. Finally, ascertainment methods are important, for exam-
ple, whether participants undergo an oral glucose tolerance test,
with or without preliminary blood glucose screening. Although
reference is often made to the global and national estimates of dia-
betes prevalence in the IDF Diabetes Atlas, one has to be aware
of several important limitations of these estimates. For countries
in which prevalence studies are available, the data are presented
in the Atlas. However, for many countries for which no updated
prevalence studies are available, the estimates are based on mod-
eled data from nearby countries matched in terms of percentage
urbanization, ethnicity, and income group [48]. Owing to these
methodological issues, prevalence figures for countries where esti-
mates are based on modeling are not necessarily accurate, and not
directly comparable with those from countries in which nation-
wide epidemiology surveys have been conducted.

Aswill be discussed later, studies conducted in different regions
of the world have highlighted an increase in the prevalence of
T2DM. Although few would argue that this translates into increas-
ing burden associated with diabetes, it is important to recognize
the factors that have contributed to this increased prevalence. Sev-
eral factors directly affect the prevalence of diabetes, and may
partly account for the increasing prevalence (Figure 4.2). These
include:

e changes in the ratio of diagnosed to undiagnosed cases of dia-
betes;

* population demographic changes with an aging population;

* earlier age at onset of diabetes;
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Figure 4.2 Diabetes epidemiological model. Factors directly affecting the
prevalence of diabetes included in the present analysis. Source: Adapted from
Colagiuri et al. 2005 [49]

e longer survival in people with diabetes;
e increasing incidence of diabetes [49].

The different factors may have different contributions depend-
ing on the population being studied, although most if not all are
of some importance in most populations. The differences in the
contributions of different factors to the prevalence of diabetes
is illustrated by the fact that, for example, in Europe the inci-
dence of diabetes has stabilized but longevity and increased case
finding now explains the increased numbers, whereas in Africa
and parts of Asia there is still a marked increase in incidence
[1,50,51].

Effects of changes in the definition of diabetes

Although it has long been established that diabetes is a condition
associated with hyperglycemia, there was no widespread accepted
definition until the 1980s, when the World Health Organization
(WHO) Expert Committee on Diabetes Mellitus defined diabetes
as a state of chronic hyperglycemia that may result from many
environmental and genetic factors often acting together [52]. The
precise degree of hyperglycemia that defines diabetes has evolved
with time, and relies on epidemiological studies regarding the dis-
tribution of glucose levels within various populations.

There are several consequences of the changes in the definition
of diabetes with time on the epidemiology of diabetes. First, the
American Diabetes Association (ADA) and 1999 WHO classifi-
cation lowered the diagnostic threshold of fasting glucose from
7.8 to 7.0 mmol/L, thereby increasing the number of individu-
als in any given population that fulfilled a diagnosis of diabetes
mellitus.

It is important to appreciate whether the diagnosis was based
on elevated fasting glucose or post-load values during an oral glu-
cose tolerance test. Although the lower fasting glucose level of
7 mmol/L was chosen to resemble the diagnostic significance of
the 2-h post-load concentration more closely, numerous studies
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Table 4.1 Comparison of WHO and ADA recommendations for the diagnostic criteria for diabetes and intermediate hyperglycemia.

WHO (2006/2011)

ADA (2003/2010)

Diabetes

Fasting plasma glucose >7.0 mmol/L (126 mg/dL)
or

2-h plasma glucose? >11.1 mmol/L (200 mg/dL)

HbA; (Since 2011)

>6.5% (48 mmol/mol) (if assay standardized

and accurately measured)

Impaired glucose tolerance (IGT)
Fasting plasma glucose <7.0 mmol/L (126 mg/dL)
and

2-h plasma glucose?

Impaired fasting glucose (IFG)
Fasting plasma glucose
and (if measured)

2-h plasma glucose? <7.8 mmol/L (140 mg/dL)

6.1-6.9 mmol/L (110-125 mg/dL)

>7.0 mmol/L (126 mg/dL)

(Since 2010)
>6.5% (48 mmol/mol) (if assay
standardized and accurately measured)

>7.8 and <11.1 mmol/L (140 and 200 mg/dL)

5.6—-6.9 mmol/L (100—125 mg/dL)

@\/enous plasma glucose 2 h after ingestion of 75 g oral glucose load.

have demonstrated that the fasting glucose and post-load criteria
identify slightly different people in most populations [53-55]. The
use of fasting glucose alone will reduce the overall prevalence of
diabetes compared with that identified by 2-h post-load glucose
values [56]. Furthermore, there is an increasing number of epi-
demiological studies that utilize the measurement of HbA, as an
indicator of dysglycemia [57], and several professional organiza-
tions, including the ADA in 2010 and the WHO in 2011, have now
included HbA,_ for the diagnosis of diabetes [58, 59], though this
remains an area of debate [60, 61].

The WHO and ADA recommendations for the diagnostic cri-
teria for diabetes and intermediate hyperglycemia are summa-
rized in Table 4.1. Although the lower ADA threshold for diag-
nosing impaired fasting glucose will result in more people being
diagnosed with intermediate hyperglycemia compared with the
WHO recommendation, increased diagnostic activity, for exam-
ple through the use of the oral glucose tolerance test, will increase
the ratio of diagnosed to undiagnosed diabetes, and may impact
on the prevalence rate reported in epidemiological studies. In a
study utilizing 96 population-based cohorts to compare the dif-
ferent diagnostic criteria on population prevalence of diabetes, the
prevalence based on HbA, . was in general slightly lower than that
based on fasting blood glucose. Furthermore, diabetes diagnosed
on HbA,. >6.5% had a pooled sensitivity of around 53% (95%
confidence interval [CI]: 51.3-54.3%) compared with a definition
of fasting glucose of >7.0 mmol/L for diagnosing individuals with-
out a previous known history of diabetes [62].

In an earlier comprehensive report on the global prevalence of
diabetes [63], it was noted that the most important demographic
change to diabetes prevalence across the world was the increase

in the proportion of people aged >65 years. Another major fac-
tor that has affected the prevalence of diabetes is the increasing
age-specific prevalence, especially in the younger age groups [63].
This suggests an earlier age of onset of diabetes, which may be of
particular importance in developing countries. It is noteworthy
that the tendency is for the prevalence of IGT to decline as that
of diabetes rises, suggesting that areas with a high ratio of IGT to
diabetes are at an earlier stage of the diabetes epidemic and thus
may be a particular target for preventive strategies. Changes and
variations in the ratio of IGT to diabetes prevalence, the so-called
“epidemicity index,” may provide a useful marker for the scale of
the epidemic in that particular region [64].

Regional and ethnic patterns of T2DM
worldwide

This section considers the geographical distribution and secu-
lar changes in the prevalence of T2DM and intermediate hyper-
glycemia in the major regions of the world. Whenever possible,
the most representative recent prevalence studies are presented.
In addition, data from the IDF Diabetes Atlas, which utilized age-
and sex-specific estimates for diabetes prevalence from available
epidemiological surveys to extrapolate prevalence in related coun-
tries using a combination of criteria including geographical prox-
imity, ethnic, and socioeconomic similarities, are also presented
when necessary owing to lack of recent prevalence studies.
Current estimates of the total number of people with diabetes
in each region of the world and in those countries with the high-
est overall numbers are shown in Figure. 4.3. Table 4.2 shows the
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Figure 4.3 Global prevalence of diabetes. Source: Adapted from /DF Diabetes Atlas, International Diabetes Federation 2015 [1], Chapter 3, Map 3.1.

countries with the highest prevalence and projected prevalence,
and Table 4.3 lists the countries with the greatest number of peo-
ple with diabetes. These estimates are based on modeling of data
available from countries in which prevalence data were obtained
from epidemiological surveys, and hence are only estimates that
must be treated with caution [48].

Africa
T2DM in the African continent provides contrasting pictures
between more urbanized and more rural regions. Whereas

Table 4.2 List of countries with the highest prevalence of diabetes (age group
20-79 years, age-adjusted for comparative prevalence) in 2015.

Rank Country Prevalence (%)
1 Tokelau 30.0
2 Nauru 24.1
3 Mauritius 223
4 Cook Islands 21.5
5 Marshall Islands 213
6 Palau 20.9
7 Saudi Arabia 20.0
8 Kuwait 20.0
9 Qatar 20.0

10 United Arab Emirates 19.3

Source: Data from IDF Diabetes Atlas, International Diabetes Federation 2015
[1], Appendix: Country summary table: estimates for 2015.
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poverty and malnutrition are still a major problem affecting sub-
Saharan Africa, a region where diabetes is comparatively rare,
urbanized areas such as North Africa are reporting increasing
prevalence rates [65]. The IDF estimated that overall, ~3.2% of
the adult population in the African region are currently affected
by diabetes, and is projected to increase to 3.7% by 2040 [1].
Other important epidemiological issues in the region include
a low incidence of type 1 diabetes mellitus (T1DM), which
is complicated by the occurrence of atypical “ketosis-prone”

Table 4.3 Top 10 countries with the greatest number of people with diabetes
(age range 20-79 years) in 2015.

Rank Country Persons (millions)
1 China 109.6
2 India 69.2
3 USA 29.3
4 Brazil 14.3
5 Russian Federation 12.1
6 Mexico 11.5
7 Indonesia 10.0
8 Egypt 1.8
9 Japan 1.2

10 Bangladesh 7.1

Source: Data from IDF Diabetes Atlas, International Diabetes Federation 2015
[1], Chapter 3, Table 3.3.



diabetes. This initially presents as T1IDM with severe hyper-
glycemia and ketosis, but subsequently has long-term remission
with a clinical course more compatible with T2DM [66]. In
addition, there is also a form of early-onset diabetes termed
malnutrition-related diabetes mellitus that is associated with
past or present malnutrition and sometimes accompanied by
pancreatic calcification [33]. Although infective diseases such
as HIV infection and tuberculosis are currently the main causes
of mortality in sub-Saharan Africa, the increasing prevalence
of diabetes and other non-communicable diseases is likely to
overtake infections as major causes of mortality. In sub-Saharan
Africa, only a small proportion of the population reaches ages
at which T2DM becomes a major health problem. Although
greater access to HAART has led to markedly reduced mortality,
the improvement in life expectancy, coupled with the adverse
metabolic effects of HAART, is likely to contribute to further
increases in the prevalence of T2DM within the region [33, 67].

Sub-Saharan Africa

There is a paucity of prevalence data from sub-Saharan Africa,
with most of the studies coming from Ghana, Cameroon, Nige-
ria, Tanzania, and South Africa [65, 68]. In a systematic review of
prevalence data from Ghanaians and Nigerians, diabetes was rare
at 0.2% in urban Ghana in 1963 and 1.65% in urban Nigeria in
1985. The prevalence of diabetes had risen to 6.8% in Nigeria in
2000 (for adults aged >40 years) and 6.3% in Ghana in 1998 (for
adults aged >25 years) [69, 70]. In Cameroon (West Africa), adults
aged 24-74 years had an overall diabetes prevalence of 1.1%, with
an IGT rate of 2.7%. Prevalence rates in the capital of Cameroon
(Yaounde) were 1.3% for diabetes and 1.8% for IGT, compared
with rural prevalences of 0.8% for diabetes and 3.9% for IGT [71].
Undiagnosed cases accounted for the majority of cases in these
studies, again reflecting a region at the early stages of a looming
diabetes epidemic.

In South Africa, both diabetes and IGT are commoner in both
urban and rural communities. In Cape Town, age-adjusted preva-
lences were 8% for diabetes and 7% for IGT [72]. A study con-
ducted in a rural South African community based on a 75-g oral
glucose tolerance test and the 1998 WHO criteria reported overall
age-adjusted prevalences of diabetes of 3.9%, IGT 4.8%, and IFG
1.5%. Notably, 85% of the cases with diabetes were uncovered by
the survey [73].

In addition to exposure to an urban environment, other factors
that determine the risk of T2DM in African populations include
positive family history, ethnic origin, central adiposity, and physi-
cal inactivity [65]. Possible ethnic differences have been examined
in several studies. In both Tanzania and South Africa, migrant
Asians have higher diabetes prevalence rates than indigenous
Africans [74], but this could reflect lifestyle differences. In Tan-
zania, the difference was particularly marked (1.1% in Africans
vs. 9.1% in Asians), which again emphasizes the low prevalence in
urban East Africans.

The emerging epidemic of T2DM is further compounded by
the various problems hampering the delivery of effective diabetes
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care within this region. This has resulted in poor glycemic control
among most people with diabetes, and also a high frequency of
chronic microvascular complications. The rising prevalence of
diabetes may also hamper tuberculosis control efforts by increas-
ing the number of susceptible individuals in endemic areas
[75]. Better access to healthcare and treatment, improvements
in infrastructure to support services (for example, by aligning
diabetes care with screening and healthcare delivery for infectious
diseases such as HIV and tuberculosis) and healthcare informa-
tion systems, and also primary prevention measures are urgently
needed to reduce the burden of acute and chronic complications
of diabetes in the region [33, 65, 67, 76].

North America and the Caribbean

Diabetes and its complications are common and a significant
cause of morbidity in North America. The NHANES reported a
crude prevalence of total diabetes in 1999-2002 of 9.3%, com-
prising 6.5% diagnosed and 2.8% undiagnosed [77]. This was sig-
nificantly increased compared with a crude prevalence of total
diabetes in 1988-1994 of 5.1%, mainly through an increase in
diagnosed diabetes. There was marked variation in prevalence
between ethnic groups, with age- and sex-standardized preva-
lences of diagnosed diabetes approximately twice as high in non-
Hispanic black Americans (11%) and Mexican Americans (10.4%)
compared with non-Hispanic white Americans (5.2%). The preva-
lence of diabetes among the elderly of these minority groups was
particularly high, exceeding 30% [77].

The high prevalence rates in US Hispanic people and black
Americans are well documented. In 1991, the age-adjusted preva-
lence of diabetes was 6% in white Americans, 9% in Cubans,
10% in black Americans, 13% in Mexican Americans and 13% in
Puerto Ricans [78]. Rates have risen in all groups, but these dif-
ferences appear to persist. Between 1987 and 1996, the 7-8-year
incidence of T2DM approximately tripled in both Mexican Amer-
icans and non-Hispanic white Americans, although the absolute
rate was twice as high in the Mexican Americans [79]. T2DM is
also significantly commoner among older Puerto Ricans (38%)
and Dominicans (35%) than among non-Hispanic white Amer-
icans (23%) [80]. Economic disadvantage may explain much of
the excess prevalence of T2DM among African American women
[81].

Other populations in the USA that are particularly at risk of
T2DM are the Native American Indian communities, notably
the Pima Indians, of whom 50% have diabetes [82]. Reports
have highlighted the developing epidemic of T2DM in American
Indian youth [83]. Among 15-19-year-olds, diabetes affected 5.1%
of Pima Indians (a sixfold increase in prevalence over the previ-
ous 20 years) and 0.2% of Canadian Cree and Ojibway Indians.
The overall prevalence among all US American Indians of this age
is 0.5%. This epidemic of T2DM in young American Indians is
supported by secular trends in the incidence rate of T2DM over
the previous 40 years in Pima Indians, which showed a more than
fivefold increase in incidence rates among Pima Indians aged 5-
14 years [84].
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A similar situation was seen in Canada, where Aboriginal
peoples had more than a twofold increase in prevalence com-
pared with the general population [85]. Other minority groups
are also not spared. Among native Hawaiians (Polynesians), the
crude (i.e. not age-adjusted) prevalence rates of T2DM and IGT
were reported in 1998 to be 20 and 16%, respectively. The age-
adjusted rate for T2DM was four times higher than among the US
NHANES II study population [86]. In 1991, second-generation
Japanese Americans had prevalence rates of 16% (diabetes) and
40% (IGT) [87], and incidence rates remained high at 17.2 per
1000 person-years [88]. This may be due to the increase in visceral
adiposity in a population predisposed to impaired f-cell function
[89]. Other Asian populations living in the USA that are partic-
ularly prone to diabetes include Asian Americans, in whom lin-
guistic difficulties may be a particularly relevant barrier to diabetes
education and effective care delivery [90].

It has been estimated that the number of adults in the USA
with diagnosed diabetes will rise from 11 million in 2000 (overall
prevalence 4.0%) to 29 million in 2050 (overall prevalence 7.2%).
The fastest growth is expected to be among black Americans. The
projected increase of 18 million is accounted for by approximately
similar contributions from changes in demographic composition,
population growth, and secular trends [91]. In 2014, it was esti-
mated that 29.1 million people in the USA had diabetes, of whom
8.1 million were undiagnosed. The direct and indirect medical
cost attributed to diabetes in the USA in 2012 was $245 billion
[92]. Recent data suggest that the percentage of diagnosed peo-
ple reaching glycemic goals and achieving risk factors control has
improved over the last two decades, although only 14% met all
three targets regarding glycemic, blood pressure, and lipid con-
trol, along with smoking cessation [93]. There has been a substan-
tial reduction in the rates of diabetic complications over the last
two decades, especially with regard to myocardial infarction and
acute hyperglycemic emergencies [94].

An increasing number of younger people will be affected.
In the SEARCH for Diabetes in Youth Study, a multiethnic,
population-based study, the incidence of diabetes was 24.3 per
100,000 person-years. The incidence rates of T2DM were high-
est among American Indians and African American adoles-
cents, varying from 17 to 49.4 per 100,000 person-years, com-
pared with 5.6 per 100 000 person-years in non-Hispanic white
Americans [95].

Caribbean

Studies in Jamaica exemplify the secular trend in the West Indies.
Rates in the 1960s (underestimated owing to the screening proce-
dure used) [103] were low but rose in the 1970s to 4% in those aged
25-44 years and 8-10% in those aged 45-64 years [104, 105], and
to an overall rate of 7.4% in 1996 [106]. A report in 1999 indicated
prevalence rates of 16% in women and 10% in men (13% overall).
As elsewhere, this exceeds the rate of rise among European-origin
populations and parallels the spread of obesity [107].
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Central and South America

Data from this region are scarce. In the Mapuche natives in rural
Chile, the prevalence of T2DM estimated in 2001 was 3% in men
and 5% in women [96], which represents a substantial rise above
the very low prevalence of <1% reported in 1985 [97]. Diabetes is
clearly much more common in urban communities, for example,
14% in Mexico City in 1994 [98], compared with a 5-10% preva-
lence nationwide [99]. Surveys in Brazil and Colombia in the early
1990s indicated age-adjusted prevalence rates of ~7% [100, 101].
A recent study in Brazil revealed a rate of self-reported diabetes of
10.1% [102]. A high prevalence of abdominal obesity was noted in
these populations, affecting more than 80% of women [99].

Europe

This region contains a diverse mix of countries that have marked
differences in affluence, and includes some of the most developed
countries in the world. Nevertheless, updated nationwide survey
data are only available in some countries. In the IDF Diabetes Atlas,
only a minority of the 56 European countries had recent published
data on national prevalence of diabetes, which ranged from 4.7%
in the United Kingdom to 12.8% in Turkey [1, 51] (Table 4.4).

Table 4.4 National estimates of diabetes in Europe in 2015.

Prevalence of diabetes (%)

Country National population®  Comparative population®
Albania 12.0 10.3
Austria 9.5 6.9
Belgium 6.7 5.1
Cyprus 10.4 9.6
Denmark 9.9 7.2
Finland 9.0 6.0
France 7.4 5.3
Germany 10.6 1.4
Greece 7.5 5.2
Iceland 7.6 6.1
Ireland 5.3 4.4
Israel 8.5 7.5
Italy 7.9 5.1
Malta 13.9 9.9
The Netherlands 7.9 5.5
Norway 7.8 6.0
Poland 7.6 6.2
Spain 10.4 1.7
Sweden 6.3 4.7
Turkey 12.5 12.8
UK 6.2 4.7

@Prevalence based on current age/gender composition.

bprevalence standardized to global age/gender composition.

Source: Data from IDF Diabetes Atlas, International Diabetes Federation 2015
[1], Appendix: Country summary table: estimates for 2015.



United Kingdom
T2DM imposes particular burdens in inner cities with multieth-
nic populations, as those originating from the Indian subconti-
nent have a high diabetes prevalence. In typical studies [108, 109],
the age-adjusted prevalence rates were 3% and 5% in white Euro-
pean men and women, respectively, compared with 12% and 11%
in their Asian counterparts in the UK. Asians also show a higher
prevalence of IGT, a male preponderance, a younger age at diag-
nosis, and a lower proportion of undiagnosed diabetes [109].
Poverty and social deprivation apparently contribute to the
increasing prevalence of T2DM among inner-city residents; for
example, in all ethnic groups in inner-city Manchester there was
a surprisingly high age-standardized prevalence, including a rate
of 20% among white Europeans [110]. Social deprivation, obe-
sity, physical inactivity, and smoking tend to co-segregate, which
may explain this phenomenon. The importance of dietary factors
was highlighted by two studies, which demonstrated an associa-
tion between high dietary energy density or unhealthy dietary pat-
terns characterized by a high intake of sugar-sweetened beverages,
burgers, and sausages and snacks with incident T2DM [111, 112].
In the Ely Study, a population-based longitudinal study, the 10-
year cumulative incidence of diabetes was 7.3 per 1000 person-
years [113].

Scandinavia and Nordic countries

Here, the more homogeneous population may indicate more accu-
rately the true prevalence of T2DM among white Europeans. A
survey in northern Sweden revealed a prevalence of diabetes of
8.1% in 2002 [114]. Similar data were obtained in a study in Fin-
land, with age-standardized prevalence of diabetes in 45-64-year-
olds being 10.2% for men and 7.4% for women [115]. Lower preva-
lence data were noted for Iceland [116].

In the early 1990s, T2DM was rare in northern Finland but the
prevalence of IGT was 29% in men and 27% in women [117], com-
parable to that in a homogeneous white female Swedish popu-
lation aged 55-57 years (28%) [118]. In Denmark, around 15%
of the population had IGT in 2003 [119]. The high prevalence
of IGT in Finland prompted the Finnish Diabetes Prevention
Study [120], which examined whether lifestyle changes could pre-
vent the development of T2DM. Strikingly, nutritional advice and
increased physical activity reduced the risk of developing dia-
betes by 58% in people with IGT, and the effect was sustained
over subsequent follow-up [120]. A more recent study in three
regions in Finland noted prevalence of IGT of 10.5 and 9.2% in
men and women, respectively, which were substantially lower than
previously reported figures from northern Finland. It is unclear
whether this difference is due to regional differences or to changes
in the diabetes to IGT ratio [115].

Using a register of people with diabetes, the calculated inci-
dence rate of diabetes in Denmark was 1.8 per 100,000 at age
40 years and 10 per 100,000 at age 70 years. The incidence rate
increased by 5% per year before 2004 but then stabilized. The life-
time risk of diabetes was estimated at 30% [121]. Another study
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in Finland noted an alarming increase in the incidence of T2DM
among young adults, with the age-adjusted incidence of T2DM
among 15-39-year-olds being 11.8 per 100,000 per year. The inci-
dence rate increased by 7.9% per year. Interestingly, despite having
the highest incidence of childhood T1DM in the world, the inci-
dence of T2DM among young adults in Finland is approaching
that of TIDM among the 15-39-year-old age group (age-adjusted
incidence of T1DM 15.9 per 100,000 per year) [122].

Continental Europe

A population-based survey in Verona, Italy, revealed an overall
prevalence of T2DM of 2.5%, which increased significantly after
the age of 35 years [123]. In northern Italy, the age-adjusted preva-
lence of T2DM was 9% in men and 8% in women over the age of
44 years [124]. In a study that compared the prevalence of diabetes
in Casale Monferrato in northwest Italy in 1988 and 2000, the
age- and sex-adjusted prevalence of diabetes had increased from
2.1% in 1988 to 3.1% in 2000, with higher age-specific prevalence
rates of diabetes in every age group in the later survey, including
a twofold increase in the risk for those aged >80 years [125].

In France, the MONICA study estimated the adjusted preva-
lence of T2DM to be 7% in men and 5% in women aged 35-
65 years and the adjusted prevalence of impaired fasting glucose to
be 12% in men and 5% in women [126]. The prevalence of diabetes
increased to 19% in men and 9% in women aged over 60 years
[127]. In the more recent French Nutrition and Health Survey con-
ducted between 2006 and 2007, the prevalence of diabetes accord-
ing to elevated fasting plasma glucose or HbA,  >6.5% was 5.6%,
with undiagnosed diabetes contributing to fewer than 20% of all
cases of diabetes [128].

In The Netherlands, T2DM affects 8% of elderly white Dutch
[129]; 65% of those with impaired fasting and post-load glucose
levels went on to develop diabetes within 6 years [130]. In a
prospective population-based study between 1998 and 2000, the
age- and sex-adjusted prevalence of diagnosed diabetes was 2.2%
at baseline and 2.9% after 2 years of follow-up, with the elderly
aged >70 years accounting for 50% of the population with T2DM
[131].

In Greece, the prevalence of diabetes increased from 2.4% in
1974 to 3.1% in 1990 [132], as the population aged and became
more obese [133, 134]. The prevalence of T2DM was 7.6% in men
and 5.9% in women in a survey conducted between 2001 and 2002
[135]. In a follow-up study on those free of cardiovascular disease
at baseline, the incidence rate of diabetes within a 5-year period
was 5.5% [136]. In Turkey, the overall prevalence rates of T2DM
and IGT were 6 and 9%, respectively. Low levels of occupational
activity, family history, and obesity were all associated risk factors
[137,138]. Adherence to a Mediterranean diet may have protective
effects against diabetes [139].

Prevalence data from Eastern Europe are comparatively sparse.
The age-adjusted prevalence of T2DM for men and women in
Fergana, Uzbekistan, was estimated to be 8% in both urban men
and women, with IGT affecting 5% of men and 6% of women.
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Lower prevalence rates for both T2DM and IGT were reported
for semirural inhabitants [140]. A survey in the rural area in the
Sirdaria province of Uzbekistan confirmed similar age-adjusted
prevalence rates of diabetes for men (10%) and women (7.5%).
However, prevalence rates of IGT in Sirdaria women (14%)
and in men (11%) were higher than for semiurban or urban
inhabitants in Fergana [141]. In Russia, the estimated prevalence
was 6% in men and 7% in women for diabetes and 6%, and
13%, respectively, for IGT; clustering of hyperlipidemia, obesity,
hypertension and low 10-year survival was observed among those
with diabetes [142]. A survey conducted in Moscow found a low
incidence of reported diagnoses of diabetes (2%) [143], which
was supported by another study based on self-reported doctor
diagnoses [144]. In addition to underdiagnosis, undertreatment
and infrequent insulin use are also likely to contribute to the
burden of morbidity [144]. Much of the estimated prevalence
data in other East European countries have been extrapolated
from data from Poland, where the prevalence of T2DM increased
from 3.7 to 10.8% between 1986 and 2000, with a similar increase
in prevalence of IGT from 2.9 to 14.5% [145].

Southeast Asia

India

India is the second most populous country in the world and in
terms of the number of people with diabetes, with an estimated
69.2 million affected in 2015, a figure that is projected to rise to
123.5 million by 2040 [1]. Sequential surveys in India [146-149]
indicate that the prevalence of diabetes has risen steadily since the
1970s, although methodological differences hamper direct com-
parisons between prevalence studies.

The National Urban Diabetes Survey, carried out in six cities
in 2001, found age-standardized prevalence rates of 12% for dia-
betes (with a slight male preponderance) and 14% for IGT; people
<40 years old had prevalences of 5% (diabetes) and 13% (IGT)
[149]. Diabetes was positively and independently associated with
increasing age, BMI, and waist/hip ratio, and a family history of
diabetes, a higher monthly income, and physical inactivity. IGT
showed associations with age, BMI, and family history of dia-
betes. Subsequent studies showed an increasing prevalence, with
a prevalence rate of 14.3% reported in the Chennai Urban Rural
Epidemiology Study (CURES-17) [150], and 18.6% in the city of
Chennai in another study [151]. In the large Indian Council of
Medical Research-INdiaDIABetes (ICMR-INDIAB) study involv-
ing more than 13,000 adults across 188 urban and 175 rural sites
in four different regions, the prevalence of diabetes was 10.4% in
Tamilnadu, 8.4% in Maharashtra, 5.3% in Jharkhand, and 13.6% in
Chandigarh [152]. This gave rise to estimates of 62.4 million peo-
ple with diabetes and 77.2 million people with prediabetes in India
in 2011 [152]. In addition to the increasing prevalence of diabetes,
there appears to be a decreasing prevalence of IGT [150]. Another
secular trend is the shift towards younger onset of diabetes, espe-
cially in urban areas, where up to 36% of those with diabetes are
aged <44 years [150, 151].
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Urban—rural differences in the prevalence of diabetes have
been consistently reported in different studies in India. A study
in Chennai noted a progressive increase in prevalence rate with
increasing urbanization: 2.4% in rural areas, 5.9% in semiurban
areas, and up to 11.6% in urban areas [148, 153]. Likewise, more
recent data revealed a prevalence of 18.6% in the city of Chennai
compared with 16.4% in a town, and 9.2% in periurban villages
[151]. In a study of 77 centers in India (40 urban and 37 rural),
the standardized prevalence rates for diabetes in the total Indian,
urban, and rural populations were 4.3, 5.9, and 2.7%, respectively.
Although the prevalence rates of diabetes and IGT are significantly
higher in urban than rural areas, it appears that the rural-urban
gradient is becoming increasingly attenuated [154].

The Chennai Population Study (CUPS) in 2008 reported alarm-
ing rates of incident diabetes (20.2 cases per 1000 person-years)
[155]. This has been confirmed by a recent study, which reported
an incidence of 22.2 per 1000 person-years, where 59% of those
with prediabetes progressed to diabetes during mean follow-up of
9.1 years [156]. Identification of those at high risk and increasing
the awareness of the population are much needed. A risk score
specific for the Indian population, the Indian Diabetes Risk Score
(IDRS), has been developed. It utilizes four clinical variables: age,
family history, regular exercise, and waist circumference. A score
of >21 identifies those with diabetes with a sensitivity and speci-
ficity of close to 60% [157]. This will help target high-risk individ-
uals to early intervention, since lifestyle modification is effective
in reducing progression from IGT to diabetes in the Indian pop-
ulation [158]. The pilot phase of a National Program on Diabetes,
Cardiovascular Disease, and Stroke (NPCDS) was launched by the
Ministry of Health and Family Welfare in January 2008, with the
aims of improving awareness of lifestyle-related diseases, disease
prevention through screening and targeted intervention, and to
coordinating the multisectoral effort that is urgently needed to
address the epidemic of obesity and diabetes in India [159].

Pakistan, Bangladesh, and Sri Lanka
The situation in these countries largely mirrors that in India. Dia-
betes is particularly common (16% of men, 12% of women) in the
rural Sindh Province in northern Pakistan [160]. A more recent
study in Pakistan indicated similar prevalence rates of 10-11%
in urban and rural men and urban women, although lower rates
were seen in rural women (5%). However, IGT rates in women
were twice those in men [161]. Combining the data from the four
provinces of Pakistan, the prevalence of diabetes in the urban
areas was 6.0% in men and 3.5% in women, with a total of 22%
of the urban population estimated to have some degree of glu-
cose intolerance [162]. In rural Bangladesh, diabetes prevalence
was reported in an older study to be 2.1% compared with an IGT
prevalence of 13% despite a mean BMI of only 20.4 kg/m? [163]. A
recent study based on fasting glucose criteria alone that included
more than 7000 adults reported a prevalence of 9.7% [164].

In addition to urbanization, the main factor for the high preva-
lence of diabetes and metabolic abnormalities among Asians is the
tendency for central obesity and insulin resistance [148, 165-168].



Despite being born smaller, with lower birth weight, Indian babies
have more body fat, which persists into adulthood, thus putting
them at increased risk of cardiometabolic complications [169].
Interestingly, one study showed that maternal nutrition and, in
particular, low maternal vitamin B,, and high folate might be asso-
ciated with increased adiposity and risk of T2DM in the offspring
[170], suggesting that in addition to increased intake of fat and
calorie-rich foodstuffs, other dietary factors may play a contribu-
tory role.

Mauritius

The high prevalence of diabetes and cardiovascular disease on
the island of Mauritius, in the Indian Ocean, has been intensively
studied. Here, diabetes is common in an urbanized setting; across
several ethnic groups (Asian Indian, Chinese, and Creole), in 1990
the prevalence rates were 10-13%, rising to 20-30% in those aged
45-74 years [171]. A repeat survey in 1998 revealed a rise in preva-
lence of T2DM to 17.9%. In both studies, the highest prevalence
was seen in Asian Indians [171, 172]. The age-standardized preva-
lence of diabetes was 22.3% in 2009 among men and 20.2% among
women, representing an increase of over 60% compared with fig-
ures from 1987 [173].

The Middle East and North Africa

Marked socioeconomic changes in many countries in the region,
especially among the affluent oil-producing countries, have led to
dramatic changes in lifestyle, with changes in nutritional intake,
decreased physical activity, and increased obesity and smoking.
This, coupled with increasing urbanization and improved life
expectancy, has led to a marked increase in the prevalence of dia-
betes and IGT (Table 4.5). A recent review of prevalence of dia-
betes in the Middle East highlighted the paucity of data and large
differences in prevalence rates among different countries. Obesity
and age appeared to be the main driver for high prevalence [174].
Saudi Arabia, Kuwait, and Qatar are among the countries with
the highest prevalence rates of diabetes, and Egypt is among the
top 10 countries with the highest burden of people with diabetes
[1], highlighting this region as one that requires concerted public
health action to reduce the potential impact of diabetes [175].

North Africa

Prevalence rates are relatively high (3-8%) in Sudan and Tunisia
in addition to Egypt. An Egyptian study of adults aged >20 years
showed an IGT prevalence rate of 10% [176]. Urban-rural differ-
ences were demonstrated; in Cairo city, diabetes was more com-
mon (prevalence 14-20%, depending upon socioeconomic sta-
tus), whereas the IGT prevalence was lower (6-9%). The converse
applied in a rural setting, with a diabetes prevalence of only 5%
but a higher IGT prevalence of 13%. As suggested earlier, this may
reflect the diabetes epidemic being at an earlier stage in rural pop-
ulations. In the Tunisian National Nutrition Survey, the prevalence
of diabetes was 9.9%, giving an age-adjusted prevalence of 8.5%,
with marked urban-rural differences [177].
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Table 4.5 Prevalence of diabetes from reported epidemiology studies in
selected countries in the Middle East. IGT: Impaired glucose tolerance; IFG:
Impaired fasting glycaemia.

Prevalence (%)

Year Country [ref.] T2DM IGT
1998 Lebanon [274] 13.2 6.0
2006 Oman [275]

Males 11.8

Females 11.3
2000 Oman [276]

Males 11.8 7.1 (IFG)

Females 11.6 5.1 (IFG)
1995 Oman [277]

Males 9.7 8.1

Females 9.8 12.9
2011 Saudi Arabia [278]

Males 34.7

Females 28.6
2000 Saudi Arabia [279]

Males 26.2 14.4

Females 21.5 13.9
1995 Saudi Arabia [280]

Males 11.8 10.0

Females 12.8 9.0
1992 Iran [281]

Urban males 7.1 8.9

Urban females 7.6 14.9

Rural 7.3 7.2
2004 Jordan [282] 17.1 7.8
2009 Qatar [283] 16.7

Males 15.2

Females 18.1

Western Pacific region

Australia

The first report of the AusDiab Study [178], published in 2000,
provides information about diabetes in a developed country. The
overall prevalence of diabetes in Australians aged >25 years was
7.5% (8% for men and 7% for women), rising from 2.5% in those
aged 25-44 years to 24% among those aged >75 years; the preva-
lence more than doubled since 1981 [179, 180]. About 50% of cases
discovered in this survey were previously undiagnosed. The com-
bined prevalence of impaired fasting glucose (IFG) and IGT was
16% (men 17%, women 15%); hence almost 25% of Australians
aged >25 years have abnormal glucose metabolism. In Australia,
T2DM accounts for over 85% of cases and T1DM for 10%. Using
data from the AusDiab study, it has been estimated that the preva-
lence of diabetes is likely to rise from 7.6% in 2000 to 11.4% by
2025 [181]. In the 2012 AusDiab Study Report, the annual inci-
dence of diabetes was reported to be 0.8% per year for men and
0.6% per year for women [182].
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T2DM is commoner in native Australian populations, for
example, 16-30% of adults in the Aborigine and Torres Strait
Islander communities [183]. In this population, diabetes was asso-
ciated with higher rates of hypertension (69% vs. 21%), obesity
(44% vs. 16%), elevated triglyceride, and lower HDL-cholesterol
concentrations compared with those who have normal glucose
tolerance.

New Zealand

In New Zealand, T2DM is consistently commoner among Poly-
nesians (Maoris and Pacific Islanders) than in white New Zealan-
ders; it accounts for 89% of diabetes in white New Zealanders and
95% in Polynesians. Polynesians are also diagnosed, on average,
5-10 years younger than white New Zealanders and have a 4-
8-fold higher prevalence of diabetic nephropathy. Strikingly high
prevalence rates of 37-75% were reported for unemployed men,
emphasizing again the role of socioeconomic status [184]. In the
2006-2007 New Zealand Health Survey, prevalence rates reported
for adults aged >30 years were 4.3% for white New Zealanders,
5.8% for Maoris, 6.5% for Asians, and 10.0% for Pacific Islanders,
respectively [185, 186].

Pacific Island countries

The Melanesian, Micronesian, and Polynesian populations of
the Pacific Islands show great variations in diabetes prevalence,
largely attributable to differences in economic development and
lifestyle. Some of the highest prevalence rates worldwide come
from this region, notably from Nauru and Papua New Guinea. The
Micronesian population of Nauru, made wealthy by bauxite min-
ing and with a longer history of Westernization than other Pacific
Island Countries, currently have an age-standardized prevalence
rate of 40%. High prevalence rates in Nauru have been maintained
since the late 1970s, but now appear to have stabilized as bauxite
mining is exhausted [50, 187].

Fiji has a largely bi-ethnic population consisting of native
Fijians of Melanesian ancestry together with migrants from India.
Recent surveys from Fiji are lacking, but a survey conducted over
30 years ago showed that diabetes prevalence rates were already
higher among Indian migrants than in Melanesians. In adults
above 20 years of age, crude prevalence rates were 13% among
the Indian migrants (with no significant urban-rural gradient),
but 7% and 1.7% among urban and rural Melanesians, respec-
tively [188]. At the time, these results were thought to indicate a
difference in ethnic (genetic) predisposition, but this conclusion
has since been tempered by the finding of high prevalence rates in
urbanized Melanesians in Papua New Guinea.

The situation in Papua New Guinea provides an excellent exam-
ple of the damage inflicted by rapid urbanization: diabetes is virtu-
ally non-existent in highland populations [189], in stark contrast
to the age-standardized prevalence rate of over 40% among urban-
ized Koki people (Melanesians) in Port Moresby [190]. Interme-
diate rates are reported in Austronesians of coastal ancestry.

High prevalence rates of diabetes have been reported in Poly-
nesian populations, conspicuously associated with obesity, both of
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which are particularly common in Polynesian women. In Western
Samoa, diabetes prevalence was reported in 1991 to be 7-9% in
two rural communities and 16% in Apia; the prevalence had dou-
bled since 1978 [191]. In the Kingdom of Tonga, situated south of
Samoa, the age-standardized prevalence of diabetes was 15.1%, of
which 80% was undiagnosed [192].

Diabetes remains undiagnosed in most Pacific Island people
with the disease—perhaps 80-100% in some communities, com-
pared with around 25-50% in high-income countries [180]. This
is likely to contribute to high rates of complications and frequent
presentation with diabetes-related problems, such as foot sepsis
[193].

Japan

T2DM has become commoner in Japan since the 1960s, and data
from rural parts of Japan suggested a prevalence of 9.1% in men
and 10.8% in women, with corresponding IGT prevalences of 12
and 16.5% for Japanese men and women, respectively [194]. A
National Diabetes Survey conducted in 2002 estimated a preva-
lence of 9% [195]. In the National Health and Nutrition Survey in
2007, it was estimated (using HbA, ) that the prevalence of dia-
betes was 15.3% in men and 7.3% in women [196]. The emerging
problem of T2DM among Japanese children is now recognized as
a critical problem in that country. T2DM cases outnumber T1DM
in children and adolescents by a ratio of 4 :1 [197], and the inci-
dence rate of T2DM for 1981-1990 was 4.1 per 100,000 person-
years, approximately twice the incidence rate of TIDM [198].
Nutritional factors are believed to play an important part, with the
prevalence of diabetes among Japanese Americans approximately
twice that among Japanese in Japan [199].

The causes of death in people with T2DM have also shifted,
possibly because of Westernization of diet and increased fat and
total calorie intake; higher death rates from renal disease than in
white European populations are now being supplanted by rising
deaths from coronary artery disease [200]. In order to reduce the
burden of diabetes, the Japanese government has launched a large
national strategic research project named J-DOIT to reduce dia-
betes, improve adherence to follow-up, and reduce complications
of diabetes [201].

Korea

In the Korean National Health and Nutrition Survey conducted in
2001, the age-adjusted prevalence of diabetes was reported to be
7.6%. The prevalence of impaired fasting glucose was an alarm-
ing 23.9% [202], suggesting a future epidemic of diabetes in the
Korean population, similar to that in the other Asian countries
[203]. In the Korean National Health and Nutrition Survey con-
ducted in 2010-2012, prevalence of diabetes was reported to be
10.1% [204].

China and Chinese populations
The rapid increase in the prevalence of T2DM in China provides
one of the most striking examples of the impact of urbanization
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Figure 4.4 Changes in prevalence of diabetes among Chinese adults aged
35-64 years. Source: Data from the 1994 Chinese National Survey and the
2000-2001 InterASIA study (Gu et al. 2003 [209]).

on increasing diabetes prevalence. China, with its current popu-
lation of nearly 1.4 billion, is the world’s most populous country.
Diabetes used to be rare: prevalence rates reported between 1980
and 1990 were consistently <1.5% even in urban areas such as
Shanghai [205], and as low as 0.3% in rural Guangdong Province.
Recently, however, the prevalence has risen rapidly, a trend first
demonstrated by studies conducted in the Da Qing area of north-
eastern China. There, the prevalence in 1986 was 1.0%, but by 1994
it had increased over threefold to 3.5% [206, 207]. The 1994 survey
of 200,000 people aged 25-64 years in 19 provinces that included
Da Qing found overall prevalence rates of 2.3% for diabetes and
2.1% for IGT. A community-based survey of 40,000 people aged
20-74 years in China between 1995 and 1997 confirmed this ris-
ing trend and also demonstrated urban-rural gradients in preva-
lence rates. Age-standardized prevalence rates were 3.2% for dia-
betes, and 4.8% for IGT, with the highest prevalence in provincial
cities and the lowest in rural areas [208]. The International Col-
laborative Study of Cardiovascular Disease in Asia, conducted in
2000-2001, revealed a further increase in the prevalence of dia-
betes (undiagnosed and diagnosed) to 5.5%, with another 7.3%
affected by IGT [209] (Figure 4.4). Furthermore, amongst the 20
million Chinese people estimated to have diabetes based on fast-
ing blood glucose, only 30% were previously diagnosed [209]. The
large proportion of those with IGT is particularly alarming. In
the community-based Shanghai Diabetes Study, people with IGT
and/or IFG had an 11.7-fold increased risk of diabetes compared
with those with normal glucose tolerance over a 3-year follow-up
period [210].

Chinese populations in affluent societies such as Hong Kong
SAR, Singapore, Taiwan, and Mauritius all show higher prevalence
rates compared with mainland China. In Hong Kong, the preva-
lence of diabetes increased from 8 to 10% between 1990 and 1995
[211,212]. Studies in Taiwan indicate prevalence rates of 9-11%,
although methodological discrepancies make direct comparisons
difficult [205]. The annual incidence rate in Taiwan was reported in
1997 to be 1.8% [213]. In a review summarizing the findings from
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prevalence studies conducted in Chinese populations in 1995-
2003, it was noted that Chinese people in Hong Kong and Tai-
wan have a 1.5-2.0-fold increased risk of diabetes adjusted for age
and diagnostic criteria compared with their mainland counter-
parts [214].

The rapid increase in diabetes prevalence in China is likely to
have been driven by the increase in obesity, particularly among
children and adolescents [168,215]. Analysis of data from the
2002 National Nutrition and Health Survey noted prevalences of
overweight of 4.1%, among children aged 7-12 years and 5.6%
among those aged 12-18 years, with obesity prevalences of 2.5 and
1.6%, respectively [216]. In Hong Kong, a community-based study
involving more than 2000 adolescents aged 11-18 years found
alarming rates of obesity, with 8-10% of those aged 12-13 years
fulfilling criteria for obesity [217]. In a national screening program
among schoolchildren in Taiwan between 1992 and 1999, the rate
of newly identified diabetes was 9.0 per 100,000 for boys and 15.3
per 100,000 for girls. Obesity was found to be the major risk fac-
tor for the development of T2DM, where children with BMI in
the 95th percentile or higher had an ~19-fold increase in risk of
T2DM compared with those with BMI in the <50th percentile
[218].

Such alarming data for Chinese populations highlight the
potential for further rises within China itself. Unless effective mea-
sures can be implemented, given the huge population of China,
the consequences could be devastating. Indeed, two recent large
nationwide epidemiological studies, involving more than 46,000
and 98,000 adults, respectively, reported diabetes prevalences of
9.7% in 2008 [219] and (if including elevated HbA . as a diagnos-
tic criterion) 11.6% in 2010 [220]. This translates to a staggering
estimate of 92.4 million individuals with diabetes and 148.2 mil-
lion adults with prediabetes in China in 2008 [219].

South-East Asian peninsula

There is considerable economic diversity within this region,
although the recent emerging data showed that despite the rel-
atively traditional lifestyle in many of the countries, diabetes is
increasingly common within the region. A survey performed in
two villages in Cambodia in 2004 revealed a diabetes prevalence
rate of 5% in the rural community in Siem Reap butup to 11% ina
semi-urban community [221]. A study conducted in adults in Ho
Chi Minh City in southern Vietnam indicated that the prevalence
of diabetes increased substantially from 2.5% in 1993 to 3.8% in
2001 [222]. A more recent study using data from 2013 reported an
age-standardized prevalence of 6.0% [223]. Similar increases have
been reported in Indonesia [224] and the Philippines [225]. Preva-
lence rates in Thailand appear to be approaching those reported
in Malaysia and Singapore, with prevalence of diabetes and IGT in
a 2004 national survey reported to be 6.7 and 12.5%, respectively
[226].

In Singapore, serial studies since 1975 showed a rising preva-
lence of diabetes from 2% in 1975 to 4.7% in 1984, 8.6% in 1992,
and 9% in 1998. Two more recent surveys indicate that the rate
of rise may have stabilized. Ethnic Indians and Malays (especially
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Malay women) have the highest rates of diabetes (16.7-14.3%) and
also the highest rates of obesity. A further 15% of the adult pop-
ulation have IGT. In a survey conducted in 2004 by the Ministry
of Health, Singapore, the prevalence of diabetes among the adult
population was estimated to be 8.2% [227]. A more recent sur-
vey conducted by the Ministry of Health in 2010 noted a diabetes
prevalence of 11.3% [228]. Obesity and adoption of a Westernized
diet and lifestyle are again closely associated. T2DM in childhood
is also highlighted as an emerging problem. The prevalence of dia-
betes increased by more than twofold over 20 years in Malaysia,
with the most recent nationwide survey reporting a prevalence of
22.6%, compared with a prevalence of 11.6% in 2006 [229].

Impact of diabetes

The epidemic of diabetes has major impact on both personal
and societal aspects. The major burden of diabetes stems from
the treatment cost of its complications, such as stroke, blindness,
coronary artery disease, renal failure, amputation, and infection.
In 2015, about 5 million people died of diabetes and its related
diseases [1,230]. Most people die from cardiovascular disease
(particularly coronary artery disease and stroke) and end-stage
renal disease. In a recent study on the trends in the incidence
of diabetes-related complications in the USA, the rates of lower
extremity amputations, end-stage renal disease, acute myocardial
infarction, stroke, and death from hyperglycemic crisis declined
from 1990 to 2010, although there remains a substantial health-
care burden due to the rising diabetes prevalence [94].

There are geographic differences in both the magnitude of these
problems and their relative contributions to overall morbidity and
mortality [231]. In white European and American populations,
macrovascular complications, such as coronary artery disease and
amputation, are major causes of disability. In contrast, end-stage
renal disease and stroke are more prevalent among Chinese and
Asian ethnic groups [13].

It is well established that the occurrence of vascular complica-
tions of diabetes is related to the duration of hyperglycemia. With
the earlier onset of T2DM, most people will have an increased risk
of developing these complications. Despite the high prevalence of
complications of diabetes and, hence, the high costs of manage-
ment, simple, inexpensive measures are effective in preventing the
development of diabetes and its vascular complications. Rather
than merely focusing on the control of hyperglycemia, global risk
reduction with attention on cardiovascular risk factors has been
found to be the most effective way of reducing the burden of dia-
betes. The challenge is to provide a platform whereby effective care
can be delivered at an affordable cost.

Mortality and morbidity

Diabetes is associated with approximately twofold increased mor-
tality in most populations, with the excess risk decreasing with
increasing age [232-234]. Although initial data suggest that the
excess mortality associated with diabetes may be higher in Asian
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populations, this is probably related to differences in death cer-
tificate coding practices [235-237]. It was recently estimated that
diabetes accounted for 14.5% of global all-cause mortality among
people aged 20-79 years, with close to half of deaths due to dia-
betes being in people under the age of 60 years [1].

The most systematic comparative data, using standardized
methodology, originate from the WHO Multinational Study of
Vascular Disease in Diabetes, which has drawn from 14 centers
in 13 countries since the 1980s. A follow-up report from 10 of
these centers [238] shows that coronary heart disease and limb
amputation rates varied 10-20-fold among different centers; there
was also marked variation in prevalence of clinical proteinuria
and renal failure, but less variation in retinopathy and severe
visual impairment. Striking features include the relative rarity of
ischemic heart disease and lower extremity amputation in Hong
Kong and Tokyo, contrasting with a high incidence of stroke, espe-
cially in Hong Kong. A high incidence of stroke was also found
in Arizona and Oklahoma, the two Native American Indian cen-
ters. The highest rates of ischemic heart disease were seen in the
European centers, notably among women in Warsaw. Myocardial
infarction was also common in Native American Indians, espe-
cially among men, while renal failure and proteinuria rates were
highest among Native American Indians and in Hong Kong.

Other issues include the apparent vulnerability of Pacific Island
populations to diabetic foot problems associated with neuropathy
and of South Asians to coronary heart disease [42]. Importantly,
the risk of coronary heart disease is already increased twofold at
the stage of IGT [239].

Another cause of morbidity and mortality that is increasingly
recognized is the increased risk of cancer in people with dia-
betes. Various epidemiological studies in different populations
have suggested a link between diabetes and increased risk of pan-
creatic, hepatocellular, endometrial, breast, and colorectal carci-
noma [240-242]. Although some of this may be due to pres-
ence of common risk factors such as obesity and dietary factors,
it has been shown in a large prospective study that cancer risk
increases with increasing fasting glucose at baseline [243]. In a
large population-based study in Australia, both TIDM and T2DM
were found to be associated with increased risk of incidence and
mortality for overall and a number of site-specific cancers [244].

Intensive multifactorial interventions to reduce cardiovascular
risk factors are effective in reducing cardiovascular mortality in
diabetes [245, 246]. Although intensive blood glucose control does
not lower cardiovascular mortality in the short term [247, 248], it
may have beneficial effects in reducing cardiovascular and total
mortality in the longer term, as suggested by long-term follow-up
data from UKPDS [249]. It appears that the relative mortality of
diabetes is decreasing in some countries [250, 251], and this may
be related to the increased utilization of drugs to control hyper-
lipidemia, hyperglycemia, and hypertension [252].

Healthcare burden and economic costs
The increase in the prevalence of diabetes, particularly among
young adults, along with the increased morbidity and mortality



associated with microvascular and macrovascular complications,
is likely to lead to an escalation of healthcare costs and reduced
economic growth. The IDF estimated that in 2015, diabetes-
related health expenditure would reach 320 billion International
Dollars (ID) in the USA, 90 billion ID in China, 33 billion ID in
Germany, 38 billion ID in Japan, and 29 billion ID in Brazil [1].
The global health expenditure for diabetes in 2015 was estimated
tobe US$673 billion, of which half would have been spent in North
America (around $348 billion), and one-quarter in Europe ($156
billion). In the USA, the estimated total costs (direct and indi-
rect) of diabetes increased from $23 billion in 1969 to $132 bil-
lion in 2002 [253,254]. The cost of diabetes in the USA in 2007
was estimated by the American Diabetes Association to be $174
billion, which includes $116 billion in excess medical expendi-
tures and $58 billion in reduced national productivity [255]. These
estimates were revised in 2012 to a total estimated cost of diag-
nosed diabetes of $245 billion, including $176 billion in direct
medical costs and $69 billion in reduced productivity [92]. The
largest components of medical expenditures attributed to diabetes
are hospital inpatient care, accounting for 43% of total costs, and
medications to treat complications of diabetes (18%) and antidi-
abetes medications and diabetes supplies (12%) [92]. However,
the actual burden is likely to be even greater, since other non-
monetary effects such as changes in quality of life, disability and
suffering, care provided by unpaid caregivers, and other factors
cannot be included in such analyses. The burden of diabetes affects
all sectors of society, including higher insurance premiums paid by
employees and employers, reduced earnings through productivity
loss, and reduced overall quality of life for people with diabetes
and their families and friends. The cost of medical care for diabetes
varies greatly among the different regions (Table 4.6). Although
diabetes is a very costly disease, interventions used to prevent
or control diabetes differ greatly in their cost-effectiveness [256].
The cost-effectiveness and feasibility of diabetes interventions in

Table 4.6 Estimated direct medical costs of diabetes by region, 2003.

Direct medical costs ($ millions)

Region Low estimate High estimate
Developing countries 12304 23127

East Asia and the Pacific 1368 2656

Europe and Central Asia 2884 5336

Latin America and the Caribbean 4592 8676

Middle East and North Africa 2347 4340

South Asia 840 1589

Sub-Saharan Africa 273 530
Developed countries 116365 217760
World 128669 240887

Source: Adapted from Venkat Naryan KM, Zhang, P, Kanaya AM, et al. In: Jami-
son DT, Breman JG, Measham AR, eds. Disease Control Priorities in Devel-
oping Countries, 2nd edn. Washington, DC: International Bank for Recon-
struction and Development/The World Bank Group, 2006, Table 30.1.
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developing countries, as assessed by the World Bank, are listed in
Table 4.7. Cost-effective interventions that are technically and cul-
turally feasible should be implemented with the highest priority
[257].

Prevention of T2DM

“There are entirely too many diabetic patients in the country. Statis-
tics for the last thirty years show so great an increase in the number
that, unless this were in part explained by a better recognition of the
disease, the outlook for the future would be startling. Therefore, it is
proper at the present time to devote attention not alone to treatment,
but still more, as in the campaign against the typhoid fever, to pre-
vention. The results may not be quite so striking or as immediate, but
they are sure to come and to be important.”

[Elliot Joslin, 1921]

Given the cost of diabetes, it is essential to prevent or delay the
onset of diabetes and its associated complications. With improved
understanding of the natural history of the development of T2DM
and the role of various modifiable risk factors in its pathogen-
esis, a number of randomized clinical trials have examined the
effect of lifestyle intervention to prevent T2DM. A large body
of evidence has accumulated from these studies on the effective-
ness of lifestyle measures in the prevention of diabetes, as sum-
marized in Table 4.8. Most of these interventions include struc-
tured education and exercise programs, reducing fat intake and
increasing fiber intake, moderate exercise for at least 30 min per
day, and moderate weight reduction of >5%. Importantly, in addi-
tion to being highly cost-effective, the effect of structured lifestyle
intervention on reduction of diabetes risk appears to be main-
tained over a long duration of follow-up [258,259]. In a follow-
up of the China Da Qing Diabetes Prevention Study, participants
who received lifestyle intervention had a 51% lower incidence of
diabetes during the 6-year active intervention period and 43%
lower incidence of diabetes over 20 years [259]. Furthermore,
with follow-up extended to 23 years, those randomized to lifestyle
intervention had a 41% reduction in cardiovascular mortality and
a29% reduction in all-cause mortality [260].

In addition to lifestyle intervention, several drugs used in
the treatment of T2DM and obesity have been evaluated in
clinical trials and are effective in preventing diabetes, including
metformin, the thiazolidinedione class of compounds, acarbose,
orlistat, and insulin itself, as summarized in Table 4.9. The largest
body of evidence for pharmacological prevention of diabetes is
with metformin treatment, which was associated with an ~40%
reduction in risk of diabetes in a meta-analysis [261]. In addition,
several clinical trials indicated that angiotensin-converting
enzyme (ACE) inhibitors and angiotensin receptor blockers may
reduce incident diabetes in high-risk people with hypertension
[262-266]. A large randomized clinical trial compared the ACE
inhibitor ramipril with placebo in people with IGT or IFG. It
did not show a significant reduction in incident diabetes after a
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Table 4.8 Summary of randomized clinical trials using lifestyle intervention in the prevention of T2DM.

Epidemiology of Type 2 Diabetes Chapter 4

Study No of participants Study participants Duration (years) Incidence in control (%) RRR (%) Ref.
Da Qing (1997) 577 IGT 6 15.7 38 [284]
Extended follow-up 23 years ~ 89.9 45 [260]
after randomization
DPS (2001) 522 IGT, BMI >25 kg/m2 3.2 58 [120]
Extended follow-up 7 years 7.4 43 [258]
after start of study
DPP (2002) 3234 IGT, BMI >24 kg/mz, FG 3 10 58 [285]
>5.3 mmol/L
Extended follow-up 5.3 per 100 person-years 34 [286]
10 years after
randomization
Indian IDPP-1 531 IGT 18.3 29 [158]
(2006)
Japanese (2005) 458 IGT (men), BMI >24 kg/m? 9.3 67 [287]

BMI, body mass index; DPP, Diabetes Prevention Program; DPS, Diabetes Prevention Study (Finland); FG, fasting glucose; IDPP-1, Indian Diabetes Prevention Program ; IGT,

impaired glucose tolerance; RRR, relative risk reduction.

median follow-up of 3 years, although ramipril was associated
with increased regression to normoglycemia [267]. A large
number of pharmacological agents are currently in development
or undergoing clinical trials for the treatment of T2DM or obesity,
which should provide a constant supply of promising agents for
evaluation in their effectiveness for preventing T2DM. At present,
however, lifestyle intervention remains more cost-effective as
a strategy for diabetes prevention. Recent prevention studies
have also demonstrated the effectiveness of using mobile phone
messaging or other aids to deliver support for lifestyle modifi-
cation or patient empowerment [268]. Among those who have
morbid obesity, bariatric surgery has a significant impact on
glycemic control and more than 60% of severely obese individuals

with diabetes experience remission after gastric bypass surgery
[269]. In the 3-year follow-up of people with severe obesity who
underwent bariatric surgery in the USA, incidence of diabetes was
0.9% after Roux-en-Y gastric bypass and 3.2% after laparoscopic
gastric banding [270].

Given the increased appreciation of the important role of
the intrauterine environment and early development in modi-
fying the risk of non-communicable diseases, it is increasingly
recognized that pregnancy represents a critical period that
requires optimal maternal nutrition [271], and also has long-term
consequences for the health of the offspring. Therefore, diabetes
and non-communicable disease prevention efforts now include
considerations of primordial prevention, whereby measures

Table 4.9 RCT assessing the effect of pharmacological interventions in the prevention of T2DM.

Drug Trial n Follow-up (years) Total dose RR (95% CI) Ref.

Biguanides

Metformin DPP (2002) 2155 2.8 1700 mg/day 0.69 (0.57-0.83) [285]
CDPS (2001) 261 3 750 mg/day 0.23 [288]
IDPP-1 (2006) 531 2.5 500 mg/day 0.74 (0.65-0.81) [158]

Thiazolidinediones

Troglitazone TRIPOD (2002) 236 2.5 400 mg/day 0.45 (0.25-0.83) [289]
DPP 585 0.9 400 mg/day 0.25

Rosiglitazone DREAM (2006) 5269 3.0 8 mg/day 0.40 (0.35-0.46) [290]

a-Glucosidase inhibitors

Acarbose STOP-NIDDM (2002) 1368 3.2 300 mg/day 0.75(0.63-0.9) [291]

Insulin

Insulin glargine ORIGIN 1456 6

Dose titrated up according to target,  0.72 (0.58-0.91) [292]

mean dose 0.4 units/kg/day

Cl, confidence interval; n, number; RR, relative risk; CDPS, Chinese Diabetes Prevention Study; DPP, Diabetes Prevention Program; DREAM, Diabetes Reduction Assessment
with ramipril and rosiglitazone Medication; IDPP-1, Indian Diabetes Prevention Program 1; ORIGIN, Outcome Reduction with Initial Glargine Intervention; STOP-NIDDM,
Study TO Prevent Non-Insulin-Dependent Diabetes Mellitus; TRIPOD, TROglitazone in the Prevention Of Diabetes;
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to avoid the establishment of different environmental, social,
behavioral, and physical exposures that may impair long-term
health start early, including preconception and the pregnancy
period [272].

More detailed discussion on epidemiological aspects of diabetes
can be found elsewhere [273].

Conclusions

The interaction between genetic predisposition, the populariza-
tion of fast food and a sedentary lifestyle, in addition to aging
of the general population, plays a major role in the increase in
the prevalence of impaired glucose tolerance and T2DM globally.
Countries in the Asia-Pacific regions and with a growing economy
will bear the major burden in the increase in number of people
with diabetes. The significant increase in macro- and microvascu-
lar complications of diabetes places a heavy burden on healthcare
resources. Studies have confirmed the benefit of intensive mul-
tifactorial risk management in reducing all-cause mortality and
cardiovascular adverse events. Measures such as weight reduction
and exercise are effective in preventing the progression of IGT
to diabetes. Hence, despite being one of the commonest chronic
diseases, diabetes can be prevented or controlled effectively with
interventions that are relatively cost-effective compared with the
cost of treating the micro- and macrovascular complications.
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Key points
« Diabetes results in a range of distressing symptoms, altered daily

functioning (requiring attentive self-care, health monitoring, and
treatments), changed family roles, higher healthcare costs, lost
productivity, disability, and premature mortality, which are felt by
individuals, households, communities, and national economies.

« The prevalence of diabetes has grown worldwide, with no country or
region spared. With time, the availability of data regarding diabetes
burdens has improved; importantly, the prevalence and absolute number
estimates for diabetes have consistently outpaced each previous
projection. There are still major gaps in data, particularly for incidence,
prevalence in some parts of the world, and rate and absolute numbers of
people experiencing diabetes complications and mortality in several
countries.

* Diabetes is a leading cause of death in the world (5.1 million deaths
annually), outnumbering global deaths due to HIV/AIDS, and 75% of this
mortality occurs in low- and middle-income countries, disproportionately
affecting the young and economically-active populations.

e Cost appraisal methods require epidemiological, clinical, and economic
data, and utilize different approaches to calculate the direct medical costs

(of treatment, self-management and monitoring, outpatient follow-up,
inpatient stays, diagnostic tests, and procedures), indirect costs (of lost
outputs due to disability and premature death), and intangible losses
(psychosocial burdens) attributable to diabetes.

Even though there are large variations in methods of cost appraisal, cost
items incorporated, and purchasing power, and also accessibility to and
patterns of clinical care, together resulting in widely varied
between-country per capita expenditures, it is clear that the presence of
diabetes results in excess consumption of resources worldwide.
Progressive severity of diabetes complications, long duration of disease,
comorbidities, and complexity of therapy all increase the monetary,
infrastructural, and human resource costs of care.

Individuals in vulnerable subpopulations are at an elevated risk of
developing diabetes and progression towards significantly harmful
outcomes, and a large proportion of resources is devoted to their
therapies and diabetes care; confronting the increased susceptibility and
burdens will require addressing the underlying political, socioeconomic,
biological, and behavioral factors that perpetuate disparities.

Introduction

Diabetes has emerged as a major health problem worldwide,
with serious health-related and socioeconomic impacts on indi-
viduals and populations alike. Pandemic growth of diabetes is
being spurred on by transitioning demographic (e.g. popula-
tion aging), socioeconomic, migratory (e.g. between or within
countries; urbanization), nutritional and lifestyle patterns, and an
affiliated proliferation of overweight and obese adults and chil-
dren [1-3]. The International Diabetes Federation estimates that
there were 415 million people with diabetes worldwide in 2015,
and projects that the absolute number will reach 642 million by

2040 [1]. The overwhelming majority of this escalation will be
attributable to growth of type 2 diabetes (T2DM). Rapid socioe-
conomic transformations globally will also result in a parallel
growth of diabetes precursors (impaired fasting glucose [IFG]
and impaired glucose tolerance [IGT]) and ensuing health con-
sequences [4-6].

Current estimates suggest that three-quarters of those affected
by diabetes live in low- and middle-income countries (LMICs)
[1,7]. This challenges traditional paradigms that segregated
chronic non-communicable diseases (NCDs) as problems of
affluent countries alone. Although this burden of greater absolute
numbers may be partially explained by larger population size,
the incidence rates for NCDs in rapidly transitioning LMICs are
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Part 1 Diabetes in its Historical and Social Context

much steeper than those in more affluent high-income counties
(HICs) [8]. For example, it was previously estimated that by 2025,
the number of diabetes cases will increase by 170% in LMICs,
compared with a 41% increase in HICs [9].

Thus far, the attention on health burdens in LMICs has justifi-
ably focused on the persistence of infectious diseases, reproduc-
tive health problems, and nutritional deficiencies. However, these
same countries must also contend with 80% of the global mortal-
ity associated with chronic diseases [10, 11]. Projections suggest
that this already overwhelming “double-burden” will be exacer-
bated by the growth of NCDs such as diabetes. Altogether, pro-
jected increases in diabetes in all corners of the globe will result
in a corresponding escalation of burdens in the form of seri-
ous morbidity, disability, diminished life expectancy, reduction in
quality of life, loss of human and social capital, and individual
and national income losses. This chapter describes these burdens
in a global context, and systematically introduces data regarding
regional patterns and associated themes.

Distribution

Epidemiological evidence quantifies the impacts and predictors
of disease, identifies vulnerable populations and their needs, and
facilitates the formulation of appropriate disease prevention and
control strategies. However, there is still limited representative epi-
demiological data, and very few prospective studies, originating
from a great many LMICs - the parts of the world that together
contribute to the greatest diabetes burdens. Moreover, the utility of
currently available estimates is hampered by methodological defi-
ciencies (inconsistent diagnostic criteria, poor standardization of
methods) and limited coverage (regional sampling with a predom-
inance of urban studies even though most of the populations in
question are rural inhabitants) [12, 13]. To address these barriers,
the International Diabetes Federation and World Health Organi-
zation use sophisticated modeling approaches to provide global
estimates, by country, for diabetes prevalence. Despite many intra-
region differences, there are notable patterns for different income-
group regions, which are described here.

In Africa:

¢ There is a general lack of awareness about chronic diseases and
their risk factors [12]. For example, three out of five people with
diabetes in Africa remain undiagnosed [1], and a mere 25-35%
of people with hypertension were aware of their elevated blood
pressure status [13].

¢ There are limited data originating from a few localized cen-
ters in certain parts (western, eastern, and southern) of the conti-
nent, and prevalence estimates vary widely, between 0-3% in rural
areas and 6-10% in urban environments [12, 14]. Since preva-
lence estimates are largely based on fasting blood glucose levels,
diabetes defined by post-prandial hyperglycemia is largely being
missed.

e Although urbanization, socioeconomic development, epidemi-
ological transition, and increases in overweight and obesity are
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cited as factors leading to growth of diabetes [15], data on
population-level dietary and physical activity patterns are severely
lacking in African countries; also, the prevalence of overweight
and obesity is highest among peri-urban low socioeconomic sta-
tus dwellers, and consequent diabetes risk may also be higher,
although again, there are limited data among this population.

* Although HIV/AIDS overshadows NCDs such as diabetes
in African countries [14,16,17], diabetes and other metabolic
factors may be a future concern in this population for var-
ious reasons: first, demographic projections alone suggest
that the prevalence of diabetes will continue to grow in this
region; and second, as HIV mortality declines owing to more
widespread use of anti-retroviral therapies, there will be direct
(in the form of pancreatic dysfunction associated with ther-
apy) and indirect (increasing longevity of life) impacts that
may be associated with increased diabetes prevalence [18].
More data are needed to comprehend fully the relative impacts
of HIV infection, anti-retroviral therapy, life expectancy,
and contemporary sociodemographic and epidemiological
transitions.

e There is variation in risk by ethnicity with higher prevalence of
diabetes noted among people of Egyptian and Asian Indian origin
than among indigenous African communities [12, 19].

In Europe, the United States, and Canada:

* Available data are derived from population studies, records of
insulin and other medication sales, and/or reimbursement claims;
estimates still suggest that 30% of people in these HICs have undi-
agnosed diabetes [1, 4, 20].

* Prevalence of type 1 diabetes (T1DM) is highest in Europe and
incidence continues to increase in Europe and North America
[21-23].

e Prevalence of T2DM is highest and growing fastest in vulnerable
subgroups—lower socioeconomic groups and the elderly [4].

« Life expectancy of people with diabetes, although reduced com-
pared with the general population [24], is markedly higher than in
LMIC:s of the world.

e Therapies are associated with inflated and growing health
expenditures [25].

In Central and Latin America:

* The average prevalence of diabetes is 8% [1], although there is
variation in diabetes prevalence reflecting the diversity of ethnic-
ities and stage of development between countries [7]. Indigenous
populations are estimated to have a high prevalence of metabolic
dysfunction and diabetes, as has been noted in Brazil [26], but the
patterns and proportions of indigenous peoples in each country
are not clearly documented [27].

¢ The pattern of TIDM incidence seems to correspond to the size
of the population of white European ancestry [28, 29].

* Poor accessibility to health services continues to be a problem
for many of those affected [28].

* Countries such as Mexico are starkly affected as diabetes has
climbed the list of leading causes of mortality over the past three



decades [30], and is now one of the top two causes of death for
Mexicans [31].

Asia is emerging as the epicenter of the cardiometabolic pandemic
[32, 33] since:

¢ Populous countries in this region (India and China are esti-
mated to have 66 and 96 million people living with diabetes,
respectively) are confronted with diabetes risk being manifest at
younger ages and at lower body mass indices compared with pop-
ulations in other regions [32].

e Patterns of genetic/ethnic propensity and phenotypes are
diverse:

o South Asians have lower BMIs but susceptibility to low B-cell

output (low insulin secretion) and also a tendency to deposition

of metabolically active visceral adiposity; together, these may
explain the greater vulnerability to diabetes in this population

[34-36].

o Peninsular Arabs and Pacific Islanders exhibit a very high

prevalence of obesity and diabetes (estimated to be ~20% and

~25-35%, respectively) [1,37].

o There are also still rural-urban differences in prevalence of

diabetes among Asians, which suggests genetic, environmental,

and “thrifty” genotype factors, and their interactions all have a

role to play [38].
¢ More epidemiological data, especially from longitudinal stud-
ies, are needed that can inform our understanding of pathophysi-
ology, and also data on best practices and interventions to screen,
prevent, and control diabetes cost-effectively.

Diabetes is renowned as a “silent epidemic” [39]. The slow
progression and lack of symptoms in the early stages of disease
often delays people seeking a glucose test, preventive care, and/or
medical attention. As such, self-reported prevalence often reflects
an underestimation of the number of cases because it does not
account for undiagnosed cases. Almost half of all people with dia-
betes worldwide (~192 million) remain undiagnosed [1], and the
prevalence of undiagnosed diabetes is much higher in low-income
than lower- and upper-middle income countries (75% vs. 46%,
respectively) [40]. Overall, it is estimated that 84% of all cases of
undiagnosed diabetes are in LMICs, with Pacific Island nations
showing the highest prevalence [41]. This is particularly concern-
ing because, as the pathophysiology of diabetes sets in, diabetes-
related complications such as nerve, eye, kidney, and/or vascu-
lar diseases can already manifest before diagnosis occurs [42-44].
Target organ damage of this nature can be life threatening and/or
seriously disabling [45].

The traditional socioeconomic gradient associated with
chronic diseases may itself be transitioning. As the world’s urban
population size begins to outnumber those living in rural areas,
many LMICs face enormous challenges related to growth of
peri-urban slums and squatter settlements, disparities in provi-
sion of basic amenities, and poor sanitation and nourishment
along with subsequent exposure to contemporary dietary choices,
tobacco use, and mechanization of transport with consequent
growth in incidence of NCDs. Thus, the paradigm is shifting glob-
ally towards the inverse relationship found in established market
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economies where the greatest burdens of NCDs are felt by the least
well-off segments of the population [46-51]. In India, for example,
it has been demonstrated [52] that although family history and
prevalence of glycemic abnormalities in high-income groups were
double those of low-income groups, the reverse was true for smok-
ing, alcohol consumption, prevalence of comorbid cardiovascular
risks, and occurrence of complications (macrovascular disease,
cataracts, proteinuria, and neuropathy). Indeed, since lower and
middle socioeconomic classes make up such a large proportion
of the populations in South Asia, even though the prevalence is
lower, the absolute numbers of people in these classes affected
by diabetes and comorbid cardiovascular disease (CVD) risks
are much higher than in their wealthier counterparts [53]. Some
studies even show greater disease susceptibility in lower socioeco-
nomic groups in India [54, 55], mimicking patterns in wealthier
nations [56-59]. As this chapter progresses, it will become evident
that the countries suffering the greatest burdens of disease are
also those least equipped to manage the growing epidemics.

Major burdens

The burden of any disease, including diabetes, can be described
by its health-related impacts, the morbidity and mortality caused,
and the social and economic costs to individuals, families, com-
munities, and national economies (Box 5.1).

Acute and chronic disease complications

The patterns of major health-related burdens of diabetes vary
with the type of disease. Of the two most common forms, TIDM
and T2DM, the latter accounts for 90-95% of all cases world-
wide. Both TIDM and T2DM may be associated with acute and
chronic metabolic consequences, but the frequency of events
varies according to the underlying pathophysiology and level
of glycemic and cardiovascular risk factor (i.e. blood pressure,
cholesterol, and tobacco) control [60].

Box 5.1 Evaluation of burden.

¢ Health-related burdens
o Disease events and/or ill-health
© Morbidity (physical and psychosocial)
© Mortality
e Social implications of disease
o Disability
o Alteration of social roles or family structure
o Caregiver burdens
 Economic costs of disease
© Health-seeking and utilization (frequency and costs)
o Direct medical expenditure
o Direct non-medical expenditure (ancillary expenses of
health seeking and care)
o Indirect costs (losses in productivity)
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Acute fluctuations in serum glucose may rapidly spiral into
emergency situations, with potentially fatal repercussions if
untreated. Episodes of severe acute hyperglycemia (e.g. diabetic
ketoacidosis [DKA] [61] and hyperosmolar non-ketotic coma) or,
conversely, severe hypoglycemia, most often require immediate
medical management. Longer term follow-up is then intended to
promote better blood glucose regulation and avoidance of precip-
itants (e.g. infection, non-adherence to treatments, missing meals,
alcohol abuse). Apart from atypical variants such as ketosis-prone
T2DM in Africans [12, 14], most acute metabolic complications
occur in people with T1IDM, whereas ~10-12% occur in those
with T2DM. When treated properly, the mortality from acute
hyperglycemic episodes such as DKA is extremely low (e.g.
DKA mortality in Taiwan, the United States, and Denmark were
estimated to occur in 0.67-4.0 % of cases) [62, 63]. In contrast,
in some African countries, mortality from DKA can be as high
as 25-33% [64], although data on the incidence of these compli-
cations from LMICs are limited [65]. Individual person (e.g. age,
additional comorbidities) and resource (e.g. hospital facilities,
experience of staff) characteristics may also modify the outcomes.
In under-resourced settings, for example, complex, cumulative,
and interconnected barriers (poor accessibility, inadequate ther-
apeutic instruments and medication, and insufficient numbers
of trained staff) result in poor glycemic control and higher risk
of mortality [66]. Hence early-life mortality in persons with
T1DM in low-resource settings is commonplace (e.g. the post-
diagnosis life expectancy in some regions of Africa is just 1 year)
[67].

Both T1DM and T2DM are associated with damaging effects on
tissues, with eventual progression to devastating complications. In
a large proportion of people with diabetes, other cardiometabolic
risk factors (hypertension, dyslipidemia, proinflammatory, and
procoagulant states) often co-occur [28], which further increase
the risk of diabetes-related complications [68]. Diabetes-related
complications include the following:

» Macrovascular diseases such as coronary heart disease, cere-
brovascular disease or “stroke,” and peripheral vascular disease).
Those with diabetes have a 2-4-fold higher risk of developing
coronary disease than people without diabetes [69]. More signifi-
cantly, however, the age- and sex-adjusted mortality risk in per-
sons with diabetes is roughly equivalent to that of individuals
without diabetes who have suffered a previous myocardial infarc-
tion [68,70,71]. T2DM and CVD have common precursors such
as insulin resistance, visceral adiposity, and excess inflammation
[72-76], and also a complex mix of mechanistic processes includ-
ing oxidative stress, enhanced atherogenecity of cholesterol parti-
cles, abnormal vascular reactivity, augmented hemostatic activa-
tion, and renal dysfunction [77]. Hence simply controlling glu-
cose, at least in the short term, has not been found to reduce
CVD events and mortality in large randomized controlled tri-
als [78-80]. The implications, therefore, are that individualized,
comprehensive, multifactorial risk management (i.e. treating all
risk factors together) has been advocated for people with T2DM

68

[81, 82], adding to the burdens on patients, providers, and health
systems.

e Microvascular diseases (retinopathy and nephropathy):
together with hypertension, diabetes is a leading risk factor for
nephropathy and end-stage renal disease requiring dialysis or
transplant [83,84]. Further, visual impairment, mainly due to
cataract development, and retinopathy in diabetes are increas-
ingly common, and diabetes is the leading cause of adult-onset
blindness globally [85]. In the case of retinopathy and nephropa-
thy, duration of disease, age, glycemic control, and blood pressure
control have all been found to be prominent modifying factors of
disease onset, progression, and outcomes.

e Neurovascular diseases (neuropathies): neuropathies are also
common consequences of diabetes and can occur in one-third of
people affected by this disease. Lower extremity sensory loss and
compromised peripheral vascular circulation [86,87] put these
persons at risk of ulceration [88] and subsequent infection. The
combination of neuropathy, infection, poor wound healing, and
poor distal circulation increases the risk of lower extremity ampu-
tation 15-40-fold [84, 89].

As diabetes and chronic diseases grow in LMICs, these coun-
tries still face residual burdens of communicable infectious dis-
eases [90, 91]. This challenge is not just one of parallel epidemics,
as diabetes predisposes both to higher risk of infections [92]
and possibly poorer outcomes for those who contract infections.
Indeed, this has been documented in terms of higher risks of
pneumonia, urinary tract infections [93], osteomyelitis, and even
tuberculosis (TB) [94, 95]. Regarding outcomes, we can use TB
as an example: data from observational studies increasingly show
that TB disease severity (e.g. sputum smear grade [96, 97], hemop-
tysis, cavitation [96, 98-100], and drug resistance[100]), treatment
failure, TB relapse, and death appear greater among those with TB
and diabetes than those with just TB alone.

These complications and the consequences that stem from
them (e.g. congestive heart failure, diabetic foot, and death) are
associated with considerable morbidity, greater healthcare seek-
ing, reduced quality of life, disability, premature mortality, and
high economic costs [42,43,101].

Health utilization patterns

Health-seeking and health utilization behaviors are influenced by
a number of individual-, provider- and system-level factors. In
the case of diabetes, the individuals ill-health and morbidity and
desire for preventive care drive more health seeking. In addition,
expert guidelines recommend regular follow-up and providers
may request that persons with diabetes return more frequently.
Hence people with diabetes visit medical care providers more than
those without diabetes [25,102-105]. Increased health seeking
and utilization in people with diabetes and associated complica-
tions result in greater medical costs being incurred compared with
the general population without diabetes [106, 107]. Further dis-
cussion of healthcare costs from individual, societal, and national



perspectives will continue in the section “Economic costs of
diabetes”

Various studies have shown that having diabetes doubles one’s
risk of hospitalization and associated costs, compared with not
having diabetes, and this risk is amplified by the development
of diabetes-related complications [106]. The presence of poor
peripheral circulation increases the risk of hospitalization by 70%,
and CVD increases this risk by 310% [84,103]. Although stud-
ies from most regions of the world report late-stage macro- or
microvascular complications as the leading cause of diabetes-
related hospitalizations, lower income settings also confront high
proportions of admissions from acute episodes of hyperglycemia
[108]. Furthermore, individuals with diabetes utilize an aver-
age of 3-4 medications (including all antihypertensives, lipid-
lowering and antidepressant medications, and aspirin, in addi-
tion to glucose-lowering drugs) [109], hence the cost implica-
tions are substantial. The use of oral antidiabetes drugs increases
health expenditure by 40% compared with the general population,
and regular insulin use incurs a further 2-4-fold greater expense
[103, 110].

Healthcare infrastructure and financing have strong impacts
on health seeking and utilization. In a number of LMICs such as
India, most healthcare costs are borne by individuals and their
families from household income [109,111-113]. Surveys have
shown that health expenditures due to diabetes and CVD are asso-
ciated with financial difficulties as a result of illness [102, 114].
Financial limitations to accessing treatment are not confined to
LMIC:s, as persons with low socioeconomic status living in HICs
curtail purchases of diabetes medications due to costs [115,116].

Disability
Aside from the medical or biological dysfunction caused by dia-
betes, ill-health affects how an individual interacts with and func-
tions in society. This concept of “disability” signifies that psy-
chosocial illness or physical deviations (from generally accepted
norms of anatomical structure or physiological function) may
impair one’s ability to perform domestic and occupational activ-
ities and assume societal roles. As a result, diabetes may inhibit
one’s general utility and ability to integrate fully in society.
Diabetes can lead to disability in a variety of ways. Excluding
the medical aspects of diabetes-related complications that directly
restrict bodily function, diabetes may be considered a “hidden”
disability, whereby the individual concerned is hampered from
partaking in routine activities, but displays no physical mani-
festation of this illness. For example, children with TIDM may
suffer discrimination at school or may not be permitted to
engage in physical activities [117]. Adults in the workplace
may suffer lower work performance by virtue of any number
of symptoms (impaired fine motor skills and concentration,
grogginess, urinary frequency) [118], or even a decline in cog-
nitive functioning [119-121]. People with diabetes take more
working days off and often report difficulties with completing
work tasks [122,123]. Those requiring insulin may be limited
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additionally by highly structured activities of daily living (the
requirement for meticulous glucose monitoring, insulin admin-
istration, timed eating), recurrent hospitalizations, hyper- and
hypoglycemic episodes, and regular preventive or therapeutic
medical visits. In the DAWN2 study, ~40% of participants
reported that their medication interfered with their ability to
live a normal life, and 57% reported that they were not working
because of their disease [124]. The physical manifestations
of diabetes become more significant with the development of
complications. Visual impairment, restricted mobility (due to
shortness of breath, chest pain, or even amputation), and general
ill-health (ranging from increased susceptibility to infection to
uremia related to irreversible renal dysfunction) are all consider-
able impediments to productive work and engagement in socially
valuable activities [118, 125].

Depending on the health status of the individual and severity
of disease, disability can be temporary or permanent. There are
limited country-specific data on the permanent disability result-
ing from diabetes, although diabetes is the leading cause world-
wide of adult-onset blindness, non-traumatic amputations, and
irreversible kidney failure [39].

Psychosocial burdens

Less tangible, but no less severe, are the psychological, inter-
personal, and social burdens that people with diabetes and
their caregivers may experience (Table 5.1). In a study assessing

Table 5.1 The psychosocial burdens of diabetes.

Type Individual Family

Physical ~ Diabetes may lead to temporary ~ —
or permanent disability:
impaired fine motor skills and
concentration, grogginess,
increased urinary frequency,
visual impairment, restricted
mobility, non-traumatic
amputations, and irreversible
kidney failure

Mental  Diabetes may lead to mental Caring for persons with

health problems: decline in
cognitive functioning,
depression, distress, anxiety,
sense of hopelessness, and
suicidal ideation

Diabetes may lead to poor

productivity, poor functioning,

and societal problems:
difficulties with daily life
activities, loss of work days,
low social integration,
discrimination, and stigma

diabetes may lead to mental
health problems: emotional
well-being, distress,
frustration, and depression

Caring for persons with
diabetes may lead to
absenteeism, loss of income
by family members, affected
family and peers relations,
and discrimination
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the psychosocial burden of diabetes in 8596 adults across 17
countries (the DAWN2 study), 44% reported experiencing high
diabetes-related distress, 14% were identified with depressive
symptoms, and 12% reported very poor or poor quality of life
[124]. Further, diabetes has been found to be a significant risk
factor for suicidal ideation [126], hopelessness, and poor quality
of life in adults [127] and for suicidal ideation in adolescents with
diabetes [128,129]. Compared with their healthy counterparts,
adults with diabetes exhibit higher odds for depression, anxiety
and cognitive dysfunction [130, 131] and spend three times more
on anxiety medications annually [132]. These mental health issues
interfere with optimal self-management and may lead to other
diabetes complications and increased risk for all-cause mortality
[133, 134]. Family members caring for relatives with diabetes also
experience high levels of distress and report that diabetes has a
significant negative impact on their well-being [135].

The mental health burdens associated with diabetes may also
affect productivity and functioning [136, 137]. Of those suffering
from any form of work disability inducing absence and/or poor
productivity, over half of them had minor and/or major signs and
symptoms of depression [138]. Similarly, family members of per-
sons with diabetes report that their work-related activities are neg-
atively affected by their relative’s disease, and some report working
part time to help care for the relative with diabetes [135].

Strong social networks and good social support are associated
with fewer psychosocial problems and better self-management
among people with diabetes [139,140]. However, some studies
have shown that people with diabetes have low levels of social
integration (e.g. low contact with family) and support (e.g.
living without a partner) [141, 142]. In the DAWN?2 study, 20%
of surveyed participants reported that diabetes had negatively
impacted their family and peer relations [124]. This suggests
that diabetes is a shared ailment negatively impacting people’s
interpersonal relations.

Studies have shown that one in five people with diabetes and
their families experience some form of discrimination [124, 135].
The reasons for discrimination are varied; one involves perceiving
that persons with diabetes are using up societal resources [143]. As
a result, stigma is common among people with diabetes and pre-
vents them from disclosing their disease. For instance, adolescents
with T2DM have reported hiding their diagnosis from their peers
because they fear their reaction [144], and adults with diabetes
have reported that disclosing their disease to their supervisors and
colleagues would jeopardize their job [143] or, possibly, their edu-
cation opportunities or marital prospects [145, 146]. Owing to the
stigma attached to T1DM, some parents choose not to disclose the
condition of their child to relatives [145]. Use of insulin adds to
the stigma, as people with diabetes report feeling mistaken for
intravenous drug users [143, 144]. Societal stigma and discrimina-
tion are significant barriers to self-management and to improving
care and social support for individuals with diabetes.

The individual and societal dysfunction associated with dis-
ability is difficult to quantify. Several methods have been used
in attempts to quantify diabetes-related disability, but most
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suffer from at least some imperfection owing to the necessity for
making judgments about the value of activities and subjectivity of
responses. This is especially difficult where there are cultural and
ideological dissimilarities between the evaluator and the popula-
tion being appraised.

Mortality

Diabetes is associated with a 1.4-6-fold higher risk of mortal-
ity, and this varies by age and sex [147]. Diabetes is also associ-
ated with premature mortality, shortening life expectancy by ~7-
15 years [148, 149]. An estimated 48% of deaths due to diabetes
occur under the age of 60 years [1].

The most common causes of death among people with diabetes
are CVD, chronic kidney disease, and/or infections (e.g. pneu-
monias). In HICs, CVDs account for an overwhelming 65-75%
of deaths in people with diabetes [150, 151]. In low-resource set-
tings, infections and acute metabolic emergencies are still the pre-
vailing causes of death in people with diabetes [14, 15,152, 153].
End-stage renal disease also carries inexorably high mortality, due
mainly to the inaccessibility (physical and financial) of treatment
(dialysis and/or transplant) in most LMICs [14]. Globally, CVD
and nephropathy are the most prominent fatal endpoints, and
long-standing duration of disease increases the susceptibility to
succumbing from these illnesses [43].

Ascertaining the global mortality attributable to diabetes is no
easy task. Most mortality statistics rely on documented causes of
death and do not acknowledge the underlying roles of glucose dys-
regulation in diseases leading to death. For example, it has been
argued that evaluating actual diabetes-related mortality should
take into account that diabetes contributes to 21% of coronary
heart disease and 13% of stroke mortality worldwide [45]. The
International Diabetes Federation takes these aspects into account
and approximates that diabetes was responsible for 14.5% of total
global mortality (5 million deaths) of adults aged 20-79 years in
2015 [1]. In addition, the mortality attributable to diabetes would
be even higher if deaths related to IGT were also included. This
diabetes precursor independently increases the risk of mortality,
and has a prevalence of 15-40% in adults [6].

There are some important themes regarding diabetes mortality.
First, over time, the absolute numbers of deaths due to diabetes
have increased, and the proportion of all deaths attributable to
diabetes has also increased in every region of the world (Table 5.2)
[1,147,154]. Second, there is some regional variation in the global
distribution of diabetes-related mortality. Although the propor-
tion of deaths in LMICs is lower than in HICs, the absolute num-
bers of deaths (by virtue of the larger population size) outnum-
ber those in HICs. The highest absolute numbers of deaths due
to diabetes were in the most populous countries of the world,
i.e. China, India, USA, and Russia [155]. Third, there is a notice-
ably greater proportion of deaths in younger age groups in LMICs
[147], resulting in a greater loss of life-years and affecting the
economically active subpopulations in these countries. Fourth,
whereas some higher income countries are demonstrating reduc-
tions in the incidence of mortality [24], the diabetes mortality has



Table 5.2 Estimated percentage of deaths attributed to diabetes by region

and year.
WHO 2005
___ WHO2010 IDF2013

Region Male Female Combined Combined
Africa 2.2 2.5 6.0 ~8.5
Eastern 6.1 8.8 11.5 ~13

Mediterranean

and Middle East
Europe 6.6 5.1 11.0 ~10.5
North America 8.7 8.3 15.7 ~13.5
South and Central 4.0-4.4 6.5-9.4 95 ~12

America
South-East Asia 5.4 6.9 14.3 ~14
Western Pacific 3.4 4.8 9.7 ~16

WHO, World Health Organization; IDF, International Diabetes Federation.
Source: Adapted from Roglic et al. 2005 [154], Roglic and Unwin 2010 [147],
and International Diabetes Federation 2014.

been increasing in LMIC regions, particularly Africa, the Western
Pacific, and the Middle East.

Economic costs of diabetes

The prototypical chronic nature of diabetes requires empowered
self- and clinician-guided management for the duration between
diagnosis and death. Forestalling complications and premature
mortality is the central theme underlying metabolic control and
preventive management. Together, the care and serious conse-
quences of diabetes are burdensome and costly. Quantifying the
costs of diabetes from the perspectives of people with diabetes
and also national resource use and losses is critical towards
informing appropriate healthcare planning, resource allocation,
and response strategies.

Approaches used to estimate economic costs of disease vary,
not only by the perspective taken, but also by the methodology
applied, data sources used, year of estimation, and purchasing
power and clinical practice patterns in different settings. Need-
less to say, between-country comparisons are even more problem-
atic when issues emerge regarding uncertainty of incidence and
prevalence estimates, and standardization of measures and crite-
ria. General principles and concepts of estimating cost [2, 84, 156,
157] are described in the following.

Types of costs

¢ Direct costs (“inputs”): These include costs of treatment and/or
care of the disease, broadly encompassing all outpatient consul-
tations, inpatient care, diagnostic investigations, therapeutic pro-
cedures, pharmacotherapy, paramedical care (e.g. home nursing,
physiotherapy), and rehabilitation. There are also direct non-
medical costs (e.g. transportation to and from care providers).

The Global Burden of Diabetes Chapter 5

e Indirect costs (“lost output”): These costs represent the present
and future value of economic productivity lost by society on
account of temporary or permanent disability, excess morbidity,
and premature mortality due to disease. They are typically cal-
culated by estimating foregone income (summing the cumula-
tive impacts of absenteeism and presenteeism based on employ-
ment status and income, for both the individual and employer or
society).

e Intangible costs: These costs are associated with psychosocial
impacts (e.g. stress, depression, emotional problems) and altered
quality of life due to an illness. They may include diminished fam-
ily role, informal care, and income foregone by family members.
They are typically difficult to estimate owing to a lack of standard-
ized methods.

Cost appraisal methods

¢ Cost-of-illness method: This is the most widely used approach
to describe the direct and indirect costs of disease to society, con-
ducted by exploring costs in a group of selected persons either over
a defined finite period (e.g. 1 year) or through the natural progres-
sion of the disease.

e Human capital approach: This is a method of estimating indi-
rect costs of disease, with an emphasis on foregone earnings and
employment. It is criticized as a tool owing to a tendency for over-
estimating future values, accepting wage disparities, and disre-
garding socially valuable activities such as housekeeping and vol-
unteer work.

e Friction cost approach: This is a more conservative measure
of indirect costs that considers lost productivity as finite where
restoration of productivity (return to work or replacement of
worker) occurs within a time-frame and therefore limits produc-
tion losses. It requires detailed data.

e “Top-down” approach: This involves calculating costs from
national databases/estimates and partitioning costs of different
illnesses according to diagnoses. It requires accurate data entry,
especially when indirect costs are being investigated. It avoids the
risk of double counting.

e “Bottom-up” approach: This involves following the trail of
illness-related costs of a defined subpopulation with the illness
over a finite period.

Studies that have examined the costs of diabetes vary in their
estimates of the excess costs generated through resource con-
sumption. The major drivers of direct healthcare costs include
health service utilization (outpatient health practitioner consul-
tations and inpatient care), medication usage, diagnostic tests,
self monitoring and therapeutic medical devices, and therapeutic
procedures. In HIC settings, auxiliary services such as paramedi-
cal care (dieticians, physiotherapists, occupational therapists, and
home nursing) and preventive checks (foot care, urine, and eye
testing) may contribute to costs.

In 2015, US$1 in every $8 of healthcare expenditures globally
was spent on diabetes [1]. The relative contributions of different
cost drivers in various regions of the world are shown in Table 5.3.

n
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Part 1 Diabetes in its Historical and Social Context

Broadly, diabetes results in ~2-5.6-fold greater healthcare expen-
diture than for the general population, depending on the con-
text and the cost appraisal methodology employed [132, 158-161].
Themes that surface from these studies affirm the high costs of
complications and associated hospitalization in HICs, but also
point to high costs (relative to their purchasing power) of purchas-
ing medications in LMICs [106, 162, 163]. In addition, it is impor-
tant to note that the complex interconnections between the under-
lying pathophysiology of T2DM and associated cardiometabolic
comorbidities may alter the scope of costs [106]. Hence, depend-
ing on the viewpoint and chosen values, resource use attributable
to diabetes alone may in fact underestimate the broader range of
costs associated with diabetes-related illnesses as a group. Indeed,
from the data in Table 5.3, the supplemental costs of drugs for
comorbid CVD risk management were also pronounced [102,
158,164,165]. Undiagnosed diabetes may not be described as a
contributor to morbidity, mortality, and resource use, suggesting
that we may be underestimating the true burden of this disease
[41]. This is particularly relevant in regions of the world where
there are few or no representative data regarding disease preva-
lence and causes of death (e.g. most LMICs) [166]. Finally, the
value placed on the opportunity cost of diabetes-related ill-health
and disability has not been widely quantified or even qualitatively
described.

Individual-level cost drivers

Demographic and clinical characteristics can have profound influ-
ences on costs. Annual per capita cost increases for managing
diabetes are higher for men than women in some countries, and
among older age groups compared with their younger counter-
parts [103, 160]. The types of diabetes have different costs. T1IDM
accounts for a smaller proportion (~5%) of people with diabetes,
but almost double the per capita costs compared with people with
T2DM [167]. It has been postulated that more consultations and
faster progression to retinopathy and nephropathy are the main
drivers of cost and mortality risk in those with T1IDM [43, 104].
In T2DM, the coexistence of hypertension and dyslipidemia has a
relatively more significant role in mediating outcomes and associ-
ated costs [106, 168].

Promoting healthy behaviors, mainly physical activity, healthy
eating, and weight loss, can help people with diabetes self-manage
their illness and delay the onset of diabetes-related complications
[169, 170], and are considered cost-effective from a health sys-
tems perspective [171]. Based on this, lifestyle programs have been
included in expert guidelines for diabetes prevention and care
[172]. However, lifestyle programs and changes adopted by peo-
ple with diabetes also have a cost attached to them, compared
with doing nothing. For instance, engaging in a 3-mile daily walk
over 2 years can cost the person up to US$400 when one con-
siders the cost of the individual’s time, items needed to exercise
(e.g. exercise apparel, footwear), transportation, and health center
admissions [173]. Higher physical activity intensity translates into
higher costs [173]. Dietary modifications are also costly, equiva-
lent to about 20% of the direct ambulatory care costs incurred by
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people with diabetes [109]. As an example, in Brazil, people with
diabetes spend approximately US$286 on artificial sweeteners and
dietary products based on their diagnosis of diabetes [174]. There-
fore, adhering to lifestyle changes can contribute to the financial
burden that people with diabetes face.

Clinical status also matters with regard to resource utilization.
Uncontrolled diabetes is associated with higher healthcare costs;
people with uncontrolled diabetes have ~30% higher annual phar-
maceutical costs, 70% higher costs for laboratory/diagnostic tests,
and 85% higher consultation costs than those with good control
[175]. A rudimentary but practical finding is that for every 1%
increase in HbA_ over 7%, there is a corresponding 10% increase
in costs [168]. As mentioned previously, the presence of diabetes-
related complications greatly increases both the magnitude and
duration of resource consumption. Complications contribute up
to 60% of all direct costs and 80-90% of indirect losses due to
absenteeism and lost productivity [176]. Globally, healthcare costs
are three times higher for people with macrovascular complica-
tions than for those without complications [166]. In particular,
CVD and nephropathy are associated with the highest healthcare
costs in most regions of the world. Coronary and cerebrovascu-
lar events, and heart failure have been found to increase hospi-
tal costs significantly, from INT$76 to $1800 (International dol-
lars) in Asia, from INT$156 to $3000 in Eastern Europe, and from
INT$296 to $4000 in more Established Market Economy coun-
tries [106]. Similarly, early renal dysfunction is the basis for 65%
more costs, and the onset of end-stage renal disease signifies a
771% increase in costs [177-179]. Both the presence and the num-
ber of complications are associated with increased costs—the costs
among persons with both micro- and macrovascular complica-
tions are 25-50% higher than for people with only one micro- or
microvascular complication [113, 162, 174].

Country-level cost patterns

Globally, health expenditures related to diabetes totaled an esti-
mated US$673-1197 billion in 2015 [1]. There are large differ-
ences in healthcare expenditures by region and country income
level. By 2030, it is estimated that the world’s richest countries
will be responsible for more than 90% of the global expenditure
on diabetes [180, 181]. The imbalance between resource expendi-
ture and needs is further exemplified by estimates that only 20%
of global expenditure occurs in the regions where 80% of people
with diabetes live [155], demonstrating that Julian Tudor Hart’s
[182] “inverse care law” is very relevant to global diabetes burden
(it states that “the availability of good medical care tends to vary
inversely with the need for it in the population served”).

Overall, direct costs were the main drivers of total diabetes-
related costs across regions, although indirect costs (costs
associated with loss of productivity, temporary or permanent dis-
ability, and premature mortality) were the main drivers for some
regions of the world. For instance, in Africa, Latin America, and
the Caribbean, indirect costs represent 70-80% of total diabetes
costs [102, 183]. The main drivers of direct costs in HICs are the
costs of hospitalization and patient care, whereas for LMICs, the



costs of medications and drugs predominate. In countries such as
Mexico, India, Pakistan, and Sudan, medication spending
accounts for 32-60% of total diabetes expenditures [162]. There
are sizeable between-country disparities in per capita expen-
ditures on diabetes [184]. These differences in expenditure are
partially related to differences in pricing and prescription but are
also linked to the high costs of new diagnostic and therapeutic
options (e.g. treating a patient with maximal daily doses of
metformin is approximately one-twentieth of the cost of using
newer medication classes).

Industrialized countries are also advantaged in the organiza-
tion of healthcare infrastructure, in addition to the financing
of the healthcare system (e.g. nationalized insurance and social
security schemes in Western Europe cover 80-90% of popula-
tion costs), which ensure high accessibility to care for citizens
[103, 110]. Owing to the inadequate public spending on health in
LMICs and the lack of health insurance and other health financ-
ing mechanisms, sizeable proportions of household income are
spent on healthcare costs. For instance, the healthcare expenses
that families bear from their own pockets in LMICs ranges from
40 to 60% [14, 15,102, 185]. In LMICs, the lowest income groups
bear the greatest burdens, paying a larger proportion of their
household incomes towards diabetes care [185,186]. In a study
of 35 LMICs, people with diabetes showed a greater risk of incur-
ring catastrophic medical expenses than their counterparts with-
out diabetes (18% vs. 14%), and the risk among persons from
LMICs was more pronounced (21% vs. 15%) [163]. Poor access to
medications augments the economic burden that low-income per-
sons with diabetes and their families bear, as drug costs represent
over half of the total household spending on diabetes [187]. Year-
on-year increases in this proportion are greater in impoverished
groups and worsen with duration of diabetes, presence of com-
plications, hospitalization, surgical therapy, and glycemic control
requiring insulin [113, 186, 188].

Additional considerations with regard to national economic
impact concern the distribution of diabetes burden within pop-
ulations. In LMICs, diabetes and its complications dispropor-
tionately affect the economically productive age range (15-
59 years), whereas in HICs, the disease affects the older (>65
years), disadvantaged, and minority subpopulations [189]. The
implications emanating from these trends are that economic
development in transitioning countries may be subdued owing
to loss of unrealized productivity, whereas direct health costs for
the aging and uninsured populations in HICs will continue to
escalate [2].

Furthermore, LMICs contain large and growing populations
of people with prediabetes, and also groups of people unaware
that they have an asymptomatic metabolic disorder. Prediabetes is
independently associated with the development of complications
and increased specialist consultations, requiring supplementary
expenses per person [190].

Augmented expenditures associated with complications fur-
ther perpetuate destitution and socioeconomic disadvantage (i.e.
opportunity costs of healthcare expenses are often endured by
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Further
household Poverty
impoverishment
High
out-of-pocket lliness
payments and related
from household costs
income

Figure 5.1 Diagram illustrating the cyclical relationship between poverty and
ill-health: poverty predisposes one to illness, and costs of illness in a system of
fee-for-service care have the potential to impoverish households, further
perpetuating poverty.

foregoing investments in education of children, etc.). Mean-
while, socioeconomic hardship amplifies vulnerability to disease
as healthy foods and behaviors are costly. Studies on diabetes
showed that later age at diagnosis of diabetes and occurrence of
disabling complications were associated with lack of awareness,
being unemployed, and being less educated (e.g. a 7-year differ-
ence in age of diagnosis was demonstrated between illiterates and
those with college education) [44, 191, 192]. Similar observations
substantiate a bidirectional link between poor health and poverty
(Figure 5.1).

Changing trends in costs

The global burdens associated with diabetes have been growing
rapidly and are projected to escalate even further in the future.
The hypothesized explanations for these trends of increasing bur-
dens include, but are not limited to, the rising prevalence of dia-
betes and prediabetes worldwide, aging and longevity accompa-
nied by costly comorbidities, lowered diagnostic thresholds, more
attentive detection of cases, availability of newer, more costly
treatment methods on the basis of industry research and devel-
opment, and changes in clinical management, especially growth
in the use of self monitoring and medical devices, new thera-
peutic drugs, and increasing demand for paramedical services.
While it is evident that these latter reasons are more relevant in
HICs, the continued epidemiological transitions will no doubt
affect LMIC:s also. It is unfortunate that scarcity of resources and
inadequate access in LMIC settings will result in greater disabil-
ity and mortality, perpetuating the obstacles to socioeconomic
development.
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Gaps and future directions

Diabetes imposes serious health, social, and economic burdens
worldwide. However, we still need more widespread and reliable
data regarding burdens, access, and expenditures [193], especially
in LMICs where the greatest burdens of diabetes occur. Few lon-
gitudinal studies are available in LMICs, thus limiting our under-
standing of incidence, risk factors, pathophysiology, variations in
phenotypes, and natural history in these settings. In addition,
studies are needed that include both long-understood and emerg-
ing complications of diabetes, such as cognitive function, in the
models to create better estimates of diabetes-attributable mortal-
ity, morbidity, and cost. Assessing burdens using reliable, con-
sistent methods will aid our comprehension of the complex mix
of programmed, predisposing, and modifiable factors associated
with diabetes and lays a foundation for policy development and
advocacy.

Despite varied estimates of expenditure, the pattern is consis-
tent: people with diabetes experience greater symptoms, morbid-
ity, comorbidities, and mortality than those without diabetes, they
suffer diminished functional capacity and psychosocial illness,
and they incur greater costs for healthcare, self-care, and losses in
earning potential and societal role. Also, although reductions in
quality of life and other psychosocial measures of mental wellness
are less numerically evident, they are no less distressing. Needless
to say, intervening before diabetes onset may hold great benefit
in reducing global burdens. However, although there is evidence
from large trials demonstrating that prevention can forestall con-
version from prediabetes to diabetes [194-197], widespread trans-
lation of these findings is hampered by multiple levels of barri-
ers (political, social, cultural, behavioral, and economic factors).
Preparation for the increasing diabetes burden requires progress
in the wider collection of reliable data, collected in a standardized
manner across various countries (especially assuaging the scarcity
from LMICs regarding diabetes-related mortality, complications,
disability, and costs), and a greater emphasis on cost-effectiveness
studies that may inform better resource allocation [198]. On the
shoulders of compelling evidence, greater investment and politi-
cal will are required to overcome low accessibility and awareness,
and also to translate the evidence into the practical, real-life imple-
mentation of proven and effective prevention strategies [199].

References

—

International Diabetes Federation. Diabetes Atlas, 7th edn.
http://www.diabetesatlas.org/ (accessed July 25, 2016).

Narayan KMV, Gregg EW, Fagot-Campagna A, et al. Diabetes Res Clin
Pract 2000; 50:S77-S84.

Wild S, Roglic G, Green A, et al. Diabetes Care 2004; 27:1047-1053.

4 Cowie CC, Rust KF, Ford ES, et al. Diabetes Care 2009; 32:287-294.
Gerstein HC, Santaguida P, Raina P, et al. Diabetes Res Clin Pract 2007;
78:305-312.

[’}

w

w

80

N o

O o

10

24

25
26

27

28
29

30

3

—

32

33

34

35

36

37

38

39

40

4

—_

42
43

Haffner SM. Eur Heart ] Suppl 2006; 8:B20-B25.

Guariguata L, Whiting DR, Hambleton I, et al. Diabetes Res Clin Pract
2014; 103:137-149.

Popkin BM. Public Health Nutr 2002; 5:93-103.

King H, Aubert RE, Herman WH. Diabetes Care 1998; 21:1414-1431.
Abegunde DO, Mathers CD, Adam T, et al. Lancet 2007; 370:1929-
1938.

Strong K, Mathers C, Leeder S, et al. Lancet 2005; 366:1578-1582.
Mbanya JCN, Motala AA, Sobngwi E, et al. Lancet 2010; 375:2254—
2266.

Adeloye D, Basquill C. PLoS One 2014; 9:¢104300.

Levitt NS. Heart 2008; 94:1376-1382.

Beran D, Yudkin JS. Lancet 2006; 368:1689-1695.

Kruger HS, Puoane T, Senekal M, et al. Public Health Nutr 2005; 8:491—
500.

UNAIDS. Report on the Global Aids Epidemic: Sub-Saharan Africa.
Geneva: UNAIDS, 2006.

Ali MK, Magee MJ, Dave JA, et al. ] Acquir Immune Defic Syndr 2014;
67:527-S39.

Motola AA. Diabetes Metab Res Rev 2002; 18:514-S20.

Geiss LS, Wang J, Cheng Y], et al. JAMA 2014; 312:1218-1226.

Passa P. Diabetes Metab Res Rev 2002; 18:53-S8.

DIAMOND Project Group. Diabet Med 2006; 23:857-866.

Centers for Disease Control and Prevention. National Diabetes Statistics
Report: Estimates of Diabetes and Its Burden in the United States, 2014.
Washington, DC: US Department of Health and Human Services, 2014.
Gregg EW, Zhuo X, Cheng Y], et al. Lancet Diabetes Endocrinol 2014;
2:867-874.

Zhuo X, Zhang P, Kahn HS, et al. Diabetes Care 2015; 38:581-587.

de Carvalho Vidigal F, Bressan J, et al. BMC Public Health 2013; 13:
1198.

Stoddard P, Handley MA, Vargas Bustamante A, et al. Soc Sci Med 2011;
73:1635-1643.

Aschner P. Diabetes Metab Res Rev 2002; 18:527-S31.

Sereday MS, Marti ML, Damiano MM, et al. Diabetes Care 1994;
17:1022-1025.

Barquera S, Tovar-Guzmén VC, Campos-Nonato I, et al. Arch Med Res
2003; 34:407-414.

Institute of Health Metrics and Evaluation. GBD Profile: Mexico 2012.
Seattle, WA: Institute of Health Metrics and Evaluation, 2015.

Chan JC, Malik V, Jia W, et al. JAMA 2009; 301:2129-2140.
Ramachandran A, Ma RC, Snehalatha C. Lancet 2010; 375:408-418.
Ghaffar A, Reddy KS, Singhi M. BM]J 2004; 328:807-810.

Mohan V, Sandeep S, Deepa Ret al. Indian ] Med Res 2007; 125:217-
230.

Diaz VA, Mainous AG III, Baker R, et al. Diabet Med 2007; 24:1199—
1204.

Pugh RN, Hossain MM, Malik M, et al. Trop Med Int Health 1998; 3:89-
94.

Hu FB. Diabetes Care 2011; 34:1249-1257.

Economist Intelligence Unit. The Silent Epidemic: An Economic Study
of Diabetes in Developed and Developing Countries. London: Economist
Intelligence Unit., 2007.

Peer N, Kengne A-P, Motala AA, et al. Diabetes Res Clin Pract 2014;
103:197-205.

Beagley ], Guariguata L, Weil C, et al. Diabetes Res Clin Pract 2014;
103:150-160.

Chaturvedi N. Diabetes Res Clin Pract 2007; 76:5S3-S12.

Zimmet P. Diabetes Res Clin Pract 2009; 84:107-116.


http://www.diabetesatlas.org/

44

45

46
47
48
49

50
5
52
53

—

54

55
56
57

58
59

60
6

—

62
63

64
65

66

67
68
69
70

71
72

73
74
75
76
77
78

79

80

81

82
83

Raheja BS, Kapur A, Bhoraskar A, et al. ] Assoc Phys India 2001; 49:717-
722.

Danaei G, Lawes CM, Vander Hoorn S, et al. Lancet 2006; 368:1651-
1659.

Albert MA, Glynn RJ, Buring J, et al. Circulation 2006; 114:2619-2626.
Avendano M, Kunst AE, Huisman M, et al. Heart 2006; 92:461-467.
Cox AM, McKevitt C, Rudd AG, et al. Lancet Neurol 2006; 5:181-188.
Ferrie JE, Martikainen P, Shipley MJ, et al. Int ] Epidemiol 2005; 34:640-
648.

Kurian AK, Cardarelli KM. Ethn Dis 2007; 17:143-152.

Singh GK, Siahpush M. Int ] Epidemiol 2002; 31:600-613.
Ramachandran A, Snehalatha C, et al. Diabetic Med 2002; 19:130-135.
Ali MK, Bhaskarapillai B, Shivashankar R, et al. Eur ] Prev Cardiol 2016;
23:408-419.

Misra A, Pandey RM, Devi JR, et al. Int ] Obes Relat Metab Disord 2001;
25:1722-1729.

Gupta R, Gupta VP, Sarna M, et al. ] Assoc Phys India 2003; 51:470-477.
Gupta R, Gupta VP, Sarna M, et al. ] Assoc Phys India 2003; 51:470-477.
The INCLEN Multicentre Collaborative Group. ] Clin Epidemiol 1994;
47:1401-1409.

Steyn K, Bradshaw D, Norman R, et al. S Afr Med ] 2008; 98:376-380.
Yu Z, Nissinen A, Vartiainen E, et al. ] Epidemiol Community Health
2000; 54:692-696.

Forbes JM, Cooper ME. Physiol Rev 2013; 93:137-188.

Wills AK, Chinchwadkar MC, Joglekar CV, et al. Early Hum Dev 2010;
86:535-540.

Lin SF, Lin JD, Huang YY. Chang Gung Med ] 2005; 28:24-30.
Henriksen OM, Roder ME, Prahl JB, et al. Diabetes Res Clin Pract 2007;
76:51-56.

Rwiza HT, Swai AB, McLarty DG. Diabet Med 1986; 3:181-183.

Osei K, Schuster DP, Amoah AG, et al. ] Cardiovasc Risk 2003; 10:85-
96.

Majaliwa ES, Munubhi E, Ramaiya K, et al. Diabetes Care 2007;
30:2187-2192.

Beran D, Yudkin JS, de Courten M. Diabetes Care 2005; 28:2136-2140.
Stamler J, Vaccaro O, Neaton JD, et al. Diabetes Care 1993; 16:434-444.
Kannel WB, McGee DL. JAMA 1979; 241:2035-2038.

Haffner SM, Lehto S, Ronnemaa T, et al. N Engl ] Med 1998; 339:229-
234,

Donahoe SM, Stewart GC, McCabe CH, et al. JAMA 2007; 298:765-775.
Plutzky J, Viberti G, Haffner S. J Diabetes Complications 2002; 16:401-
415.

Haftner SM. Am ] Med 2007; 120:S10-S16.

Barnett AH. Diab Vasc Dis Res 2008; 5:9-14.

Laakso M, Kuusisto J. Ann Med 1996; 28:415-418.

Haffner SM. Am ] Cardiol 1999; 84:11]-14].

Deedwania PC, Fonseca VA. Am ] Med 2005; 118:939-947.
Duckworth W, Abraira C, Moritz T, et al. N Engl ] Med 2009; 360:129—
139.

Gerstein HC, Miller ME, Byington RP, et al. N Engl ] Med 2008;
358:2545-2559.

Patel A, MacMahon S, Chalmers J, et al. N Engl ] Med 2008; 358:2560—
2572.

Gaede P, Lund-Andersen H, Parving HH, et al. N Engl ] Med 2008;
358:580-591.

Gaede P, Vedel P, Larsen N, et al. N Engl ] Med 2003; 348:383-393.

US Renal Data System. USRDS 2008 Annual Data Report: Atlas of
Chronic Kidney Disease and End-Stage Renal Disease in the United States

84
85
86

87
88
89
90

9
92

—_

93
94
95

96

97
98
99

100

101
102

103
104

105
106
107
108
109
110
111

112

113
114

115
116
117
118

119

120
121

The Global Burden of Diabetes Chapter 5

2008. Bethesda, MD: National Institutes of Health, National Institute of
Diabetes and Digestive and Kidney Diseases, 2008.

Bjork S. Diabetes Res Clin Pract 2001; 54:13-18.

Kocur I, Resnikoft S. Br ] Ophthalmol 2002; 86:716-722.

Boulton AJ, Vileikyte L, Ragnarson-Tennvall G, et al. Lancet 2005;
366:1719-1724.

Boulton AJM. Diabetes Metab Res Rev 2000; 16:52-S5.

Fernando DJ. Ceylon Med J 1996; 41:96-98.

Oyibo SO, Jude EB, Tarawneh I, et al. Diabet Med 2001; 18:133-138.
Olshansky SJ, Passaro DJ, Hershow RC, et al. N Engl ] Med 2005;
352:1138-1145.

Omran AR. Milbank Mem Fund Q 1971; 49:509-538.

Joshi N, Caputo GM, Weitekamp MR, et al. N Engl ] Med 1999;
341:1906-1912.

Muller LMAJ, Gorter KJ, Hak E, et al. Clin Infect Dis 2005; 41:281-288.
Ferrara MA. N Engl ] Med 1952; 246:55-56.

CDC. National Center for Health Statistics, Division of Health Interview
Statistics, Data from the National Health Interview Survey. Data com-
puted by Personnel in CDC’s Division of Diabetes Translation, National
Center for Chronic Disease Prevention and Health Promotion. Atlanta,
GA: Centers for Disease Control and Prevention, 2007.

Wallis RS, Perkins MD, Phillips M, et al. Am ] Respir Crit Care Med
2000; 161:1076-1080.

MacKenzie WR, Heilig CM, Bozeman L, et al. PLoS One 2011; 6:e18358.
Ralph AP, Ardian M, Wiguna A, et al. Thorax 2010; 65:863-869.

Stout JE, Kosinski AS, Hamilton CD, et al. Acad Radiol 2010; 17:157~
162.

Holtz TH, Sternberg M, Kammerer S, et al. Ann Intern Med 2006;
144:650-659.

Kengne AP, Amoah AG, Mbanya JC. Circulation 2005; 112:3592-3601.
Barcel6 A, Aedo C, Rajpathak S, et al. Bull World Health Organ 2003;
81:19-27.

Koster I, vonFerber L, Thle P, et al. Diabetologia 2006; 49:1498-1504.
Garattini L, Tediosi F, Chiaffarino F, et al. Value Health 2001; 4:251—
257.

Henriksson F, Jonsson B. ] Intern Med 1998; 244:461-468.

Clarke PM, Glasziou P, Patel A, et al. PLoS Med 2010; 7:¢1000236.
Yesudian CA, Grepstad M, Visintin E, et al. Global Health 2014; 10:80.
Jasper US, Opara MC, Pyiki EB. Br ] Med Med Res 2014; 4:4908-4917.
Grover S, Avasthi A, Bhansali A, et al. Postgrad Med ] 2005; 81:391-395.
Ricordeau P, Weill A, Vallier N, et al. Diabetes Metab 2003; 29:497-504.
Chow J, Darley S, Laxminarayan R. Cost-Effectiveness of Disease Inter-
ventions in India. Washington, DC: Resources for the Future, 2007; 1-7,
75-83.

Shobhana R, Rama Rao P, Lavanya A, et al. Diabetes Res Clin Pract 2000;
48:37-42.

Kapur A. Indian ] Med Res 2007; 125:473-482.

Huffman MD, Rao KD, Pichon-Riviere A, et al. PLoS One 2011;
6:¢20821.

Piette JD, Heisler M, Wagner TH. Diabetes Care 2004; 27:384-391.
Piette JD, Wagner TH, Potter MB, et al. Med Care 2004; 42:102-109.
Kratzer J. Ghana Med ] 2012; 46:39-45.

Lavigne JE, Phelps CE, Mushlin A, et al. PharmacoEconomics 2003;
21:1123-1134.

Arvanitakis Z, Wilson RS, Bienias JL, et al. Arch Neurol 2004; 61:661—
666.

Gregg EW, Yaffe K, Cauley JA, et al. Arch Intern Med 2000; 160:174-180.
Testa MA, Simonson DC. JAMA 1998; 280:1490-1496.

81



Part 1 Diabetes in its Historical and Social Context

122

123

124

125

126

127

128

129

130
131

132
133
134

135

136
137

138

139

140

141

142
143

144
145

146
147
148
149

150
151

152
153

154

155

82

Fu AZ, Qiu Y, Radican L, et al. Diabetes Care 2009; 32:2187-2192.
Brod M, Pohlman B, Blum SI, et al. Patient 2015; 8:339-348.

Nicolucci A, Kovacs Burns K, Holt RIG, et al. Diabet Med 2013; 30:767—
777.

Tunceli K, Bradley CJ, Lafata JE, et al. Diabetes Care 2007; 30:1283-
1285.

Han SJ, Kim HJ, Choi Y], et al. Diabetes Res Clin Pract 2013; 101:e14—
el7.

Pompili M, Lester D, Innamorati M, et al. Psychosomatics 2009; 50:16—
23.

Goodwin RD, Marusic A, Hoven CW. Arch Pediatr Adolesc Med 2002;
156:841.

Goldston DB, Kovacs M, Ho VY, et al. ] Am Acad Child Adolesc Psychi-
atry 1994; 33:240-246.

Degmecic D, Bacun T, Kovac V, et al. Coll Antropol 2014; 38:711-716.
Wiindell P, Ljunggren G, Wahlstrom L, et al. J Psychosom Res 2014;
77:169-173.

Lee CMY, Colagiuri R, Magliano DJ, et al. Diabetes Res Clin Pract 2013;
99:385-390.

Knaster ES, Fretts AM, Phillips LE. Ethn Dis 2015; 25:83-89.

van Dooren FEP, Nefs G, Schram MT, et al. PLoS One 2013; 8:e57058.
Kovacs Burns K, Nicolucci A, Holt RIG, et al. Diabet Med 2013; 30:778—
788.

McKellar JD, Humphreys K, Piette JD. Diabetes Educ 2004; 30:485-492.
Piette JD, Richardson C, Valenstein M. Am | Manag Care 2004; 10:152—
162.

Von Korff M, Katon W, Lin EHB, et al. Diabetes Care 2005; 28:1326—-
1332.

Rosland A-M, Kieffer E, Israel B, et al. ] Gen Intern Med 2008; 23:1992—
1999.

Schiotz ML, Bogelund M, Almdal T, et al. Diabetic Med 2012; 29:654—
661.

Hempler NF, Ekholm O, Willaing I. Scand ] Public Health 2013; 41:340—
343.

Aalto A-M, Uutela A, Kangas T. Scand ] Public Health 1996; 24:272-281.
Tak-Ying Shiu A, Kwan JJY-M, Wong RY-M. ] Clin Nurs 2003; 12:149-
150.

Turner KM, Percival ], Dunger DB, et al. Diabet Med 2015; 32:250-256.
Kesavadev ], Sadikot SM, Saboo B, et al. Indian ] Endocrinol Metab 2014;
18:600-607.

Jaacks LM, Liu W, Ji L, et al. Diabetes Res Clin Pract 2015; 107:306-307.
Roglic G, Unwin N. Diabetes Res Clin Pract 2010; 87:15-19.

Morgan CL, Currie CJ, Peters JR. Diabetes Care 2000; 23:1103-1107.
Franco OH, Steyerberg EW, Hu FB, et al. Arch Intern Med 2007;
167:1145-1151.

Moss SE, Klein R, Klein BE. Am ] Public Health 1991; 81:1158-1162.
Geiss LS, Herman WM, Smith PJ. Mortality in non-insulin-dependent
diabetes. In: National Diabetes Data Group, ed. Diabetes in America,
2nd edn. Bethesda, MD: National Institutes of Health, National Institute
of Diabetes and Digestive and Kidney Diseases, 1995; 233-255.
Mbanya JC, Kengne AP, Assah F. Lancet 2006; 368:1628-1629.

Zargar AH, Wani Al, Masoodi SR, et al. Diabetes Res Clin Pract 1999;
43:67-74.

Roglic G, Unwin N, Bennett PH, et al. Diabetes Care 2005; 28:2130-
2135.

International Diabetes Federation. The Human, Social, and Economic
Impact of Diabetes. Brussels: International Diabetes Federation, 2009.

156

157

158

159

160

161

162
163

164
165
166

167
168

169

170
171

172
173

174

175

176

177

178

179

180

181

182
183

184

185

186

187
188

189

Valdmanis V, Smith DW, Page MR. Am ] Public Health 2001; 91:129-
130.

Zhang P, Engelgau MM, Norris SL, et al. Ann Intern Med 2004; 140:972-
977.

American Diabetes Association. Diabetes Care 2013; 36:1033-1046.
Caporale JE, Elgart JF, Gagliardino JJ. Global Health 2013; 9:54.

Koster I, Huppertz E, Hauner H, et al. Exp Clin Endocrinol Diabetes
2011; 119:377-385.

Boutayeb W, Lamlili MEN, Boutayeb A, et al. ] Biomed Sci Eng 2013;
6:732-738.

Kankeu H, Saksena P, Xu K, et al. Health Res Policy Syst 2013; 11:31.
Smith-Spangler CM, Bhattacharya J, Goldhaber-Fiebert JD. Diabetes
Care 2012; 35:319-326.

Chevreul K, Berg Brigham K, Bouche C. Global Health 2014; 10:6.
Lopez-Bastida J, Boronat M, Moreno JO, et al. Global Health 2013; 9:17.
van Dieren S, Beulens JW, van der Schouw YT, et al. Eur ] Cardiovasc
Prev Rehabil 2010; 17(Suppl 1):S3-S8.

Dall T, Mann SE, Zhang Y, et al. Popul Health Manag 2009; 12:103-110.
Gilmer TP, O’Connor PJ, Manning WG, et al. Diabetes Care 1997;
20:1847-1853.

Thomas DE, Elliott EJ, Naughton GA. Cochrane Database Syst Rev 2006;
(3):CD002968.

Aucott L, Gray D, Rothnie H, et al. Obesity Rev 2011; 12:e412-e425.
Brownson CA, Hoerger TJ, Fisher EB, et al. Diabetes Educ 2009; 35:761—
769.

American Diabetes Association. Diabetes Care 2014; 37:514-S80.

Di Loreto C, Fanelli C, Lucidi P, et al. Diabetes Care 2005; 28:1295—
1302.

Bahia LR, Araujo DV, Schaan BD, et al. Value Health 2011; 14:S137-
S140.

Athanasakis K, Ollandezos M, Angeli A, et al. Diabet Med 2010; 27:679—
684.

Gruber W, Lander T, Leese B, et al., eds. The Economics of Diabetes and
Diabetes Care - A Report of Diabetes Health Economics Study Group.
Brussels: International Diabetes Federation, 1997.

Brown JB, Pedula KL, Bakst AW. Arch Intern Med 1999; 159:1873-1880.
Brown AF, Ettner SL, Piette ], et al. Epidemiol Rev 2004; 26:63-77.
Selby JV, Ray GT, Zhang D, et al. Diabetes Care 1997; 20:1396-1402.
Zhang P, Zhang X, Brown J, et al. Diabetes Res Clin Pract 2010; 87:293—-
301.

Rubin RJ, Altman WM, Mendelson DN. J Clin Endocrinol Metab 1994;
78:809A-809F.

Hart JT. Lancet 1971; i:405-412.

Kirigia J, Sambo H, Sambo L, et al. BMC Int Health Hum Rights 2009;
9:6.

Sifferlin A. The most expensive place in the world to have diabetes. Time
Health March 16, 2015. www.time.com/3745988/diabetes-expensive/
(accessed March 12, 2016).

Elrayah H, Eltom M, Bedri A, et al. Diabetes Res Clin Pract 2005;
70:159-165.

Ramachandran A, Ramachandran S, Snehalatha C, et al. Diabetes Care
2007; 30:252-256.

Yesudian C, Grepstad M, Visintin E, et al. Global Health 2014; 10:80.
Khowaja LA, Khuwaja AK, Cosgrove P. BMC Health Serv Res 2007;
7:189.

Bloom D, Cafiero E, Jané-Llopis E, et al. The Global Economic Burden
of Noncommunicable Diseases. Geneva: World Economic Forum, 2011.


http://www.time.com/3745988/diabetes-expensive/

190

191

192

193
194

195

196

197

198
199

200
201

202

203

Zhang Y, Dall TM, Mann SE, et al. Popul Health Manage 2009; 12(2):95-
101.

Kapur A. Cost of diabetes in India — the CODI study. In: Kapur A, Joshi,
JK, eds, Proceedings of the Novo Nordisk Diabetes Update. Bangalore:
Healthcare Communications, 2000; 71-77.

Rayappa PH, Raju KNM, Kapur A, et al. Int ] Diabetes Dev Countries
1999; 19:87-96.

Gostin LO, Powers M. Health Aff (Millwood) 2006; 25:1053-1060.
Diabetes Prevention Program Research Group, Knowler WC, Fowler
SE, et al. Lancet 2009; 374:1677-1686.

Diabetes Prevention Program Research Group. N Engl ] Med 2002;
346:393-403.

Lindstrom J, Ilanne-Parikka P, Peltonen M, et al. Lancet 2006;
368:1673-1679.

Li G, Zhang P, Wang J, et al. Lancet 2008; 371:1783-1789.

Weber C. Expert Rev Pharmacoecon Outcomes Res 2010; 10:517-524.
Narayan KMV, Zhang P, Kanaya AM, et al. Diabetes: The pandemic
and potential solutions. In: Jamison DT, Breman JG, Measham AR, et
al., eds. Disease Control Priorities in Developing Countries, 2nd edn. New
York: Oxford University Press, 2006; Tables 30.33 and 30.34.
Grimaccia F, Kanavos P. Global Health 2014; 10:58.

Domeikiene A, Vaivadaite ], Ivanauskiene R, et al. Medicina 2014;
50:54-60.

Tsiachristas A, Cramm JM, Nieboer AP, et al. Cost Eff Resour Alloc 2014;
12:17.

Hex N, Bartlett C, Wright D, et al. Diabet Med 2012; 29:855-862.

204
205

206
207
208
209

210
211

212

213

214

215

216
217

218

The Global Burden of Diabetes Chapter 5

Lamri L, Gripiotis E, Ferrario A. Global Health 2014; 10:11.

Bovet P, Shamlaye C, Gabriel A, et al. BMC Public Health 2006;
6:9.

Liu M, Sun LH, Liu G. Beijing Da Xue Xue Bao 2014; 46:782-789.
Wang W, Fu CW, Pan CY, et al. Value Health 2009; 12:923-929.
Soewondo P, Ferrario A, Tahapary DL. Global Health 2013; 9:63.
Esteghamati A, Khalilzadeh O, Anvari M, et al. Diabetologia 2009;
52:1520-1527.

Ali SM, Fareed A, Humail SM, et al. Diabet Med 2008; 25:1231-1233.
Khowaja LA, Khuwaja AK, Cosgrove P. BMC Health Serv Res 2007;
21:189-196.

Malhan S, Oksiiz E, Babineaux SM, et al. Turk J Endocrinol Metab 2014;
2:39-43.

Chatterjee S, Riewpaiboon A, Piyauthakit P, et al. Health Soc Care Com-
mun 2011; 19:289-298.

Public Health Agency of Canada. Diabetes in Canada: Facts
and Figures from a Public Health Perspective. Ottawa: Public
Health Agency of Canada, 2011. http://www.phac-aspc.gc.ca/cd-
mc/publications/diabetes-diabete/facts-figures-faits-chiffres-
2011/index-eng.php (accessed March 12, 2016).

Gonzalez JC, Walker JH, Einarson TR. Rev Panam Salud Publica 2009;
26:55-63.

Arredondo A, De Icaza E. Value Health 2011; 14:585-S88.

Barquera S, Campos-Nonato I, Aguilar-Salinas C, et al. Global Health
2013;9:3.

Dall TM, Zhang Y, Chen Y], et al. Health Affairs 2010; 29:297-303.

83


http://www.phac-aspc.gc.ca/cd-mc/publications/diabetes-diabete/facts-figures-faits-chiffres-2011/index-eng.php
http://www.phac-aspc.gc.ca/cd-mc/publications/diabetes-diabete/facts-figures-faits-chiffres-2011/index-eng.php
http://www.phac-aspc.gc.ca/cd-mc/publications/diabetes-diabete/facts-figures-faits-chiffres-2011/index-eng.php
http://www.phac-aspc.gc.ca/cd-mc/publications/diabetes-diabete/facts-figures-faits-chiffres-2011/index-eng.php

2 Normal Physiology






Islet Function and Insulin Secretion
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Key points
* Regulation of fuel homeostasis in mammals is dependent on numerous

small endocrine organs known as islets of Langerhans, which are located
in the pancreas.

e Islets contain B cells, which are the only source of the polypeptide
hormone insulin.

e Islet B cells are equipped to detect changes in circulating nutrients.

e Elevated levels of nutrients initiate an insulin secretory response from
cells that results in the storage of circulating nutrients in liver, muscle,
and adipose tissue.

A wide range of other signals, including hormones, neurotransmitters,
and neuropeptides, can modify the insulin secretory response to
circulating nutrients.

o Complex interactions between islet cells, the autonomic nervous system,
and gastrointestinal incretin hormones allow precise integration between
metabolic fuel intake, usage, and storage.

Introduction

The German anatomy student Paul Langerhans first described in
1869 the “islands of clear cells” distributed throughout the pan-
creas [1] but he did not realize the physiological significance of
these cell clusters, which are today known as islets of Langerhans.
We now know that islets are the endocrine compartment of the
pancreas, comprising ~2-3% of the total pancreatic volume. Islets
are approximately spherical (Figure 6.1a), with an average diame-
ter of 100-200 pm, and a healthy human pancreas may contain
up to a million individual islets, each having its own complex
anatomy, blood supply, and innervation.

Islet structure and function

Islet anatomy

A typical mammalian islet comprises ~1000 endocrine cells
including the insulin-expressing p cells (~60% of adult human
islet cells), glucagon-expressing a cells (20-30%), somatostatin-
expressing & cells (~10%), and cells expressing pancreatic
polypeptide (<5%), ghrelin, and peptide YY (<1%). The anatom-
ical arrangement of islet cells varies between species. In rodents,
the majority B-cell population forms a central core surrounded
by a mantle of « and & cells (Figure 6.1a), but human islets show

less well-defined organization with o and & cells also being located
throughout the islet (Figure 6.1b) [2].

Islets are highly vascularized, and receive up to 15% of the pan-
creatic blood supply despite accounting for only 2-3% of the total
pancreatic mass. Each islet is served by an arteriolar blood sup-
ply that penetrates the mantle to form a capillary bed in the islet
core. Earlier studies using vascular casts of rodent islets suggested
that the major route of blood flow through an islet was from the
inner B cells to the outer o and & cells [3], but more recent stud-
ies using optical imaging of fluorescent markers to follow islet
blood flow in vivo [4] revealed more complex patterns of both
inner-to-outer and top-to-bottom blood flow through the rodent
islet.

Islets are well supplied by autonomic nerve fibers and ter-
minals containing the classic neurotransmitters acetylcholine
and norepinephrine, along with a variety of biologically active
neuropeptides [5]. Vasoactive intestinal polypeptide (VIP) and
pituitary adenylate cyclase-activating polypeptide (PACAP) are
localized with acetylcholine to parasympathetic nerves, where
they may be involved in mediating prandial insulin secretion and
the a-cell response to hypoglycemia [6]. Other neuropeptides,
such as galanin and neuropeptide Y (NPY), are found with
norepinephrine in sympathetic nerves, where they may have a
role in the sympathetic inhibition of insulin secretion, although
there are marked inter-species differences in the expression of
these neuropeptides [5].
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Figure 6.1 Anatomy of the islet of Langerhans. (a) Mouse islet. The image shows
a section through a mouse pancreas in which insulin and glucagon are identified
by red and green immunofluorescence, respectively, demonstrating the typical
B-cell core surrounded by a thin mantle of a cells. In mouse islets, B cells comprise
~80% of the endocrine cell mass. Scale bar is 10 pm. Source: image courtesy of C.
Li, King's College London. (b) Human islet. The image shows a section through a
human pancreas in which insulin and glucagon are identified by red and green
immunofluorescence respectively, demonstrating the less organized structure of

Intra-islet interactions

The anatomical organization of the islet has a profound influ-
ence on the ability of the p cells to recognize and respond to
physiological signals [7-9]. There are a number of mechanisms
through which islet cells can communicate, although the relative
importance of the different mechanisms is still uncertain [10].
Islet cells are functionally coupled through a network of gap
junctions, and gene deletion studies in mice have highlighted
the importance of gap-junctional coupling via connexin 36 in
the regulation of insulin secretory responses [11,12]. Cell-cell
contact through cell surface adhesion molecules in localized
microdomains offers an alternative communication mechanism
[13], and interactions mediated by E-cadherin [13-15] or ephrins
[16] have been implicated in the regulation of p-cell function.
Components of the intra-islet extracellular matrix, which is
predominantly synthesized by islet endothelial cells, influence
pB-cell proliferation, survival, and function via interactions with
integrins on the P-cell surface [17]. A further important level
of control is exerted via numerous intra-islet paracrine and
autocrine effects in which a biologically active substance released
by one islet cell can influence the functional status of a neigh-
boring cell (paracrine), or of itself (autocrine) [18]. Figure 6.2
shows some of the molecules that have been implicated in this
type of intra-islet cell-cell communication. Thus, islet cells can
interact with each other via the classic islet hormones—insulin,
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the human islet when compared with mouse islets. In human islets, § cells
comprise ~50-60% of the endocrine cell mass. Scale bar is 10 pm. Source: image
courtesy of V. Foot, King's College London. (c) Transmission electron micrograph of
human islet cells. The image shows a transmission electron micrograph of several
cells within a human islet. The two cells at the top with the electron-dense
secretory granules surrounded by a clear halo are f cells. The cells in the lower part
of the micrograph are o cells. Scale bar is 2 um. Source: authors’ unpublished data.

glucagon, and somatostatin [19-22]; via other products secreted
by the endocrine cells, including neurotransmitters, peptides
such as kisspeptin [23], GLP-1 [24], and urocortin3 (Ucn3) [25],
and adenine nucleotides and divalent cations that are co-released
with insulin [26-29]; and via other less well-known mechanisms,
including the generation of gaseous signals such as nitric oxide
and carbon monoxide [30-32]. The wide range of intra-islet
interactions presumably reflects the requirement for fine tuning
and coordinating secretory responses of many individual islet
cells to generate the rate and pattern of hormone secretion
appropriate to the prevailing physiological conditions.

Insulin biosynthesis and storage

The ability to release insulin rapidly in response to metabolic
demand, coupled with the relatively slow process of producing
polypeptide hormones, means that p cells are highly specialized
for the production and storage of insulin, to the extent that insulin
comprises ~10% (~10 pg/cell) of the total B-cell protein.

Biosynthesis of insulin

In humans, the gene encoding preproinsulin, the precursor of
insulin, is located on the short arm of chromosome 11 [33].
It is 1355 base pairs in length and its coding region consists
of three exons: the first encodes the signal peptide at the N-
terminus of preproinsulin, the second the B chain and part of the C
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Intra-islet hormone interactions

¢ glucagon regulates insulin secretion [19]

¢ somatostatin regulates insulin and glucagon secretion [20]
¢ insulin regulates glucagon secretion [21]

Other endocrine cell secretory products

e divalent cations regulate insulin and glucagon secretion [26]

¢ adenine nucleotides regulate insulin and glucagon secretion [27]
¢ 3-cell GABA regulates glucagon secretion [28]

¢ 3-cell dopamine regulates insulin secretion [29]

o 3-cell glutamate regulates insulin secretion [156]

e B-cell Ucn3 regulates somatostatin secretion [25]

e o-cell acetylcholine regulates insulin secretion [109]

e o-cell Ucn3 regulates somatostatin secretion [25]

Other intra-islet regulatory systems

e nitric oxide coordinates -cell responses [30]

e carbon monoxide amplifies -cell responses [31]

¢ local renin-angiotensin system regulates -cell function [32]
¢ islet-derived kisspeptin regulates insulin secretion [23]

Figure 6.2 Intra-islet autocrine—paracrine interactions. The heterogeneous nature and complex anatomy of the islet permit numerous interactions between islet cells that are

mediated by the release of biologically active molecules.

(connecting) peptide, and the third the rest of the C-peptide and
the A chain (Figure 6.3). Transcription and splicing to remove
the sequences encoded by the introns yields a messenger RNA of
600 nucleotides, translation of which gives rise to preproinsulin,
an 11.5-kDa polypeptide. The cellular processes and approximate
time-scales involved in insulin biosynthesis, processing, and stor-
age are summarized in Figure 6.4.

Preproinsulin is rapidly (<1 min) discharged into the cisternal
space of the rough endoplasmic reticulum, where proteolytic
enzymes immediately cleave the signal peptide, generating proin-
sulin. Proinsulin is a 9-kDa peptide, containing the A and B chains
of insulin (21 and 30 amino acid residues, respectively) joined by
the C-peptide (30-35 amino acids). The structural conformations
of proinsulin and insulin are very similar, and a major function of
the C-peptide is to align the disulfide bridges that link the A and B
chains so that the molecule is correctly folded for cleavage (Figure
6.5). Proinsulin is transported in microvesicles to the Golgi appa-
ratus, where it is packaged into membrane-bound vesicles known
as secretory granules. The conversion of proinsulin to insulin is
initiated in the Golgi complex and continues within the maturing
secretory granule through the sequential action of two endopepti-
dases (prohormone convertases 2 and 3) and carboxypeptidase H
[34], which remove the C-peptide chain, liberating two cleavage
dipeptides and finally yielding insulin (Figure 6.5). Insulin and

C-peptide are stored together in the secretory granules and
are ultimately released in equimolar amounts by a process of
regulated exocytosis. Under normal conditions, >95% of the
secreted product is insulin (and C-peptide) and <5% is released
as proinsulin. However, the secretion of incompletely processed
insulin precursors (proinsulin and its “split” products; Figure 6.5)
is increased in some people with type 2 diabetes.

The B cell responds to increases in the circulating concentra-
tions of nutrients by increasing insulin production in addition
to increasing insulin secretion, thus maintaining insulin stores
[34]. Acute (<2 h) increases in the extracellular concentration
of glucose and other nutrients result in a rapid and dramatic
increase in the transcription of preproinsulin mRNA and in the
rate of proinsulin synthesis [35]. There is a sigmoidal relationship
between glucose concentrations and biosynthetic activity, with
a threshold glucose level of 2-4 mmol/L. This is slightly lower
than the threshold for the stimulation of insulin secretion (~5
mmol/L), which ensures an adequate reserve of insulin within
the f cell.

Storage and release of insulin

The insulin secretory granule has a typical appearance in elec-
tron micrographs, with a wide space between the crystalline
electron-opaque core and its limiting membrane (Figure 6.1c).
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Figure 6.3 Structure of the human insulin gene. The coding region of the human insulin (INS) gene comprises three exons, which encode the signal peptide (SP), B chain,
C-peptide, and A chain. The exons are separated by two introns (In1 and In2). Beyond the 5" untranslated region (5/UT), upstream of the coding sequence, lies a hypervariable
region in which three alleles (classes I, I and Ill) can be distinguished by their size.

Figure 6.4 The intracellular pathways of (pro)insulin biosynthesis, processing, and storage. The molecular folding of the proinsulin molecule, its conversion to insulin, and the
subsequent arrangement of the insulin hexamers into a regular pattern are shown at the left. The time course of the various processes and the organelles involved are also
shown.
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Figure 6.5 Insulin biosynthesis and processing. Proinsulin is cleaved on the C-terminal side of two dipeptides, namely Arg®'-Arg3? (by prohormone convertase 3) and
Lys®*—Arg®® (prohormone convertase 2). The cleavage dipeptides are liberated, so yielding the “split” proinsulin products and ultimately insulin and C-peptide.

The major protein constituents of the granules are insulin and
C-peptide, which account for ~80% of granule protein [36],
with numerous minor components including peptidases, peptide
hormones, and a variety of (potentially) biologically active
peptides of uncertain function [36, 37]. Insulin secretory granules
also contain high concentrations of divalent cations, such as zinc
(~20 mmol/L), which is important in the crystallization and
stabilization of insulin within the granule [38]. Zinc is trans-
ported into the insulin secretory granules by the islet specific zinc
transporter ZnT8, where it binds to insulin to form a crystalline
lattice of insoluble hexamers. Polymorphisms in the SLC30A8
gene encoding ZnTS8, in which a single nucleotide polymorphism
(SNP) generates a ZnT8 variant with lower Zn?* transporting
activity, are associated with increased risk of type 2 diabetes
[39]. However, deletion of SLC30A8 in a number of transgenic
mouse models produces only modest effects on insulin storage
and secretion, and on whole-body glucose homeostasis, so the
mechanistic link between SLC30A8 polymorphisms and type 2
diabetes risk remains unclear [39]. The intragranular function(s)
of calcium (~120 mmol/L) and magnesium (~70 mmol/L) are
uncertain, but they are co-released with insulin on exocytosis
of the secretory granule contents so they may have extracellular
signaling roles via the cell surface calcium-sensing receptor [26].
Similarly, the adenine nucleotides found in insulin secretory

granules (~10 mmol/L) may have a signaling role when they are
released into the extracellular space [27].

The generation of physiologically appropriate insulin secretory
responses requires complex mechanisms for moving secretory
granules from their storage sites within the cell to the specialized
sites for exocytosis on the inner surface of the plasma membrane,
and the role of cytoskeletal elements, notably microtubules and
microfilaments, in the intracellular translocation of insulin stor-
age granules has been studied extensively [40, 41]. Microtubules
are formed by the polymerization of tubulin subunits and nor-
mally form a network radiating outwards from the perinuclear
region [42]. The microtubular network is in a process of continual
remodeling and the dynamic turnover of tubulin, rather than the
total number of microtubules, is important for the mechanism of
secretion. The microtubule framework may provide the pathway
for the secretory granules but microtubules do not provide
the motive force so other contractile proteins are likely to be
involved. Actin is the constituent protein of microfilaments and
exists in cells as a globular form of 43 kDa and as a filamen-
tous form (F-actin), which associates to form microfilaments.
F-actin remodeling in f cells is regulated by agents that alter
rates of insulin secretion, and the pharmacological disruption of
microfilament formation inhibits insulin secretion [43]. Myosin
light and heavy chains are expressed at high concentrations in
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B cells, suggesting that actin and myosin may interact to propel
granules along the microtubular network, and a myosin- and
Rab-interacting protein (MyRIP) has been implicated in cyclic
adenosine monophosphate (cAMP)-dependent insulin secretion
through interaction with the motor protein MyoVa [44]. It is
likely that other molecular motors, including kinesin and dynein
[45-47], are also involved in the movement of secretory granules,
and perhaps other organelles, in f cells.

Insulin is released from secretory granules by exocytosis, a
process in which the granule membrane and plasma membrane
fuse together, releasing the granule contents into the interstitial
space. Much of our knowledge of the molecular mechanisms of
exocytosis is derived from studies of neurotransmitter release
from nerve cells, and similar mechanisms operate in B cells,
although some proteins implicated in synaptic vesicle exocytosis
are not required for release of P-cell secretory granules [48].
The docking of the granules at the inner surface of the plasma
membrane is via the formation of a multimeric complex of pro-
teins known as the SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) complex, which consists
of proteins associated with secretory granules and the plasma
membrane, and soluble fusion proteins [43,49, 50]. The docked
granules will fuse with the membrane and release their contents
only in the presence of elevated levels of intracellular calcium,
which is sensed by synaptotagmins, a class of calcium-binding
granule proteins [49,51]. Secretory granules are distributed
throughout the B-cell cytoplasm (Figure 6.1c), and it is likely
that the transport of granules from distant sites to the plasma
membrane is regulated independently from the final secretory
process, with a reservoir of pre-docked granules available at the
inner surface of the plasma membrane. Fusion of this “readily
releasable” pool of granules may account for the rapid first-phase
release of insulin in response to glucose stimulation and direct
electrophysiological measurements have demonstrated that the
B-cell exocytotic response consists of a short-lived first phase with
a very rapid rate of granule exocytosis from the readily releasable
pool, followed by a sustained second phase with a slower rate of
exocytosis, from a reserve pool [52]. A key role for the regulatory
protein Muncl18c in the B-cell secretory granule fusion complex
has recently been identified in experiments where its knockdown
in human B cells led to significant reductions in exocytosis of
granules of both the readily releasable and reserve pools [53].

Regulation of insulin secretion

To ensure that circulating levels of insulin are appropriate for the
prevailing metabolic status, § cells are equipped with mechanisms
to detect changes in circulating nutrients, in hormone levels, and
in the activity of the autonomic nervous system. Moreover, f cells
have fail-safe mechanisms for coordinating this afferent informa-
tion and responding with an appropriate secretion of insulin. The
major physiological determinant of insulin secretion in humans
is the circulating concentration of glucose and other nutrients,
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Table 6.1 Non-nutrient regulators of insulin secretion.

Stimulators Inhibitors
Islet products
Glucagon SST-14
Adenine nucleotides Ghrelin
Divalent cations PYY
Neurotransmitters
Acetylcholine Norepinephrine
VIP Dopamine
PACAP NPY
GRP Galanin
Gastrointestinal hormones
CCK SST-28
GIP Ghrelin
GLP-1
Adipokines
Adiponectin Leptin
Resistin

CCK, cholecystokinin; GIP, glucose-dependent insulinotropic peptide; GLP-1,
glucagon-like peptide-1; GRP, gastrin-releasing polypeptide; NPY, neuropeptide
Y; PACAP, pituitary adenylate cyclase activating polypeptide; PYY: peptide tyro-
sine tyrosine; SST; somatostatin; VIP, vasoactive intestinal polypeptide.

including amino acids and fatty acids. These nutrients possess
the ability to initiate an insulin secretory response, so when
nutrients are being absorbed from the gastrointestinal system the
B cell detects the changes in circulating nutrients and releases
insulin to enable the uptake and metabolism or storage of the
nutrients by the target tissues. The consequent decrease in circu-
lating nutrients is detected by the B cells, which switch off insulin
secretion to prevent hypoglycemia. The responses of f cells to
nutrient initiators of insulin secretion can be modified by a vari-
ety of hormones and neurotransmitters which act to amplify, or
occasionally inhibit, the nutrient-induced responses (Table 6.1).
Under normoglycemic conditions, these agents have little or no
effect on insulin secretion, a mechanism that prevents inappropri-
ate secretion of insulin, which would result in potentially harmful
hypoglycemia. These agents are often referred to as potentiators of
insulin secretion to distinguish them from nutrients that initiate
the secretory response. The overall insulin output depends on the
relative input from initiators and potentiators at the level of indi-
vidual B cells, on the synchronization of secretory activity between
B cells in individual islets, and on the coordination of secretion
between the hundreds of thousands of islets in a human pancreas.
This section considers the mechanisms employed by f cells to rec-
ognize and respond to nutrient initiators and non-nutrient poten-
tiators of insulin secretion.

Nutrient-induced insulin secretion

Nutrient metabolism
Islet B cells respond to small changes in extracellular glucose
concentrations within a narrow physiological range and the
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Figure 6.6 Glucose-induced insulin secretion from islets of Langerhans. No
stimulation is seen below a threshold value of ~5 mmol/L glucose. Potentiators
amplify insulin secretion at stimulatory concentrations of glucose, but are
ineffective at subthreshold glucose levels.

mechanisms through which B cells couple changes in nutrient
metabolism to regulated exocytosis of insulin are becoming
increasingly well understood. Glucose is transported into f
cells via high-capacity glucose transporters (GLUT; GLUT-2 in
rodents, GLUT-1, -2 and -3 in humans [54, 55]), enabling rapid
equilibration of extracellular and intracellular glucose concen-
trations. Once inside the P cell, glucose is phosphorylated by
glucokinase, which acts as the “glucose sensor,” coupling insulin
secretion to the prevailing glucose level [56]. The dose-response
curve of glucose-induced insulin secretion from isolated islets is
sigmoidal (Figure 6.6) and is determined primarily by the activity
of glucokinase. Concentrations of glucose below 5 mmol/L do not
affect rates of insulin release, and the rate of secretion increases
progressively at extracellular glucose levels between 5 and
~15 mmol/L, with half-maximal stimulation at ~8 mmol/L. The
time course of the insulin secretory response to elevated glucose
is characterized by a rapidly rising but transient first phase, fol-
lowed by a maintained and prolonged second phase, as shown in
Figure 6.7. This profile of insulin secretion is obtained whether
insulin levels are measured following a glucose load in vivo,
or whether the secretory output from the perfused pancreas
or isolated islets is assessed, suggesting that the characteristic
biphasic secretion pattern is an intrinsic property of the islets.

ATP-sensitive potassium channels and membrane
depolarization

In the absence of extracellular glucose, the B-cell membrane
potential is maintained close to the potassium equilibrium poten-
tial by the efflux of potassium ions through inwardly rectifying
potassium channels. These channels were called ATP-sensitive
potassium (K,pp) channels because application of ATP to the
cytosolic surface of B-cell membrane patches resulted in rapid,

High glucose levels

1st phase

2nd phase

Insulin secretion

Basal

Time

Figure 6.7 Glucose-induced insulin release in vitro. The image shows the
pattern of glucose-induced insulin secretion from perfused pancreas, in response to
an increase in the glucose concentration. An acute first phase, lasting a few
minutes, is followed by a sustained second phase of secretion that persists for the
duration of the high-glucose stimulus.

reversible inhibition of resting membrane permeability to potas-
sium ions [57]. This property of the K, 1p channel is pivotal in link-
ing glucose metabolism to insulin secretion. Thus, it is now well
established that ATP generation following glucose metabolism,
in conjunction with concomitant lowering of ADP levels, leads
to closure of p-cell K,rp channels. Channel closure and the sub-
sequent reduction in potassium efflux promote depolarization of
the p-cell membrane and influx of calcium ions through voltage-
dependent L-type calcium channels. The resultant increase in
cytosolic Ca?* triggers the exocytosis of insulin secretory gran-
ules, thus initiating the insulin secretory response (Figure 6.8).
At around the time that the K, channels were established as
the link between the metabolic and electrophysiological effects of
glucose, they were also identified as the cellular target for sul-
fonylureas. The capacity of sulfonylureas to close K, p channels
explains their effectiveness in type 2 diabetes where the B cells
no longer respond adequately to glucose, as the usual pathway
for coupling glucose metabolism to insulin secretion is bypassed.
The B-cell K,rp channel is a hetero-octamer formed from four
potassium channel subunits (termed Kir6.2) and four sulfonylurea
receptor subunits (SUR1) [58]. The Kir6.2 subunits form the pore
through which potassium ions flow and these are surrounded by
the SUR1 subunits, which have a regulatory role (Figure 6.8). ATP
and sulfonylureas induce channel closure by binding to Kir6.2 and
SURI subunits, respectively, while ADP activates the channels by
binding to a nucleotide-binding domain on the SURI subunit.
Diazoxide, an inhibitor of insulin secretion, also binds to the SUR1
subunit to open the channels. The central role of K sp channels in
p-cell glucose recognition makes them obvious candidates for p-
cell dysfunction in type 2 diabetes. Early studies in people with
type 2 diabetes, maturity-onset diabetes of the young (MODY),
or gestational diabetes, failed to detect any Kir6.2 gene muta-
tions that compromised channel function [59,60]. Since then,
larger scale studies of variants in genes encoding Kir6.2 and SUR1
have demonstrated polymorphisms associated with increased risk
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Figure 6.8 Intracellular mechanisms through which glucose stimulates insulin secretion. Glucose is metabolized within the B cell to generate ATP, which closes ATP-sensitive
potassium channels in the cell membrane. This prevents potassium ions from leaving the cell, causing membrane depolarization, which in turn opens voltage-gated calcium
channels in the membrane and allows calcium ions to enter the cell. The increase in cytosolic calcium initiates granule exocytosis. Sulfonylureas act downstream of glucose
metabolism, by binding to the SURT component of the Kxrp channel (inset). GLUT, glucose transporter.

of type 2 diabetes [61]. Similarly, activating mutations in the
Kir6.2 gene are causal for cases of permanent neonatal dia-
betes (PNDM) [62], which has enabled individuals with insulin-
dependent PNDM to achieve glycemic control with sulfonylurea
treatment alone. In contrast, loss of p-cell functional K,rp chan-
nel activity has been implicated in the pathogenesis of congenital
hyperinsulinism [63], a condition characterized by hypersecretion
of insulin. Numerous mutations in both the Kir6.2 and SUR1 sub-
units have been identified in people with congenital hyperinsulin-
ism and these are thought to be responsible for the severe impair-
ment in glucose homeostasis in these individuals [64, 65].

Calcium and other intracellular effectors

Intracellular calcium is a principal effector of the nutrient-
induced insulin secretory response, linking depolarization with
exocytosis of insulin secretory granules (Figure 6.8). A large elec-
trochemical concentration gradient (~10,000-fold) of calcium is
maintained across the f-cell plasma membrane by a combination
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of membrane-associated calcium extruding systems and active
calcium sequestration within intracellular organelles. The major
route through which calcium is elevated in p cells is by influx of
extracellular calcium through voltage-dependent L-type calcium
channels that open in response to B-cell depolarization, and it
has been estimated that each f cell contains about 500 L-type
channels [66].

Studies with permeabilized B cells have demonstrated that
elevations in intracellular calcium are alone sufficient to initiate
insulin secretion [67], and conditions that elevate intracellular
calcium usually stimulate insulin release. An increase in cytosolic
calcium is essential for the initiation of insulin secretion by glu-
cose and other nutrients: preventing calcium influx by removal
of extracellular calcium or by pharmacological blockade of
voltage-dependent calcium channels abolishes nutrient-induced
insulin secretion. Glucose and other nutrients also induce a
calcium-dependent activation of B-cell phospholipase C (PLC)
[68], leading to the generation of inositol 1,4,5-triphosphate (IP;)



and diacylglycerol (DAG), both of which serve second-messenger
functions in p cells [69]. The generation of IP; leads to the rapid
mobilization of intracellular calcium, but the significance of this
in secretory responses to nutrients is uncertain, and it is likely to
have little more than a modulatory role, amplifying the elevations
in cytosolic calcium concentration induced by the influx of
extracellular calcium.

The elevations in intracellular calcium are transduced into the
regulated secretion of insulin by intracellular calcium-sensing
systems within B cells. Important among these are the calcium-
dependent protein kinases, which include myosin light-chain
kinases, the calcium/phospholipid-dependent kinases, and the
calcium/calmodulin-dependent kinases (CaMKs). CaMKs are
protein kinases that are activated in the presence of calcium
and the calcium-binding protein calmodulin, and a number of
studies have implicated CaMK II in insulin secretory responses
[69]. It has been proposed that CaMK II activation is responsible
for the initiation of insulin secretion in response to glucose and
other nutrients, and for enhancing nutrient-induced secretion in
response to receptor agonists that elevate intracellular calcium
[69]. Cytosolic PLA, (cPLA,) is another p-cell calcium-sensitive
enzyme. It is activated by concentrations of calcium that are
achieved in stimulated P cells, and it generates arachidonic acid
(AA) by the hydrolysis of membrane phosphatidylcholine. AA is
capable of stimulating insulin secretion in a glucose- and calcium-
independent manner, and it is further metabolized in islets by
the cyclooxygenase (COX) pathways to produce prostaglandins
and thromboxanes, and by the lipoxygenase (LOX) pathways
to generate hydroperoxyeicosatetraenoic acids (HPETES),
hydroxyeicosatetraenoic acids (HETES), and leukotrienes.

The precise roles of AA derivatives in islet function remain
uncertain because experimental investigations have relied on
COX and LOX inhibitors of poor specificity, and although
prostaglandin E, is largely inhibitory in rodent islets [70] it has
stimulatory effects on insulin secretion from human islets [71].
Calcium sensors are also important at the later stages of the secre-
tory pathway, where the calcium-sensitive synaptotagmin proteins
are involved in the formation of the exocytotic SNARE complex,
as described above, to confer calcium sensitivity on the initiation
and rate of exocytotic release of insulin secretory granules [49].

The elevations in intracellular calcium induced by nutri-
ents activate other effector systems in B cells, including PLC
and cPLA,, as discussed above, and calcium-sensitive adenylate
cyclase isoforms, which generate cAMP from ATP. Although these
signaling systems are of undoubted importance in the regulation
of p cells by non-nutrients, their role in nutrient-induced insulin
secretion is still uncertain. Thus, DAG generated by glucose-
induced PLC activation has the potential to activate some protein
kinase C (PKC) isoforms. PKC was first identified as a calcium-
and phospholipid-sensitive, DAG-activated protein kinase, but
some isoforms of PKC require neither calcium nor DAG for
activation. The isoforms are classified into three groups: calcium-
and DAG-sensitive (conventional), calcium-independent,
DAG-sensitive (novel), and calcium- and DAG-independent
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(atypical) groups, and P cells contain conventional, atypical, and
novel PKC isoforms [69,72]. The early literature on the role
of PKC in nutrient-induced insulin secretion is confusing, but
several studies have shown that glucose-induced insulin secretion
is maintained under conditions where DAG-sensitive PKC
isoforms are depleted, suggesting that conventional and novel
PKC isoforms are not required for insulin secretion in response to
glucose [69, 73].

The role of cAMP in the insulin secretory response to nutri-
ents is similarly unclear. cAMP has the potential to influence
insulin secretion by the activation of cAMP-dependent protein
kinase A (PKA), or via the cAMP-regulated guanine nucleotide
exchange factors known as exchange proteins activated by cAMP
(EPACs) [74]. However, elevations in p-cell cyclic AMP do not
stimulate insulin secretion at substimulatory glucose concentra-
tions, and the secretagogue effects of glucose can be maintained
in the presence of competitive antagonists of cAMP binding to
PKA or EPACs [75]. These observations suggest that cAMP does
not act as a primary trigger of nutrient-stimulated p-cell secretory
function, but observations linking glucose-induced oscillations in
B-cell cAMP to oscillations in insulin secretion [76] suggest that a
role for this messenger system in nutrient-induced insulin secre-
tion cannot be ruled out.

K, rp channel-independent pathways

Since the early reports linking K,rp channel closure to the exo-
cytotic release of insulin, it has become apparent that p cells also
possess a K,pp channel-independent stimulus-secretion coupling
pathway: this is termed the amplifying pathway to distinguish it
from the triggering pathway that is activated by K,;p channel clo-
sure [77]. Studies in which B-cell calcium is elevated by depolar-
ization and K,rp channels are maintained in the open state by
diazoxide have indicated that glucose, at concentrations as low as
1-6 mmol/L, is still capable of stimulating insulin secretion [78].
The triggering and amplifying pathways are both physiologically
relevant for the first and second phases of glucose-induced insulin
secretion [79], but the mechanisms by which glucose stimulates
insulin secretion in a K, rp channel-independent manner have not
been established [79, 80]. However, it is clear that glucose must be
metabolized and there is convincing evidence that changes in ade-
nine nucleotides are involved [81], and it has been established that
activation of PKA and PKC is not required. It has been suggested
that the K y;p-independent amplifying pathway is impaired in type
2 diabetes and that identification of novel therapeutic strategies
targeted at this pathway may be beneficial in restoring p-cell func-
tion in people with type 2 diabetes [77].

Amino acids

Several amino acids stimulate insulin secretion in vivo and in
vitro. Most require glucose, but some, such as leucine, lysine, and
arginine, can stimulate insulin secretion in the absence of glu-
cose, and therefore qualify as initiators of secretion. Leucine enters
islets by a sodium-independent transport system and stimulates a
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biphasic increase in insulin release. The effects of leucine on -
cell membrane potential, ion fluxes, and insulin secretion are sim-
ilar to, but smaller than, those of glucose [82]. Thus, metabolism
of leucine within B cells decreases the potassium permeability,
causing depolarization and activation of L-type calcium chan-
nels through which calcium enters the f cells and initiates insulin
secretion. Leucine is also able to activate the amplifying pathway
of insulin secretion in a K,pp channel-independent manner, as
described above for glucose. The charged amino acids lysine and
arginine cross the p-cell plasma membrane via a transport system
specific for cationic amino acids. It is generally believed that the
accumulation of these positively charged molecules directly depo-
larizes the f-cell membrane, leading to calcium influx.

Regulation of insulin secretion by non-nutrients

The complex mechanisms that have evolved to enable changes in
extracellular nutrients to initiate an exocytotic secretory response
are confined to islet p cells, and perhaps to a subset of hypotha-
lamic neurons [83]. However, the mechanisms that p cells use to
recognize and respond to non-nutrient potentiators of secretion
are ubiquitous in mammalian cells, and so are covered only briefly
in this section, followed by a review of the physiologically relevant
non-nutrient regulators of f-cell function.

Most, if not all, non-nutrient modulators of insulin secretion
influence the B cell by binding to and activating specific receptors
on the extracellular surface. Because of its central role in coordi-
nating whole-body fuel homeostasis, the f cell expresses receptors
for a wide range of biologically active peptides, glycoproteins, and
neurotransmitters (Table 6.1), and quantitative reverse transcrip-
tase polymerase chain reaction (RT-PCR) analysis has indicated
that human islets express 293 different types of G-protein-coupled
receptors [84]. However, receptor occupancy generally results in
the activation of a limited number of intracellular effector systems,
which were introduced in the section Nutrient-induced insulin
secretion (Figures 6.9 and 6.10).

Islet hormones

There is convincing evidence for complex intra-islet interactions
via molecules released from islet endocrine cells (Figure 6.2). The
physiological relevance of some of these interactions is still uncer-
tain, but some of the intra-islet factors that are thought to influ-
ence insulin secretion are discussed briefly in this section.

It is now clear that  cells express insulin receptors and the asso-
ciated intracellular signaling elements, suggesting the existence of
autocrine and/or paracrine feedback regulation of p-cell function
[22, 85]. Earlier suggestions that secreted insulin regulates insulin
secretion [86] have not been confirmed [22, 87], and the physio-
logical rationale of a positive feedback loop for insulin to promote
further insulin release is questionable [88]. The main autocrine
function of insulin on f cells is to regulate B-cell gene expression
[85, 89] and B-cell mass through effects on proliferation and apop-
tosis [22,90].

Glucagon is a 29 amino acid peptide secreted by islet
a cells. The precursor, proglucagon, undergoes differential
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post-translational processing in the gut to produce entirely dif-
ferent peptides with different receptors and biological activities.
These include glucagon-like peptide 1 (GLP-1) (7-36) amide, an
“incretin” hormone that is discussed below, and GLP-2, which
promotes growth of the intestinal mucosa. Although glucagon is
the major proglucagon product in islet « cells, a subpopulation
of human « cells also synthesize and secrete GLP-1, presumably
to exert local effects within islets [24]. Glucagon secretion is reg-
ulated by nutrients, islet and gastrointestinal hormones, and the
autonomic nervous system, with hypoglycemia and sympathetic
nervous input being important stimulators of glucagon secretion
[91]. Glucagon enhances insulin secretion through the stimula-
tory G-protein (G,)-coupled activation of adenylate cyclase and
the consequent increase in intracellular cAMP (Figure 6.9).

‘— Agonist

Outside — Receptor

=0

Adenylate cyclase

Cyclic AMP

ATP
/ Y
€9

Insulin secretion

Figure 6.9 Adenylate cyclase and the regulation of insulin secretion. Some
receptor agonists (e.g. glucagon, glucagon-like peptide 1, pituitary adenylate
cyclase activating polypeptide) bind to cell-surface receptors that are coupled to
adenylate cyclase (AC) via the heterotrimeric GTP-binding protein Gs. Adenylate
cyclase hydrolyzes ATP to generate adenosine 5’ cyclic monophosphate (CAMP),
which activates protein kinase A (PKA) and exchange proteins activated by cAMP
(EPACs). Both of these pathways potentiate glucose-stimulated insulin secretion.
Glucose also activates adenylate cyclase, but increases in intracellular cyclic AMP
levels in response to glucose are generally smaller than those obtained with
receptor agonists. Some inhibitory agonists (e.g. norepinephrine, somatostatin)
bind to receptors that are coupled to adenylate cyclase via the inhibitory
GTP-binding protein G;, resulting in reduced adenylate cyclase activity and a
decrease in intracellular cAMP.



‘—Agonist
—— Receptor
@ Phosphatidylinositol

bisphosphate (PIP,)
®

Phospholipase C @

Outside

Y Y

Inositol trisphosphate (IP3) Diacylglycerol (DAG)

Y Y

Mobilizes
intracellular Ca2+

Binds to protein
kinase C (PKC)

27 27
} Cytosolic [Ca2+] Activation of PKC

Y

5 Phosphorylation of
i intracellular proteins

[Granule translocation and exocytosis]

Figure 6.10 Phospholipase C and the regulation of insulin secretion. Some
receptor agonists (e.g. acetylcholine, cholecystokinin) bind to cell-surface receptors
that are coupled to phospholipase C (PLC) via the heterotrimeric GTP-binding
protein Gg. Phospholipase C hydrolyzes phosphatidylinositol bisphosphate (PIP,),
an integral component of the membrane, to generate inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). IP; mobilizes calcium from the endoplasmic
reticulum and DAG activates protein kinase C (PKC), both of which enhance insulin
secretion. Nutrients also activate PLC in a calcium-dependent manner but the
importance of IP; and DAG in nutrient-induced insulin secretion is uncertain.

Somatostatin (SST) is expressed by islet d cells and in numerous
other sites, including the central nervous system and D cells of the
gastrointestinal tract, where it acts predominantly as an inhibitor
of endocrine and exocrine secretion [92]. The precursor, proso-
matostatin, is processed by alternative pathways: in islets and the
CNS SST-14 is generated, and SST-28, the major circulating form
of SST in humans, is produced in the gastrointestinal tract [93].
SST secretion is regulated by a variety of nutrients and endocrine
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and neural factors [20,92,94,95]. Islets express five different
somatostatin receptor (SSTR) subtypes, and SST-14 released from
islet & cells has a tonic inhibitory effect on insulin and glucagon
secretion [20], via activation of SSTR5 and SSTR2, respectively
[96,97]. SST receptors are coupled via an inhibitory G-protein(Gi)
to the inhibition of adenylate cyclase and decreased formation of
cAMP [98] (Figure 6.9), and to ion channels that cause hyperpo-
larization of the f3-cell membrane and reductions in intracellular
calcium [99].

Pancreatic polypeptide (PP) is a 36 amino acid peptide pro-
duced by PP cells that are found in the mantle of islets, predom-
inantly those located in the head of the pancreas. PP secretion
is mainly regulated via cholinergic parasympathetic stimulation
[92], but the physiological function of PP as a circulating hor-
mone, or as an intra-islet signal, is uncertain [100]. Peptide YY,
which is structurally related to PP, is also expressed in islets and is
mainly expressed by subpopulations of PP and & cells [101]. PYY
inhibits insulin secretion via the NPY family of receptors, the most
abundant of which is Y1 in both mouse and human islets [84, 101].
It has recently been reported that ablation of PYY-expressing cells
in vivo causes B-cell destruction and induction of diabetes, sug-
gesting a role for islet PYY in maintaining p-cell mass [102].

Ghrelin is a 23 amino acid peptide first identified in the gas-
trointestinal system, but now known also to be expressed in
islet & cells that are localized to the islet mantle in rodents, and
which appear to be developmentally distinct from the classic islet
endocrine cells [103, 104]. The physiological function of e-cell-
derived ghrelin has not been established, but most experimental
evidence suggests an inhibitory role in the regulation of insulin
secretion [105], analogous to that of &-cell SST [20].

Neural control of insulin secretion

The association of nerve fibers with islets was shown over 100
years ago by silver staining techniques [106], and since that time
it has become well established that islets are innervated by cholin-
ergic, adrenergic, and peptidergic autonomic nerves. Parasym-
pathetic (cholinergic) fibers originating in the dorsal motor
nucleus of the vagus and sympathetic (adrenergic) fibers from
the greater and middle splanchnic nerves penetrate the pancreas
and terminate close to the islet cells. The autonomic innervation
of the islets is important in regulating insulin secretion, with
enhanced insulin output following activation of parasympathetic
nerves and decreased insulin secretion in response to increased
sympathetic activity. The autonomic nervous regulation of islet
hormone secretion is thought to be involved in the cephalic phase
of insulin secretion during feeding, in synchronizing islets to
generate oscillations of hormone secretion, and in regulating islet
secretory responses to metabolic stress [5].

Neurotransmitters: acetylcholine and norepinephrine

The numerous parasympathetic nerve fibers that innervate islets
are postganglionic and originate from the intra-pancreatic gan-
glia, which are controlled by preganglionic fibers originating in
the dorsal vagal nucleus [5]. Acetylcholine is the major postgan-
glionic parasympathetic neurotransmitter, and it stimulates the
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release of insulin and glucagon in a variety of mammalian species
(5,84, 107]. Acetylcholine is also synthesized in and secreted from
a cells in human islets where it primes the f cells to respond
optimally to increases in glucose [108]. Acetylcholine acts pre-
dominantly via M3 receptors in p cells [107, 109] to activate PLC
(Figure 6.10), generating IP; and DAG, which act to amplify
the effects of glucose by elevating cytosolic calcium and activat-
ing PKC [67]. Activation of p-cell muscarinic receptors can also
lead to the activation of PLA,, with the subsequent generation
of AA and lysophosphatidylcholine, which can further enhance
nutrient-induced insulin secretion. Acetylcholine also depolar-
izes the plasma membrane by affecting Na* conductivity, and this
additional depolarization induces sustained increases in cytosolic
calcium [107].

Islets also receive an extensive sympathetic innervation from
postganglionic nerves whose cell bodies are located in the celiac
or paravertebral ganglia, while the preganglionic nerves originate
from the hypothalamus [5]. The major sympathetic neurotrans-
mitter norepinephrine (noradrenaline) can exert positive and neg-
ative influences on hormone secretion. Thus, norepinephrine can
exert direct stimulatory effects on the f cell via §,-adrenoreceptors
[110], or inhibitory effects via o, -adrenoreceptors [111], and the
net effect of norepinephrine may depend on the relative levels
of expression of these receptor subtypes. Differences between
species in the expression levels of adrenoreceptor subtypes prob-
ably account for the differential effects of B-adrenergic agonists
on human islets, where they are stimulatory, and rodent islets,
where they are ineffective [112]. The stimulatory effects mediated
by p,-receptors occur by activation of adenylate cyclase and an
increase in intracellular cAMP (Figure 6.9), while the inhibitory
effect of o, -receptor activation involves reductions in cAMP and
of cytosolic calcium [98,111], and an unidentified inhibitory
action at a more distal point in the stimulus-secretion coupling
mechanism [113]. Increased expression of o, A adrenoreceptors
and decreased insulin secretion are a consequence of an SNP in
the human a, A receptor gene [114], and an a,A receptor antag-
onist has been used to improve the insulin secretion deficiency in
individuals with type 2 diabetes [115]. In contrast to the inhibitory
effects of norepinephrine on insulin release, it has direct stimula-
tory effects on glucagon secretion from « cells mediated by both
B,- and o,-receptor subtypes [5]. Circulating catecholamines
secreted by the adrenal medulla (mainly epinephrine) also
have the potential to influence islet hormone secretion through
interactions with the adrenoreceptors expressed on the o and
cells.

Neuropeptides
Parasympathetic nerve fibers in islets contain a number of biolog-
ically active neuropeptides, including VIP, PACAP, and gastrin-
releasing polypeptide (GRP), all of which are released by vagal
activation and they all stimulate the release of insulin and
glucagon.

VIP (28 amino acids) and PACAP (27 or 38 amino acids) are
abundantly expressed neuropeptides that are widely distributed
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in parasympathetic nerves that supply the islets and gastrointesti-
nal tract [6]. VIP and PACAP have similar structures, and VIP1
and VIP2 receptors also have an affinity for PACAP. The stimula-
tory effects of VIP and PACAP on insulin secretion in vitro and in
vivo are through p-cell VIP2 and PACI receptors, respectively, and
are thought to involve increases in intracellular cAMP (Figure 6.9)
and cytosolic calcium [6, 116, 117]. GRP is a 27 amino acid peptide
that also stimulates the secretion of insulin, glucagon, SST, and PP
[5]. These effects of GRP are mediated through specific receptors,
and involve the activation of PLC and the generation of IP; and
DAG (Figure 6.10).

Sympathetic nerves contain different neuropeptides to
parasympathetic nerves, and these include NPY and galanin,
both of which have inhibitory actions within islets. NPY (36
amino acids) and galanin (29 amino acids) are expressed in fibers
innervating both the endocrine and exocrine pancreas [5, 118].
Both neuropeptides inhibit basal and glucose-stimulated insulin
secretion [98,118,119], although differences between species
have been reported. Both NPY and galanin act through specific
G;-coupled receptors to inhibit adenylate cyclase [84, 120, 121],
and galanin may have additional inhibitory effects at an undefined
late stage of exocytosis [98].

Regulation of insulin secretion by gut- and
adipose-derived factors

Incretins

It has been known for over 50 years that insulin secretion
from islets is greater following oral rather than intravenous
administration of glucose [122], and it is now known that this
enhanced insulin secretory output is a consequence of the release
of gastrointestinal-derived “incretin” hormones [123]. The main
incretins that have been implicated in an elevated insulin response
to absorbed nutrients after food intake are glucagon-like peptide
1 (GLP-1), glucose-dependent insulinotropic peptide (GIP) and
cholecystokinin (CCK), all of which are hormones secreted by
specialized endocrine cells in the gastrointestinal tract in response
to the absorption of nutrients [123, 124]. These hormones are car-
ried to the islets in the blood and they interact with specific recep-
tors on the p-cell surface to stimulate insulin secretion.

Glucagon-like peptide 1

After food intake, L cells of the distal gastrointestinal tract secrete
GLP-1 in response to elevated levels of nutrients derived from car-
bohydrates, lipids, and proteins in the intestinal lumen [123, 124].
GLP-1 is generated by prohormone convertase 1-3 cleavage of
proglucagon in the L cells and it is highly conserved in mam-
mals, with identical amino acid sequences in humans and mice
[93,123]. GLP-1 is degraded by dipeptidyl protease 4 (DPP-4),
which cleaves two amino acids from its N-terminus. Full-length
GLP-1 (1-37) does not show biological activity, but the truncated
peptides GLP-1 (7-36) amide and GLP-1 (7-37) are potent stimu-
lators of insulin secretion in vitro and in vivo [123]. Observations
that infusion of the peptide into individuals with type 2 diabetes
before food intake improved insulin output and reduced the



postprandial increase in circulating glucose led to studies to
determine whether GLP-1 or related peptides may be useful as
therapies for type 2 diabetes. Reports of other beneficial effects of
GLP-1, including its capacity to inhibit glucagon secretion, delay
gastric emptying, and decrease food intake, indicated its positive
effects on normalizing postprandial glycemia, but its half-life of
less than 2 min precludes its use as a diabetes therapy. Nonethe-
less, exenatide, a synthetic version of a GLP-1 analogue present
in the saliva of the Gila monster lizard, has been developed for
clinical use for type 2 diabetes [125]. It has ~50% amino acid
homology with GLP-1, thus allowing it to exert the same effects
on islets as native GLP-1, but its resistance to degradation by
DPP-4 increases its half-life to around 2 h in vivo, which ensures
effective regulation of blood glucose levels. Another GLP-1
analog, liraglutide, has a greatly extended half-life (>12h) as a
result of incorporation of the fatty acid palmitate into the GLP-1
sequence, allowing it to bind to plasma albumin and reducing its
exposure to DPP-4. Selective DPP-4 inhibitors such as sitagliptin
are used clinically to normalize blood glucose levels in type 2
diabetes by extending the half-life of endogenous GLP-1. GLP-1,
exenatide, and liraglutide act at islet GLP-1 receptors [84, 123]
that are linked, via G, to adenylate cyclase activation, which ulti-
mately increases insulin secretion (Figure 6.9). Although cAMP
has been implicated in the majority of effects of GLP-1 in islets,
including its stimulation of insulin secretion via activation of the
p-cell TCF7L2/Wnt pathway [123] and upregulation of two p-cell
microRNAs [126], GLP-1 may also close p-cell K,p channels in
a cAMP-independent manner, reported in studies done in rats
[127]. It has been proposed that improved glucose homeostasis
following bariatric gastric bypass surgery results, at least in part,
from more rapid delivery of food to the L cells through a shorter
gastrointestinal tract, which results in enhanced postprandial
secretion of GLP-1 [128]. See chapter 32 for additional discussion
of GLP-1 physiology and therapeutic usage. See chapter 32
for additional discussion of GLP-1 physiology and therapeutic
usage.

Glucose-dependent insulinotropic peptide

GIP, a 42 amino acid peptide, is released from K cells in the
duodenum and jejunum in response to the absorption of glu-
cose, other actively transported sugars, amino acids, and long-
chain fatty acids [124]. It was originally called “gastric inhibitory
polypeptide” because of its inhibitory effects on acid secretion in
the stomach, but its main physiological effect is now known to
be stimulation of insulin secretion in a glucose-dependent man-
ner [123]. GIP receptors, like those activated by GLP-1, are cou-
pled to G, with essentially the same downstream cascades leading
to stimulation of insulin secretion (Figure 6.9). Although GLP-1
and GIP both enhance insulin output following their release in
response to food intake, it seems unlikely that GIP-related pep-
tides will be developed as therapies for type 2 diabetes because GIP
stimulates glucagon secretion and inhibits GLP-1 release, and its
infusion in individuals with type 2 diabetes is reported to worsen
postprandial hyperglycemia [129].
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Cholecystokinin

CCK is another gastrointestinal hormone that is released from I
cells in response to elevated fat and protein levels [124]. It was
originally isolated from porcine intestine as a 33 amino acid pep-
tide and the truncated CCK-8 form stimulates insulin secretion in
vitro and in vivo [130]. CCK-8 acts at specific G,-coupled recep-
tors on P cells to activate PLC (Figure 6.10), and its potentiation
of insulin secretion is completely dependent on PKC activation
[131]. However, the physiological role of CCK as an incretin has
not been established because high concentrations are required for
its effects on insulin secretion, and it is possible that its major func-
tion is in digestion in the duodenum.

Bile acids

Bile acids act as endocrine factors to enable signaling between the
gut and other tissues involved in metabolic homeostasis, includ-
ing islet cells. They signal via the nuclear receptor farnesoid-X
receptor (FXR) and the G-protein-coupled receptor TGR5, both of
which are expressed in islets [84, 132]. TGR5 activation is reported
to stimulate insulin secretion from mouse and human islets in
vitro [133], but in vivo studies using transgenic mice suggest that
FXR mediates most, if not all, of the effects of bile acids to enhance
insulin secretion [132]. The composition and plasma concentra-
tions of bile acids are altered by gastric bypass surgery, perhapsasa
consequence of changes in the gut microbiome, and these changes
have been linked to improved B-cell function and metabolic con-
trol [134].

Decretins

Starvation studies in humans and other mammals suggest the
existence of gut-derived factors that are released postprandi-
ally to suppress insulin secretion and thus prevent postpran-
dial hyperinsulinemic hypoglycemia [135], these factors being
referred to as “decretins” [136, 137] or “anti-incretins” [138]. Stud-
ies in baboons first identified gut-derived SST-28 as a putative
decretin by demonstrating that immunoneutralization of SST-28
caused elevations in postprandial plasma insulin concentrations
[136]. In Drosophila the neuropeptide limostatin (Lst) acts as a
decretin by suppressing the activity of insulin-producing cells and
reducing the secretion of Drosophila insulin-like peptides [137].
The mammalian homolog of Lst is neuromedin U (NMU), a neu-
ropeptide that is expressed in foregut enteroendocrine cells, and
which acts as a decretin by suppressing glucose-induced insulin
secretion from human islets through a specific B-cell receptor,
NMURI [137]. Foregut-derived dopamine (DA) has also been
proposed as a physiological decretin that is released postprandially
to inhibit glucose- and GLP-1-stimulated insulin secretion [139].
Decretins such as SST, NMU, and DA may be important in the
pathophysiology of type 2 diabetes because it has been suggested
that the rapid resolution of metabolic dysfunction following gas-
tric bypass surgery is due, at least in part, to a reduction in over-
active decretin signaling, with resultant improvements in p-cell
secretory function [138].
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Adipokines

Obesity is a risk factor for diabetes, and hormones (adipokines)
released from fat depots have been implicated in insulin
resistance associated with obesity and type 2 diabetes [140].
Some adipokines, such as leptin, resistin, and adiponectin, are
also reported to influence islet function. Thus, B cells express
Ob-Rb leptin receptors, which, when activated by leptin, lead to
inhibition of insulin secretion [141], and specific deletion of B-cell
ODb-Rb receptors is associated with enhanced insulin secretion
[142]. The inhibitory effects of leptin on glucose-stimulated
insulin secretion have been attributed to activation of f-cell
K,rp channels [143] or of c-Jun N-terminal kinases (JNKs) [144].
Leptin may also further impair p-cell function through reductions
in pB-cell mass [142, 144]. Resistin, another adipocyte polypeptide,
also inhibits glucose-stimulated insulin release [145] and stimu-
lates apoptosis of rat § cells [146], suggesting that it has similar
functions to leptin. However, resistin is not considered to be a
true adipokine because, although it is secreted at high levels from
mouse adipocytes, it is not produced by human adipocytes, and
high plasma resistin levels do not correlate with reduced insulin
sensitivity [147]. However, it is possible that resistin has paracrine
effects on fp-cell function in humans as it has been identified in
human islets [148]. Unlike leptin and resistin, adiponectin has
protective effects by improving insulin sensitivity, and decreased
plasma adiponectin levels may contribute to the development of
type 2 diabetes [149]. Human and rat f cells express AdipoR1
and AdipoR2 adiponectin receptors [150, 151], and adiponectin
is reported to stimulate insulin secretion [150,151], protect
against P-cell apoptosis [152] and stimulate B-cell regeneration
[153]. The signaling cascades that couple adiponectin receptors
to downstream effects in B cells have not been fully defined, but
adiponectin is reported to activate the kinases Erk and Akt in
islets [154], and it also stimulates expression of genes that regulate
lipid transport and metabolism [155].

Conclusions

Islets of Langerhans are complex micro-organs containing several
different types of endocrine cells, with extensive vasculature
and autonomic nerve supply. Interactions between the islet cells,
the autonomic nervous system, and hormones secreted by the
gastrointestinal system and adipose tissue permit the appropriate
release of islet hormones to regulate metabolic fuel usage and
storage.

The insulin-secreting f cells within islets respond to changes in
circulating nutrients by linking changes in nutrient metabolism
to p-cell depolarization and the calcium-dependent exocytotic
release of stored insulin. Islet f cells can also respond to a wide
range of hormones and neurotransmitters through conventional
cell-surface receptors that are linked to a variety of intracellular
effector systems regulating the release of insulin. The ability to
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detect nutrient, hormonal, and neural signals allows  cells to inte-
grate information about the prevailing metabolic status, and to
secrete insulin as required for glucose homeostasis.

This detailed understanding of islet cell biology has informed
the development of new treatments for type 2 diabetes, as exem-
plified by the introduction of GLP-1 agonists and DPP-4 inhibitors
in the past decade. Recent studies have suggested associations
between type 2 diabetes and polymorphisms in genes associated
with B-cell development or function, and so current understand-
ing of normal B-cell function may assist in identifying the p-cell
pathologies in type 2 diabetes.
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Key points
e Glucagon is predominantly made in islet a-cells and regulates systemic

glycemia primarily through actions in the liver.

* Beyond endocrine actions in glucose counter-regulation and metabolism
of protein rich meals, glucagon may have roles in the paracrine regulation
of islet function and energy balance.

e Excess glucagon contributes to dysglycemia in people with diabetes and
has a central role in diabetic ketoacidosis.

o Compounds that stimulate and block the glucagon receptor are under
investigation for the treatment of metabolic disorders.

Introduction

Glucagon is a gluco-regulatory peptide made almost exclusively
in the a-cells of the pancreatic islet and has a notable history in
basic research, clinical physiology, and therapeutics. Discovered
initially as a contaminant in pancreatic extractions of insulin [1],
the demonstration of specific actions to raise blood glucose led to
a physiological model in which glucagon was attributed a central
role for providing fuel under circumstances of need [2]. The fun-
damental aspects of glucagon signaling at the cellular level formed
much of the basis for the discovery of cyclic AMP (cAMP) and
G-proteins [3]. Glucagon was one of the first hormones that could
be measured in the circulation and tissues of humans and exper-
imental animals. Early work demonstrated dramatic increases in
circulating levels with hypoglycemia and extreme physical exer-
tion [2], and smaller but consistent elevations during starvation
[4]. Especially important was the observation that glucagon lev-
els were elevated in people with diabetes, dramatically so dur-
ing diabetic ketoacidosis [5, 6]. These findings raised the possi-
bility that both islet hormones, insulin and glucagon, had a role in
the pathogenesis of diabetes [7], a hypothesis that was supported
by human experiments using somatostatin to inhibit a-cell secre-
tion [8]. Notably, interest in glucagon as a central factor in dia-
betic pathophysiology waned for several decades as the focus of
metabolic research and treatment of diabetes centered on insulin
resistance and defects in B-cell function. However, in recent years
glucagon has regained its status as a topic of interest in diabetes
investigation, and renewed attention to glucagon physiology has

been bolstered by the advent of new drugs that suppress glucagon
as part of their glucose-lowering activity.

This chapter reviews basic concepts in a-cell biology and
glucagon physiology with an emphasis on how these processes
are altered in disease states, particularly diabetes. Relatively new
findings that implicate glucagon in intra-islet signaling and energy
balance are discussed, and descriptions of new uses for glucagon
activity in drug development are presented. The role of glucagon
in hypoglycemic counter-regulation is addressed in detail else-
where in this book (Chapter 35) and will not be considered in
depth here. The pharmacology of available diabetes drugs that
affect glucagon secretion, such as dipeptidyl peptidase inhibitors
and GLP-1 receptor analogs, are also covered elsewhere (Chapters
31 and 32). There are several recent reviews that cover the molec-
ular and systemic physiology of glucose in more detail than in this
chapter [9-12].

a-Cell anatomy and development

The function of glucagon and other a-cell products is based in
great part on the anatomy of the pancreatic islet. New research
implicates the o-cell in the paracrine regulation of the endocrine
pancreas, and islet structure has an important bearing on this
function. Recent studies demonstrating key differences in islet
architecture between rodents and humans have provided new
insights into pancreatic endocrine function. These differences
include heterogeneity of islet size and organization within species
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(13, 14]. It is well established that in mice and rats the organiza-
tion of the islet includes a mantle of «- and 8-cells on the periph-
ery of the islet, surrounding a core of p cells (Figure 7.1). Esti-
mates of the relative cell composition in rodent islets are ~75-80%
B and 20-15% a cells, and most p cells have contact with other 3
cells [15-17]. In humans, the major endocrine cell types are spread
more diffusely throughout the islet, most f cells have contact with
either a or 8 cells, and the proportion of p cells per islet is 40-60%
[13-15] (Figure 7.1). Based on recent analyses of large numbers of
human pancreata, the frequency of contacts between a and f cells
appears to be much greater than previously estimated, as is the
location of islet endocrine cells in close proximity to the microvas-
culature [13]. It is notable that in humans, smaller islets have a
cellular architecture that resembles that of rodents, i.e. a mantle
of « cells surrounding a B-cell core with a higher percentage of
cells than larger islets; these smaller islets also have greater rela-
tive insulin secretion [13, 14]. These recent studies on the organi-
zation of islet anatomy, particularly in humans, have shifted the
focus from interactions mediated through the microcirculation to
control through direct cell-to-cell contacts.

Neural regulation of islet function is well established, although
the nature and magnitude of effects are still under debate. In gen-
eral, sympathetic nervous system activity is thought to be impor-
tant in settings where there is enhanced demand for glucose, i.e.
hypoglycemia and physical activity, and parasympathetic activity
is important before and during meal ingestion [18-20]. Recent
data suggest a difference between the density of autonomic inner-
vation of rodent and human o and P cells, with rats and mice hav-
ing a greater density of neural fibers in islets [21]. Although this
has led to the hypothesis that neural regulation of islet secretion
is more important in rodents, and paracrine control in humans,
this has not been formally tested, and not all studies have demon-
strated reduced innervation of human islet cells [22].

a-Cells are formed within the concert of pancreatic devel-
opment in early embryonic life, directed by the sequential and
interacting effects of specific transcription factors. Most of
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the current knowledge on endocrine pancreatic development
comes from studies in mice, and although there are general
similarities with human islet development, some key differences
exist [23-25]. In both mice and humans, pancreatic duodenal
homeobox 1 (Pdx1) directs the differentiation of pancreatic
epithelial cells, that will become the exocrine and endocrine pan-
creas, from the foregut endoderm [26]. Subsequent expression
of neurogenin 3 (Ngn3) initiates the primary differentiation of
endocrine precursors and their initial association into discrete
cellular aggregates. The transcription factor aristaless-related
homeobox (Arx) is critical for determining a definitive a-cell
fate for developing endocrine progenitors, and in its absence
normal a cells do not develop [27]. Both mice and humans also
have a secondary transition of endocrine development where
the various hormone-producing cells start to express the gene
profiles that mark mature endocrine cells [26,27]. In mice,
glucagon-producing cells are the first endocrine cell type that is
detected, whereas insulin-containing cells are the earliest form
in humans [23]. Once the secondary transition has occurred,
the formation of islets in the distinct murine and human forms
progresses throughout the remainder of the prenatal period
[23,24]. The molecular physiology of islet development has
assumed particular importance as efforts progress to generate
B cells for potential use in therapeutics. In fact, there is evidence
that mature o cells can be reprogrammed to insulin-producing
cells in states of severe B-cell loss [28], and that diabetes induces
dedifferentiation of f cells into a cells [29]. The plasticity of islet
cells is only beginning to be understood but holds promise for
understanding the mechanisms of various forms of diabetes.

Proglucagon gene transcription, translation and
peptide processing

Preproglucagon (Gcg), the gene that encodes glucagon, is
expressed in pancreatic islet a cells, but also within the hindbrain,
specifically the nucleus of the solitary tract (NTS), and within the
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Figure 7.2 Regulation of Gcg gene expression. IGF (insulin-like growth factor),
other growth factors, nutrients, and insulin are stimulatory factors for Gcg
expression. IGF, growth factors, and nutrients activate a GPCR/CAMP signaling that
has multiple downstream effects including activation of PKA and subsequently
CREB (cAMP response element-binding protein). cAMP either directly or indirectly
(via EPAC) activates other transcription factors (beta-cat/TCF7L2, Pax6/MafB, or
Foxa1 depending on whether the activation occurs in the intestine or pancreas)
that bind to promoter regions of the Gcg gene. Additionally, insulin signaling is
also upstream of these transcription factors and can stimulate transcription in both
the pancreas and intestine.

enteroendocrine L cell of the intestinal mucosa [30, 31]. Regula-
tion of Gcg expression is complex (Figure 7.2), but involves eleva-
tions of cAMP, exposure to amino acids, and/or binding of several
specific transcription factors [32-34]. Recent work also suggests
that Gcg expression is differentially regulated in the pancreas and
intestine (Figure 7.2). The most relevant example of this is related
to nutritional state, with fasting increasing islet Gcg expression,
while feeding promotes transcription in L cells [35]. As an exten-
sion of this level of regulation, insulin inhibits Gcg transcription
in islet o cells [34, 36], but increases Gcg expression in intestinal
endocrine cells [37,38]. The latter effect is mediated in part by
signaling related to transcription factor 7 like 2 (TCF7L2), a gene
product linked to type 2 diabetes mellitus (T2DM) in genetic epi-
demiological studies [39], that seems to be specific for control of
L-cell Geg transcription [38]. It is also known that bowel resection
or injury causes a large increase in intestinal Gcg expression [40].
Differential regulation of Gcg transcription in intestinal and islet
endocrine cells is in keeping with their distinct patterns of pro-
hormone processing and the predominant secretion of glucagon
from the pancreas and GLP-1 and GLP-2 by the gut.

The differential synthesis and release of Gcg peptides from
a cells compared with intestinal and neural cells expressing
Gceg is due to tissue-specific post-translational modification by

Glucagon in Islet and Metabolic Regulation Chapter 7

prohormone convertases (PCs). In the o cell, PC2 is the major
convertase and it cleaves specific sites along proglucagon to
release glucagon, but not the glucagon-related peptides [41]. In
contrast, intestinal L cells have significantly more PC1/3 than PC2
activity, and process proglucagon into GLP-1, oxyntomodulin,
and GLP-2 as the physiologically relevant products [42-44]. There
is PC1/3 expression in a cells, albeit at lower levels than PC2, and
increasing evidence for islet production of GLP-1. Although PC2
is expressed by some central nervous system (CNS) neurons, it
is not co-localized with Gcg, and only trace amounts of glucagon
have been detected in the CNS [42]. In addition to glucagon
and the glucagon-like peptides, other proglucagon-derived
peptides are measurable in tissue extracts and the circulation, and
may have signaling properties. These include oxyntomodulin,
glicentin, glicentin-related pancreatic polypeptide (GRPP), major
proglucagon fragment (MPGF), and miniglucagon [12].

Regulation of «-cell secretion

Glucagon is the chief secretory product of a cells and concentra-
tions of glucagon have been used as the principal measure of o-
cell function in vivo and in vitro. There is no evidence that the
other cell types that express Gcg, either enteroendocrine L cells
or neurons in the hindbrain, contribute to plasma glucagon levels.
Glucagon secreted from islets in the pancreas collects in the portal
vein, where concentrations are higher than in other major vascu-
lar systems, and it is generally agreed that the liver is the primary
target of glucagon signaling. Circulating glucagon is cleared by the
liver and kidney, with roughly equal contributions by each organ,
and 20-40% hepatic clearance of portal venous content [45-47].
Glucagon secretion is regulated by a complex interplay of nutrient,
endocrine, paracrine, and neural factors (Figure 7.3). Although
there is convincing evidence to support this diverse control of a-
cell secretion, how this system is integrated, varies under differ-
ent physiological states, and is altered by disease are still not well
understood.

Similarly to p-cell secretion of insulin, a-cell release of glucagon
is highly dependent on ambient glucose concentrations. Low glu-
cose levels increase and high concentrations inhibit glucagon
secretion, in part through changes in a-cell electrical activity
involving K,rp channels [48-50]. It remains a curiosity that o
and P cells have similarities in key aspects of glucose transport,
metabolism, and K,pp channel activity, yet opposite secretory
responses to changes in ambient glucose. Recent evidence sug-
gests that differences in resting electrical characteristics and ion
channel function downstream of K ,1p channel closure can explain
much of the reciprocal pattern of glucagon and insulin secretion at
relative hypo- and hyperglycemia [49, 51, 52] (Figure 7.3). More-
over, newer findings suggest that o cells, but not p cells, express
sodium-glucose co-transporters (SGLTs)-1 and -2 [53], and that
reduced flux through SGLT-2 increases glucagon secretion. It is
not clear how SGLT function is integrated with other aspects of
a-cell glucose metabolism, but observations that humans treated
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Figure 7.3 Regulation of glucagon secretion. Neural
(SNS stimulates and PNS inhibits), paracrine (insulin and
somatostatin inhibit), autocrine (glucagon stimulates its
own secretion), endocrine (GIP stimulates and GLP-1
inhibits), and nutrient (low glucose stimulates) factors all
regulate glucagon secretion. ADP, adenosine diphosphate;
ANS, autonomic nervous system; ATP, adenosine
triphosphate; EPI, epinephrine; SNS, sympathetic nervous

Autocrine

with SGLT-2 inhibitors have increased plasma glucagon suggest
that this is an active physiological mechanism [54, 55]. Beyond
glucose, amino acids are another nutrient source that stimulates
a cells. Protein meals or infusions of amino acids stimulate
glucagon release, and arginine is commonly used to stimulate
glucagon secretion in research studies.

Substantial differences exist between glucagon release from iso-
lated o cells and intact islets [9,56,57], suggesting that other
islet cells have important roles in a-cell regulation. Endocrine
cells in islets are exposed to high concentrations of local prod-
ucts and both insulin and somatostatin are important inhibitors
of glucagon release [9], acting either through the microvascula-
ture or by local cell-to-cell contact. Insulin contributes measur-
ably to the suppression of glucagon after meals [58] and during
progressive hyperglycemia [59]. Other compounds released from
B cells have been shown to inhibit glucagon release, including zinc
[56], y-aminobutyric acid [60], and glutamate [9], but the ultimate
importance of these compounds is not clear. Exogenous somato-
statin is a potent inhibitor of glucagon secretion [61], and a sub-
stantial body of experimental observations suggest that somato-
statin secreted from islet 8 cells is important in restraining a-cell
secretion during exposure to circulating nutrients after meals. A
final mechanism of intra-islet regulation of glucagon is autocrine,
as recent work suggests that other a-cell products may regulate the
a cells. Alpha cells from both primates and mice secrete glutamate
and express ionotropic glutamate receptors (iGlutR) [62]. Gluta-
mate stimulates glucagon release, and this seems to be important
for the normal response to low plasma glucose since inhibition of
iGlutR impairs hypoglycemic counter-regulation in mice [62].

The autonomic nervous system is critical for the regulation of
glucagon secretion, particularly in the setting of hypoglycemic
counter-regulation. Activation of both the parasympathetic and
sympathetic limbs of the autonomic nervous system increase
glucagon release [19]; adrenal epinephrine has a similar effect.
Importantly, catecholaminergic signaling synergizes with low
ambient glucose to stimulate glucagon release [52], and genetic
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system; TCA, tricarboxylic acid cycle.

disruption of autonomic neurons in the islet predisposes mice
to hypoglycemia [63]. More recent studies suggest that the key
regions in the CNS for sensing circulating blood glucose and
initiating counter-regulation are located in the hypothalamus and
hindbrain [64, 65].

Similarly to insulin, glucagon release is also affected by
the actions of enteric peptides [9,66]. Glucose-dependent
insulinotropic polypeptide (GIP) stimulates glucagon release,
possibly through direct actions on the GIP receptor expressed on
a cells [67]. Of great importance, the other major Gcg peptide,
GLP-1, inhibits glucagon secretion, although there is some
question about the mechanism by which this occurs. GLP-1
increases the secretion of hormones from both p and 6 cells, and
so could act indirectly to reduce glucagon release [9, 66], and this
is currently considered to be the primary means by which GLP-1
acts on the a cell. In addition, there is evidence that GLP-1 affects
electrical activity and secretion of a cells even in the absence of
changes in somatostatin or insulin [67].

Overall a-cell regulation is a complex, multilayered process
with dense integration of control by nutrient substrates, neural,
endocrine, paracrine, and autocrine inputs to secretion. Because
glucagon has a key role across a range of physiological settings—
fasting, exercise, hypoglycemia and following mixed nutrient
meals—a cells are subject to a diversity of controlling factors.
Although there appears to be some overlap in a-cell regulation,
it seems likely that some of these also have specific roles. Further
understanding of the regulation of glucagon secretion, and
adaptation of therapeutic approaches to control this process, have
great potential for the treatment of metabolic disease.

Glucagon actions: hepatic glucose and
lipid metabolism

Glucagon action is mediated by the glucagon receptor (GCGR), a
family class B G-protein coupled receptor that is highly conserved



Glucagon in Islet and Metabolic Regulation Chapter 7

Glucagon

GcgR
Figure 7.4 Glucagon GPCR signaling via PKA ¢
activates glycogenolysis (via inhibition of glycogen
synthase; activation of phosphorylase kinase and r PKA
glycogen phosphorylase) and inhibits glycolysis (via

CREB | FOXO01

inhibition of fructose 2,6-bisphosphatase and pyruvate
kinase) via regulation of major rate-limiting enzymes in CRE
these pathways. PKA also activates CREB, which

enzymes regulating gluconeogenesis, and also FGF21,
which activates several downstream genes that
increase lipid oxidation and inhibit lipid synthesis.
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across mammalian species [68]. Binding of glucagon to the GCGR
activates adenylyl cyclase through the G, subtype G-protein, gen-
erating cAMP and activating protein kinase A (PKA) as the
major mode of intracellular signaling [69]. The richest source
of glucagon binding is in the liver and kidney; lesser binding
occurs in heart, adipose tissue, CNS, adrenal gland, and spleen
[68]. Consistent with the relative receptor expression, the liver
and kidney play the major role in glucagon clearance, accounting
for ~70% of the removal from the circulation [46,47,68]. The
half-life of glucagon in circulating plasma is relatively short, 2, 5
and 7 min in rats, dogs, and humans, respectively [68, 70].

The first known action of glucagon, to increase hepatic glucose
production, was recognized nearly 100 years ago [3]. Subsequent
work demonstrated effects of glucagon to counter hypoglycemia
and led to the general principle that it has a role opposing that
of insulin to maintain plasma glucose in times of stress, fasting,
or exercise [3]. The endocrine mechanism of glucagon action is
based on the effects of exogenous glucagon to increase hepatic glu-
cose output in animals, humans, and a number of in vitro systems,
and removal of circulating glucagon with a neutralizing antibody
to reduce blood glucose [71, 72].

The cAMP/PKA signaling pathway is critical for the ability
of glucagon to regulate hepatic glucose production [71,73]
(Figure 7.4). Subsequent activation of phosphorylase kinase
and its downstream target glycogen phosphorylase activates
glycogenolysis and inhibits glycogenesis [74,75]. However,
insulin also regulates these pathways. The result is that the
balance between glycogen breakdown and synthesis results from
the balance of insulin and glucagon effects on hepatocytes, the
cAMP signal, and the level of glycogen stores [75]. Strategies that
increase glycogen synthesis relative to glycogenolysis promote
glucose tolerance [74, 76] and are potential therapeutic targets for
hyperglycemia. GCGR signaling also regulates the flux between
glucose-6-phosphate and fructose bisphosphate via action on
fructose 2,6-bisphosphatase and consequent inhibition of pyru-
vate kinase activity [71] (Figure 7.4). The result of cCAMP signaling
is rapid inhibition of hepatic glucose metabolism and mobilization
of stored glucose in order to deliver glucose to peripheral tissues.

Another critical aspect of glucagon-induced regulation of
hepatic glucose production is via activation of the gluconeogenic
pathway, an action mediated by PKA activation of CREB and
Fox01. Glucagon upregulates phosphoenolpyruvate carboxyk-
inase (Pepck) transcription (Figure 7.4), which varies with
the metabolic state, increasing during fasting and decreasing
in response to insulin [71]. PEPCK catalyzes a key step in
gluconeogenesis by converting oxaloacetate, a product of the
TCA cycle, into phosphoenolpyruvate. In animal models, glu-
coneogenesis is increased by overexpression of Pepck [77] and
conversely decreased by deletion of Pepck [78,79]. Other key
genes involved in glucose production including peroxisome
proliferator activated receptor-y coactivator 1 (PGC-1), and
glucose-6-phosphatase (G6P) are also activated by glucagon
signaling. Overall, glucagon regulates several processes within the
gluconeogenic pathway that enable sustained glucose production,
an effect that is enhanced in the face of limited glycogen supply.
Gluconeogenesis is an energy-demanding process, requiring
6 mol of high-energy phosphate bonds for each mole of glu-
cose produced, and is tightly linked to TCA cycle activity and
lipid oxidation for sources of ATP [79]. Indeed, glucagon con-
tributes to hepatic fatty acid oxidation and ketogenesis at several
metabolic steps [80,81], and elimination of glucagon action
increases the liver triglyceride content during fasting. These
findings indicate that glucagon has broad effects on hepatic fuel
metabolism, generating energy from lipids to support glucose
production.

The lipid and glycemic effects of glucagon in the liver may
also lead to pathological consequences if they are not counterbal-
anced by appropriate levels of insulin action. Increased glucagon
during extended periods of fasting or uncontrolled T1IDM stim-
ulates fatty acid oxidation and contributes to ketogenesis [10].
The transcription factor Foxa2 has been suggested to play a cen-
tral role in this process. Foxa2 controls the expression of genes
involved in fatty acid oxidation and ketogenesis [82,83] and is
activated both by fasting and by glucagon. Notably, insulin has
opposing effects on Foxa2 [84], presenting yet another exam-
ple of coordinate and inverse regulation by insulin and glucagon
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on glucose and lipid metabolism, with glucagon more active
in the fasted state and insulin predominating during and after
feeding.

Studies in humans using somatostatin to inhibit insulin and
glucagon secretion, with selective replacement of one or both hor-
mones, are consistent with the knowledge gained from preclinical
animal studies. Glucagon is necessary to support normal fasting
glucose levels [85,86], and basal insulin replacement without
glucagon results in hypoglycemia. However, regulation of hepatic
glucose production by glucagon occurs in the context of hepatic
insulin action [87]. At glucose levels of 4.5-5.5 mM plasma
glucagon levels are relatively low and unchanging, whereas
changes in glycemia within this range can affect insulin secretion.
This suggests that the effect of glucagon to promote glycogenol-
ysis and initiate gluconeogenesis during fasting occurs tonically,
with the absolute level of fasting blood glucose determined by
variations of hepatic insulin action. At a cellular level, this can be
conceived as glucagon maintaining a threshold of cAMP, or other
signaling mediators, that can be modulated by changes in hepatic
insulin signaling.

Although glucagon-driven hepatic glucose productions
includes both glycogenolysis and gluconeogenesis, these two pro-
cesses follow different temporal patterns. As fasting progresses,
the contribution of glyogenolysis to total hepatic glucose output
wanes such that glycogenolysis contributes ~50% of liver glucose
output in the postabsorptive state but less than 10% after 36 h
of fasting [88, 89]. In acute experiments, where glucagon action
can be selectively increased, glycogenolytic effects predominate
[90]. This is because activation of gluconeogenesis by glucagon
requires a supply of glucose precursors, primarily lactate, alanine,
and glycerol. Increased delivery of these compounds to the liver
is not directly regulated by glucagon, and requires a longer period
of fasting to reduce plasma insulin and disinhibit lipolysis and
proteolysis. With extended periods of starvation, gluconeogenesis
becomes even more tightly controlled by precursor supply as
preservation of protein stores becomes essential [91].

The hallmark of glucagon’s function in homeostasis is to
increase hepatic glucose production during hypoglycemic
counter-regulation [92]. Glycogenolysis provides the most rapid
source of glucose. However, the rise in catecholamines that also
occurs with hypoglycemia provides a supply of glucose precursors
for gluconeogenesis [93]. Hence there is an integrated, synergistic
effect of catecholamines and hypoglycemia to stimulate glucagon
release and glucagon action in order to return glucose levels to
normal.

Glucagon also contributes to the maintenance of blood glu-
cose during exercise, another metabolic stressor [94,95]. Simi-
larly to hypoglycemia, increasing catecholamines and glucagon in
response to exercise, combined with the usually low circulating
levels of insulin, enhance glucagon action and ensure an adequate
glucose output to maintain the glucose supply to peripheral work-
ing muscles. With prolonged exercise, the impact of glucagon on
promoting lipid oxidation becomes increasingly important to pre-
serve limited glucose and provide energy [96].
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Non-hepatic effects of glucagon

Although the liver is the principal target for circulating glucagon,
recent work indicates that other tissues also respond to the
hormone. The brain is one of these sites, and there is evidence
that glucagon can affect feeding behavior. People given pharma-
cological doses of glucagon, or those with neuroendocrine tumors
and neoplastic production of large amounts of glucagon, reduce
their food intake significantly, and weight loss is a dominant fea-
ture of glucagonoma [97]. Moreover, glucagon excess contributes
to negative energy balance by increasing energy expenditure [98].
Although the CNS centers that account for these effects have
not been identified, it is now clear that pharmacological admin-
istration of glucagon increases resting energy expenditure and
decreases food intake across multiple species [99-111].

Another recently discovered site of glucagon action is brown
adipose tissue (BAT), a target organ that has been recognized as
a mediator of energy expenditure. BAT is a highly metabolic tis-
sue that generates heat when stimulated. In some studies, glucagon
increases both core body temperature [112] and BAT mass and
temperature [112-115], indicative of an increase in energy expen-
diture. BAT is highly activated during cold exposure as a way to
maintain body temperature, and indeed, cold exposure increases
both plasma and BAT glucagon levels [116], raising the possibil-
ity that glucagon contributes to thermogenesis. It has been sug-
gested that the impact of glucagon on BAT is primarily a response
to cold exposure as acclimatized animals have a greater response
than those maintained at room temperature [112].

The GCGR is expressed by islet p cells and it has long been
appreciated that supraphysiological amounts of glucagon stim-
ulate insulin release in vitro and in vivo [117-119]. Similarly
to other peptide secretagogues, glucagon amplifies glucose-
stimulated insulin secretion primarily through mechanisms
activated by increased cAMP, and does so in both rodent and
human islets [118, 120]. In isolated human and rat islets studied
in culture, antagonism of the GCGR impairs insulin secretion in
response to increased media glucose, suggesting a tonic role for
islet glucagon action to maintain normal stimulus-secretion cou-
pling [71,74,75]. Consistent with glucagon effects to potentiate
insulin secretion, dispersed f cells are more responsive to glucose
when attached to an a cell [121]. Hence a body of evidence has
been generated that supports islet glucagon in the potentiation of
insulin secretion, most likely through paracrine and cell-to-cell
interaction.

Other a-cell peptides

There is emerging evidence that glucagon is not the only impor-
tant Gcg peptide with a role in intra-islet regulation. GLP-1
also seems to be produced by the a cell and contribute to the
regulation of p-cell function. Early studies that focused on dif-
ferential proglucagon processing were consistent with a general



theme in fashion at that time that a cells turned the majority of
N-terminal proglucagon into glucagon, with the bulk of C-
terminal prohormone left unprocessed as an inactive peptide
containing both GLP-1 and GLP-2. More recent studies suggest
that a-cell production of GLP-1 may also have a role in the regula-
tion of islet function. Rodent islets studied in culture have demon-
strable expression of PC1/3, and release fully processed, bioactive
GLP-1 in culture [122,123]. In cultured a-cell lines or isolated
islets, high media glucose concentrations increase PC1/3 expres-
sion and cellular GLP-1 content [123-125]. Moreover, intact
GLP-1 [7-36] amide is secreted from isolated rat islets [122, 125],
and from isolated human islets and a cells [126]. Interruption
of GLP-1 receptor (GLP-1R) signaling in isolated rodent islets
or pancreata, using receptor antagonists or gene knockout
techniques, reduces basal [122] and glucose-stimulated insulin
secretion [127]. These findings have recently been corroborated
in a mouse model with f-cell-specific deletion of the GLP-1R
[128]. Finally, infusion of a GLP-1 receptor antagonist to fasting
humans, with fixed, low circulating GLP-1 levels decreases
glucose-stimulated insulin secretion [129,130]. These findings
can be taken as support for the action of local islet GLP-1. Overall,
there has been an accumulation of evidence to support a role for
local production of GLP-1 in the islet in the regulation of insulin
secretion as a paracrine factor.

Beyond a role in normal islet function, a-cell GLP-1 also seems
to be involved in response to stress and illness. In rats treated with
the p-cell toxin streptozotocin, islet PC1/3 and ProG expression,
and processing of the propeptide to GLP-1, were increased [131].
Moreover, increased GLP-1 signaling in the islet was implicated
in the recovery from injury. Islet GLP-1 production and action
are also mediated by the cytokine interleukin-6 (IL-6), which is
released in response to exercise, obesity, and diabetes [132, 133].
Expression of the IL-6 receptor is relatively high on « cells, and
IL-6 signaling increases ProG transcription and GLP-1 produc-
tion in mice. There are as yet no data to support this pathway in
humans, but a recent study has demonstrated elevated levels of
IL-6 and GLP-1, which were significantly correlated, in humans
with critical illness [134]. These data suggest that IL-6, released
from adipose tissue and skeletal muscle, regulates insulin secre-
tion in part through a-cell production of GLP-1. Overall, the find-
ings from these and other studies suggest that a paracrine sys-
tem of islet GLP-1 signaling plays a role in several adaptations to
metabolic stress. Understanding the control of the relative produc-
tion of a-cell GLP-1 and glucagon would seem to hold promise for
therapeutic development.

More recently, the incretin GIP has been demonstrated to be
produced and secreted from « cells [135]. This interesting finding
builds on the coincident production of proGIP and ProG in K/L
enteroendocrine cells and their coexpression has now also been
demonstrated in the endocrine pancreas. In the o cell, proGIP is
processed by proconvertase 2 into a truncated GIP,_;, form that
is distinct from the longer GIP,_, produced in the gut. However,
GIP, _;, is equipotent to full-length GIP as an insulin secretagogue.
Also, like glucagon and GLP-1, GIP,_,, appears to contribute to
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glucose competence since interference with its action attenuates
glucose-stimulated insulin release. In keeping with this novel dis-
covery in islets, mice with a deletion of ProG gene have increased
circulating GIP levels, production and release of GIP from islets,
and localization of GIP immunostaining to both « and f cells
[136]. Expression of GIP in  cells seems to be ectopic as it is not
seen in wild-type mice. These findings support the notion that a
component of the incretin effect is mediated locally in the islet, by
the classical incretins.

Abnormalities of glucagon secretion and action
in diabetes

The potent effects of glucagon in promoting fasting hepatic
glucose production can be amplified in the setting of diabetes,
where insulin secretion is impaired and insufficient for normal
opposition of glucagon effects [137-139]. The secretion of both
of the principal islet hormones, insulin and glucagon, is abnormal
in people with diabetes. Plasma glucagon levels tend to be
substantially elevated in poorly controlled diabetes with severe
insulin deficiency or ketoacidosis [10]. In T2DM, modest fasting
hyperglucagonemia occurs even without metabolic decompensa-
tion, and clinical studies suggest that this increase is sufficient to
contribute to the elevated hepatic glucose production in people
with diabetes [139, 140]. In a classic study using somatostatin to
inhibit a-cell secretion, individuals with T1DM had substantial
improvements in hyperglycemia and ketogenesis when plasma
glucagon was reduced [6]. Moreover, in individuals with T2DM,
suppression of islet hormone secretion by somatostatin reduced
basal hepatic glucose production significantly, and this effect was
enhanced when insulin was given at basal levels [10]. Together,
these findings exemplify the basis for concluding that glucagon
action contributes to both pathogenic and physiological control
of fasting glucose control.

Similarly to the diabetic f§ cell, the  cell in people with diabetes
has abnormal sensitivity to glucose and is less suppressed dur-
ing hyperglycemia. As a result, plasma glucagon levels after mixed
nutrient meals are generally higher with T2DM [10, 141, 142]. In
contrast, glucagon responses to hypoglycemia are also reduced
[10, 143]. The mechanism for this is not clear, but the functional
result suggests another form of a-cell glucose insensitivity. There
is emerging evidence that a-cell dysfunction in diabetes has a
genetic origin. Specifically, there is a common polymorphism in
the KIR6.2 gene that predisposes people to T2DM and is related
to blunted glucose-induced suppression of glucagon [144, 145].

In addition to the effects of hyperglucagonemia on fasting glu-
cose levels, there is evidence that abnormal a-cell regulation also
contributes to glucose intolerance. Following meals, glucagon lev-
els remain abnormally elevated in persons with diabetes, rather
than making the abrupt postprandial decline typical of those with-
out diabetes [146]. In normal physiological regulation, the post-
prandial suppression of glucagon is a key factor in shifting hepatic
metabolism from glucose production to glucose clearance [147],
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and failure to make this shift disrupts normal glycemic control
after meals. For example, people without diabetes have signifi-
cantly greater glycemic excursions after a test meal when glucagon
levels are maintained at fasting concentrations compared with
when they are allowed to follow the normal postprandial decline
[148]. Similar results can also be demonstrated in individuals with
T2DM [149]. Thus, failure to suppress fasting levels of glucagon
after a meal contributes to glucose intolerance, and this effect is
magnified in the setting of diabetes where insulin secretion and
action are reduced.

Pharmacology based on glucagon action

Exogenous glucagon has been used by persons with diabetes for
the acute treatment of hypoglycemia for nearly 50 years. However,
approaches to block glucagon action as a means of lowering blood
glucose in people with diabetes goes back nearly as far. Mouse
models with interruption of glucagon receptor function [150, 151]
or absence of a-cell secretion [152, 153] have lower fasting glucose
and significantly improved glucose tolerance than control mice
and provide proof of principle that long-lasting blockade of
glucagon signaling could be an effective means of reducing dia-
betic hyperglycemia. Despite these compelling findings, there is
no approved drug that selectively blocks the effects of glucagon as
a therapeutic strategy for diabetes. This is primarily due to several
worrisome findings in preclinical models and safety concerns
with compounds tested in humans. Animal models with genetic
elimination of glucagon signaling develop a-cell hyperplasia
and/or profound elevations of circulating proglucagon-related
peptides [154]; this has also been reported in humans with GCGR
mutations [155]. In addition to the expansion of endocrine cells,
animals deficient in glucagon signaling also have increased total
pancreatic weight, reflecting expansion of the exocrine com-
partment. Moreover, lack of glucagon action is associated with
reductions in hepatic lipid oxidation [152,156] and increased
hepatic susceptibility to toxic injury [157]. Blockade of glucagon
action in humans has been possible with several small-molecule
GCGR antagonists. One of these compounds was demonstrated to
block the actions of exogenous glucagon in persons without dia-
betes [158], but was not further developed and no information on
the treatment of people with diabetes with fasting hyperglycemia
or endogenous hyperglucagonemia was published. Other drugs
have been reported to lower fasting [159] and postprandial [160]
glucose in people with diabetes in a dose-responsive manner.
As the pharmacological approach most analogous to genetic
models of reduced GCGR signaling, antagonists have obvious
potential as drugs to lower glucose and treat diabetes. However,
the data from preclinical studies, and the failure of products
tested in humans to progress from the trial stage, raise concerns
that adverse effects such as a-cell hyperplasia, hepatic steatosis, or
susceptibility to hepatic toxicity could occur in treated individuals
(Figure 7.5). Moreover, the effects of these agents on glucose
counter-regulation would need to be carefully assessed.
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Figure 7.5 Pharmacological targeting of glucagon signaling. Approaches to
block glucagon action to suppress the elevated hepatic glucose production (HGP)
seen in T2DM has been explored for decades. However, the additional effect of
inhibiting fatty acid oxidation (FAO) and increasing triglyceride synthesis may limit
this therapeutic target. Newer hybrid peptides that favor glucagon’s ability to
suppress feeding and increase energy expenditure combined with hypoglycemic
agents (such as GLP-1 agonists) have potent effects on weight loss in preclinical
models. BAT, brown adipose tissue; CNS, central nervous system.

Importantly, drugs for diabetes are now available that work at
least in part by inhibiting glucagon secretion. Glucagon-like pep-
tide 1 (GLP-1) receptor agonists and DPP-4 inhibitors mimic the
effect of endogenous GLP-1 to inhibit glucagon secretion and
hepatic glucose production, and this contributes to their effect
to improve glucose control in T2DM [161]. These compounds
have achieved common usage in clinical practice. In fact, admin-
istration of pharmacological amounts of GLP-1 to hyperglycemic
persons with TIDM with minimal p-cell function reduced blood
glucose by ~4 mmol/L, and this was associated with a 40-50%
decrease in plasma glucagon [162].

A novel and exciting recent approach to T2DM therapy is
the development of hybrid peptides that activate more than one
receptor to generate an effect [163]. Some of the first compounds
developed using this strategy were targeted to the glucagon and
GLP-1 receptors, for example peptides engineered to activate the
cognate receptors of both peptides in different relative poten-
cies [164,165]. The rationale for this was that activating both
glucagon and GLP-1, which bind to specific and distinct receptor
populations in the brain to cause satiety [166, 167], might have
synergistic results. Two different initial reports suggest that hybrid
peptides with balanced GCGR and GLP-1R potency reduced
body weight and fat, increased energy expenditure, and dramati-
cally improved glucose tolerance in obese mice and rats [164, 168]
(Figure 7.5). The effects on weight loss were significantly greater
than those of a GLP-1R-agonist alone, and this additive response
supports different activation of different neural pathways for
glucagon and GLP-1 to cause weight loss. In humans, whereas
GLP-1 infusion alone had no effect on energy expenditure, and
glucagon infusion alone raised both blood glucose levels and
energy expenditure, co-administration of both peptides increased



energy expenditure but did not raise glucose levels [169]. The

potential for a GLP-1R/GCGR co-agonist to raise blood glucose

has also been demonstrated with oxyntomodulin [170], a Gcg
product that activates both receptors. Thus, the coupling of
GLP-1 activity has promise to provide greater weight loss effects
than either compound administered alone, with hyperglycemic

actions of glucagon mitigated by GLP-1 signaling. Given the

technology to engineer peptides with multireceptor effects, and

the dramatic responses in preclinical models, this is likely to be
an area of active diabetes drug development in the future.
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Mechanism of Insulin Action
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Key points
¢ The insulin receptor is a transmembrane protein. The o subunits of the

insulin receptor are entirely extracellular and create the ligand binding
sites. The B subunits contain a transmembrane-spanning segment that
separates the extracellular regions from the intracellular tyrosine kinase.

e Insulin and insulin-like growth factor signaling integrates the storage and
release of nutrients with animal growth during development and tissue
maintenance throughout life. The human genome encodes a superfamily
of structurally related insulin-like peptides—including insulin, insulin-like
growth factor-1 (IGF1) and insulin-like growth factor-2 (IGF2), which
activate five receptor tyrosine kinases assembled from two genes.

e Insulin resistance, the reduced responsiveness of tissues to normal insulin
concentrations, is an important risk factor for the metabolic
syndrome—nhyperglycemia, hyperinsulinemia, dyslipidemia and
hypertension—and its progression to cardiovascular disease,
non-alcoholic fatty liver disease, and type 2 diabetes.

e Insulin receptor substrates (IRS) proteins are composed of tandem
structurally similar pleckstrin homology (PH) and phosphotyrosine-binding
(PTB) domains followed by a long, unstructured tail of tyrosine and serine
phosphorylation sites that coordinate insulin and insulin-like growth
factor signaling. These domains are strongly conserved in IRS from
Drosophila (Chico), zebra fish, mouse, chimpanzee, and humans.

e During insulin and IGF1 stimulation, some tyrosine residues in the IRS tail
are phosphorylated and bind to the SH2 domains of various signaling
proteins, including the 85 kDa regulatory subunit (p85) of the
phosphatidylinositol 3-kinase (PI3K) and the RAS GTP exchange factor
Grb2eSos.

e [RST expression can be regulated by transcriptional repressors, including
AP2 (transcription factor AP-2-beta), or the p160 family of nuclear

receptor coactivators p/CIP (p300/CBP/cointegrator-associated protein)
and SRC1 (steroid receptor coactivator-1).

IRS2 transcription is regulated by multiple factors, including CREB (cAMP
response element binding protein) and its coactivator CRTC2
(CREB-regulated transcription coactivator 2), FOXO1/3, NFAT (nuclear
factor of activated T cells), TFE3 (transcription factor E3), HIF2a
(hypoxia-inducible factor-2« encoded by Epas1), and SREBP1 (sterol
regulatory element binding protein 1).

IRST and IRS2 can be polyubiquitinylated during chronic inflammatory
states, nutrient excess, and hyperinsulinemia through various tissue
specific mechanisms. Several pathways are known to promote the
degradation of IRS1 or IRS2: (1) proinflammatory cytokine-mediated
upregulation of SOCS1/3 (suppressors of cytokine signaling); (2) the
cullin-RING E3 ubiquitin ligase 7 (CRL7); (3) CBLB (Cbl proto-oncogene
B), a RING-type E3 ubiquitin ligase; and (4) MG53 (mitsugumin 53), a
TRIM (tripartite motif-containing) family E3 ubiquitin ligase.

IRST and IRS2 can be regulated through a complex mechanism involving
phosphorylation of more than 50 serine/threonine residues
(phospho-S/Ts) located in the long tail regions.

Pancreatic B cells have a special place in nutrient homeostasis as the
unique source of insulin secretion, and like other cells they also require
insulin and insulin-like growth factor signaling for growth, function and
survival. Since B cells are always exposed to insulin and IGF, insulin and
insulin-like growth factor signaling appears to be regulated through
multifactor transcriptional control of IRS2 through the action of FOX01/3,
NFAT, and the CREBeCRTC2.

Introduction

Insulin and insulin-like growth factor signaling integrates the
storage and release of nutrients with animal growth during
development and tissue maintenance throughout life. The human
genome encodes a superfamily of structurally related insulin-like
peptides, including insulin, insulin-like growth factor-1 (IGF1),
and insulin-like growth factor-2 (IGF2), which activate five

receptor tyrosine kinases assembled from two genes. Circulating
glucose enters pancreatic islet p cells, where it promotes insulin
gene expression and insulin secretion. By contrast, endocrine
IGF1 is secreted largely from hepatocytes during growth hormone
stimulation; IGF1 and IGF2 are also produced locally in tissues
and cells, including the central nervous system (CNS) and many
tumors [1, 2]. This chapter focuses upon mammalian insulin and
insulin-like growth factor signaling mechanisms, which originate
at the receptor kinases, pass through the insulin receptor
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substrates (IRS), and on to various effector systems largely through
the class 1A phosphatidylinositol 3-kinase (PI3K).

The purification and genetic cloning of insulin signaling
components and their analysis in cell-based assays have played
a key role in the discovery of the insulin and insulin-like growth
factor signaling network. Modern understanding of insulin
signaling and its failure has been achieved largely with the use
of genetically modified mice. Today, genetic or environmental
causes are thought to underlie progressive insulin resistance that
is associated with metabolic disease and type 2 diabetes. Although
there are important physiological differences between humans
and mice, the study of genetically modified mice continues to
provide an integrative experimental model to guide the discovery
of novel treatments for insulin resistance and its progression to
diabetes [3].

Diabetes is a complex disorder that arises from various causes,
including impaired glucose sensing or insulin secretion (MODY),
autoimmune-mediated B-cell destruction (type 1 diabetes), or
insufficient p-cell insulin secretory capacity to compensate for
peripheral insulin resistance (type 2 diabetes) [4]. Type 2 diabetes
is the most prevalent form of diabetes that usually manifests
at middle age, but is becoming more common in children and
adolescents in the developed world [5]. Physiological stress—the
response to trauma, inflammation, or excess nutrients—activates
pathways that promote chronic insulin resistance [6]. Insulin
resistance, defined as the reduced responsiveness of tissues to
normal insulin concentrations, is an important risk factor for
the metabolic syndrome, the constellation of hyperglycemia,
hyperinsulinemia, dyslipidemia, and hypertension, and its
progression to cardiovascular disease, non-alcoholic fatty liver
disease, and type 2 diabetes [7]. Variations in the human genome,
which modulate individual responses to environmental and
nutritional stress, appear to promote the metabolic disorders that
progress to type 2 diabetes. GWAS (genome-wide association
studies) reveals more than 60 genetic loci displaying modest or
weak but significant effects upon the risk for type 2 diabetes
[8-10]. In a few informative cases, mutations in downstream
insulin and insulin-like growth factor signaling components
such as the insulin receptor or AKT?2 can explain severe forms of
insulin resistance and hyperglycemia [11]. Mutations of SH2BI
(SH2B Adaptor Protein 1), an adapter protein that interacts with
insulin and other receptors, are associated with severe early-onset
obesity and insulin resistance in people and mice [12]. Although
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numerous genetic and physiological factors interact to produce
and aggravate insulin resistance, rodent and human studies
implicate dysregulated signaling through the insulin receptor
substrate proteins IRS1 and IRS2 as important nodes where
chronic inflammation might act to disrupt the core insulin and
insulin-like growth factor signaling mechanisms [13]. Regardless
of the specific mechanisms, the full understanding of the inte-
grated nature of insulin and insulin-like growth factor signaling
including its systemic nuances can provide a flexible toolbox to
resolve the pathophysiology of metabolic disease.

Insulin receptor

Introduction

The insulin receptor (InsR) tyrosine kinase was found through
hard-won biochemical experiments using 32P-labeled cells or
partially purified insulin receptors incubated with insulin and
[y*?P]ATP [14]. The InsR cDNA was isolated and sequenced
[15, 16], other mechanisms for signal transduction were proposed
and many have found their place in the cascade as components of
downstream effectors or feedback inhibition [17-20]. However,
the discovery that rare cases of severe insulin resistance in humans
are associated with InsR mutations that inactivate the tyrosine
kinase without altering insulin binding supports definitively the
central hypothesis of tyrosyl phosphorylation as the principal
signal that drives insulin action [21].

Structure and function

The InsR is encoded by a 150-kb gene on human chromosome
19p13.3-p13.2 that contains 22 exons (Figure 8.1). Exonll is
alternatively spliced depending upon the tissue and developmen-
tal stage to produce two InsR isoforms: IRA lacks the residues
encoded by exonll; IRB includes the 12 amino acid residues
encoded by exonll [22] (Figure 8.1). The homologous type 1
IGF receptor (IGFIR) is assembled without alternative splicing
from its 19 exon gene located on human chromosome 15. The
insulin and IGF1 receptor precursors are synthesized as a sin-
gle polypeptide composed of a signal sequence followed by sev-
eral well-defined extracellular modules including two leucine-
rich motifs (L1 and L2) flanking a cysteine-rich (CR) region,
three fibronectin-III motifs (Fn,;1, Fn,;2, and Fn,;3), and end-
ing with the intracellular tyrosine kinase (Figure 8.1). Fn;2 is

Figure 8.1 A linear diagram of the insulin receptor
(IR) precursor protein showing the position of
important modules in the & and B subunits including
leucine-rich regions (L1 and L2), a cysteine-rich region n
(CR), disulfide bonds (L), the alternative IRA/IRB ' L1 CR
splice site that generates the short CT* or long
CTIR8, a transmembrane region (TM), the furin
cleavage site, the IRS binding motif (NPEpY), the
kinase activation loop autophosphorylation sites, and
C-terminal tyrosine phosphorylation sites (CT).

|<— o-subunit i

—hHlR hnn

B-subunit 44

Furin site TM ATP binding, Lys 1030
I B
L2 Fn,1 Fn,2 IFn32 Fn.3 Tyrosine kinase

[
cTRa —T T— CT®  NPEpY pYJ I— pYpY pYJI— pY
— I - J

Substrate Activation cT
binding loop

115



Part 2 Normal Physiology

Figure 8.2 Diagram of the mature insulin receptor
composed of two extracellular a-subunits and two
transmembrane B-subunits. The juxtaposed a-subunit
are labeled with either black or white (L1, CR, L2, Fn31,
Fn32, Fn33) symbols to outline the two a-subunit. The
holoreceptor is stabilized extracellularly by disulfide
bonds between cysteine residues (S-S) in the a and
subunits, and also by non-covalent interactions. Two
regions within the o subunit contribute to insulin
binding including L1CR (and the extra 12 amino acids
encoded by exon-11 in the B form of the insulin
receptor) that binds the S1 site of insulin; and the

junction between Fn3 1 and Fn;2 that binds the S2 site
of insulin.

The B subunit contains the tyrosine kinase catalytic
domain with an ATP binding site (Lys;q30) and a number
of tyrosine phosphorylation sites, including those in the
juxtamembrane region (pYg;;), activation loop

(pY1158, 1162, 1163) @nd C-terminal regions (gray box). A
structure of the catalytic domain is shown.

An inset shows the insulin structure with the position of
some critical amino acids that compose the two binding
surfaces (S1 and S2) that interact with the L1eCReCT
and Fn3 1eFn32 regions of the insulin receptor,
respectively. The A chain is shown in green and the B
chain in blue, and some amino acids composing each
binding site are shown as space-filling residues in red
(S1) or orange (S2). The N- and C-terminal residues of
each chain are labeled in black.

interrupted by a 120 amino acid insert containing a furin cleav-
age site that yields the o and P subunits upon cleavage. During
translation, the pro-receptors for insulin and IGF1 can assemble as
homodimers, which are linked by disulfide bonds to produce the
InsR (apReafR) or the IGFIR (af'CF ReafIGFIR) However, when
expressed together, the aff dimer of each receptor can associate to
form hybrid receptors (afReaf’FIR) [23]. Since the InsR occurs
in two isoforms, a total of five receptors types can be produced
from the two receptor genes.

The o subunits of the InsR or IGF1R are entirely extracellu-
lar and create the ligand binding sites. Each f subunit contains
a transmembrane spanning segment that separates the extracel-
lular Fn;2-Fn,3 regions from the intracellular tyrosine kinase
(Figure 8.2) [15,16]. The holoreceptor (afsaf) has an approxi-
mate molecular mass of 350,000 by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and is larger than
expected from the amino acid sequence owing to glycosylation
of the o and B subunits [24,25]. Upon reduction of the disul-
fide bonds, SDS-PAGE resolves the InsR and IGFIR into the o
and B subunits that migrate near 135 and 95 kDa, respectively
[26]. Hybrid receptors can be detected by specific immunoblot-
ting strategies [23].

Insulin binds with high affinity (K3 < 0.5 nM) to the homod-
imeric IRB, which predominates in the classical insulin target tis-
sues such as adult liver, muscle, and adipose. Liver and adipose
are purely insulin responsive tissues as they express IRB without
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detectable IGFIR [1]. By comparison, IRA predominates in fetal
tissues, the adult CNS, and hematopoietic cells [27]. Most cancers
express IRA, IRB, and IGF1R, and the hybrid receptors [2]. IRA
binds IGF2 with moderate affinity to promote embryogenesis and
fetal development. IGF1 and IGF2 bind with high affinity (K <
1 nM) to the homodimeric IGFIR and to the hybrid receptors
(ap™RAeBICFIR and ap™BeqBICFIR) Insulin binds to IRA almost as
well as to IRB, but insulin binds poorly to the hybrids [23]. Hence,
under ordinary conditions, insulin never activates the IGF1R tyro-
sine kinase, whereas IGF1 and IGF2 can activate the InsR tyrosine
kinase when it forms a hybrid with the IGFIR [28].

The insulin binding site
Insulin possesses two asymmetric receptor binding surfaces des-
ignated “S1” (the classical site) and “S2” (the novel site) (Fig-
ure 8.2) [22]. Natural insulin mutants together with alanine scan-
ning mutagenesis show that “S1” is composed of residues from
the A and B chains—including GlyA!, Tle”?, Val*?, Glu®®, Thr8,
TyrA1, Asn®?!, ValP'2, TyrBl6, GlyB23, PheP?, and PheP® (Fig-
ure 8.2) [29]. By comparison, “S2” is composed of Ser®!2, Leu®!?,
Glu*Y, HisB0, GluB3, and LeuP'. Together, both sites are nec-
essary to generate high-affinity insulin binding that activates the
receptor tyrosine kinase.

Site-directed mutagenesis reveals the location of two insulin
binding sites in the o subunit of the InsR [30]. Chimeric receptors
between the o subunits of the insulin and IGF1 receptors reveal a



site in the first leucine-rich (L1) region of the InsR that creates a
binding site together with the CR and C-terminal (CT) domains
(L1«CReCT site) [31]. Photoafhinity labeling of mutant insulin
receptors reveals the other binding site near the Fn;1—Fn;2
interface [32]. Insulin binding apparently begins when “S2” on
insulin binds at the Fn;1+Fn;2 interface followed by interaction
of “S1” with the L1«CReCT site (Figure 8.2) [33]. Although the
a subunits are arranged symmetrically in the dimer, there is a
sharp bend between the L2 and Fn;1—Fn,2 regions that juxta-
poses the L1-CR—CT domain anti-parallel to Fn,;1—Fn,2 (Fig-
ure 8.2) [34,35]. When insulin binds to the L1-CR—CT site of
one o subunit and to the Fn,;1—Fn,2 region of the adjacent o sub-
unit, a new “transient” cross-link activates the kinase [35]. Owing
to space constraints, only one insulin molecule can bind with high
affinity. Inclusion of exon-11 in IRB lengthens the C-terminus by
12 amino acids, which modifies the L1¢CReCT domain to exclude
IGF1 and IGF2 while retaining insulin binding (Figure 8.2). These
details have been investigated recently [36, 37].

Regulation of the InsR kinase

The tyrosine kinase activity of the InsR was found originally by
hard-won biochemical experiments using *2P-labeled hepatoma
cells or partially purified insulin receptors incubated with insulin
and [y*?P]ATP [26]. The intracellular portion of the InsR f sub-
unit is composed of three distinct regions that contain tyrosyl
phosphorylation sites (numbered as in IRB): Y,,, in the jux-
tamembrane region between the transmembrane helix and the
cytoplasmic tyrosine kinase domain; Y5, Y14, and Y45 in
the activation loop (A loop) of the catalytic core; and Y,;,5 and
Y33, in the C-terminus [38, 39] (Figures 8.1 and 8.2). Most recep-
tor tyrosine kinases are activated by ligand-induced dimerization,
which brings two intracellular catalytic domains together to medi-
ate tyrosine phosphorylation of the A loop and the other sites that
recruit cellular substrates [40]. However, the homologous InsR
and IGFIR reside in the plasma membrane as inactive covalent
dimers that undergo an activating transition upon insulin or IGF
binding [35].

Before insulin binding, the unphosphorylated Tyr,,s,, the sec-
ond of the three A loop tyrosine residues, is positioned near the
catalytic site while the amino-terminal end of the A loop (D, 5,FG
motif) folds into the ATP-binding site, elevating the Michaelis
constant (K, ) for ATP [35]. Apparently, this closed A loop is in
equilibrium with an alternative conformation that can allow occa-
sional access by ATP to mediate basal autophosphorylation [41].
Infrequent oscillation from the “closed” to the “open” conforma-
tion in the basal state might be coupled to complementary changes
in the a subunits, which can be stabilized by insulin binding to
promote ATP entry and drive additional autophosphorylation of
Tyr,,6, and Tyr,,54 to lock the kinase in the active conformation
[38]. Although autophosphorylation of Tyr,,.; is relatively slow,
it appears to stabilize the open conformation to allow unrestricted
access by Mg-ATP and protein substrates [35]. The final autophos-
phorylation probably occurs through the interaction between the
adjacent p subunits [35, 42].
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This model of kinase regulation is supported by activation of the
kinase upon substitution of Asp,,¢; in the middle of the A loop
with alanine, which shifts the steady-state conformation of the
unphosphorylated A loop towards the open configuration [41].
Moreover, replacement of Tyr,,,, with phenylalanine increases
basal autophosphorylation, consistent with its role in stabilizing
the closed conformation or blocking ATP and protein substrates
at the kinase active site [43, 44]. Whether other kinases can acti-
vate the InsR by direct phosphorylation of A loop tyrosine residues
independently of insulin is an open question that deserves atten-
tion. For example, a hybrid receptor created through the interac-
tion of the hepatocyte growth factor receptor (cMET) with the
InsR promotes tyrosine phosphorylation and activation of the
InsR [45].

Systemic deletion of the insulin or type 1 IGF receptor
InsR and IGF1R have many overlapping functions during devel-
opment and adult life. In mice, the complete deletion of the InsR
or the IGFIR has serious physiological consequences that cause
death shortly after birth [46]. The IGF1/2—IGF1R signaling is the
principle growth regulatory pathway in fetal mice, which is not
influenced by growth hormone or augmented by the InsR until
after birth [47]. IGF1R-deficient mice are born 50% smaller than
normal littermates, and die after a few days owing to developmen-
tal defects [48]. By contrast, mice lacking the InsR have nearly
normal size at birth, except for a reduced adipose tissue mass.
Regardless, InsR-deficient mice also die a few days after birth
owing to severe hyperglycemia, pancreatic p-cell failure and
ketoacidosis [47]. Thus the Insr gene is necessary for postna-
tal fuel homeostasis but not for prenatal growth and metabolic
control [49]. Mice retaining at least 20% of the normal InsR
expression throughout the body can survive with severe postnatal
growth retardation and hyperglycemia that resembles human lep-
rechaunism [46]. This growth defect might arise, at least in part,
from elevated hepatic IGF binding protein 1 (FOXO mediated)
that reduces IGF1 bioavailability. Thus, small mice with severely
reduced insulin or IGF-1 signaling have short life spans owing to
developmental and metabolic defects. However, these mice can be
rescued genetically by transgenic expression of the InsR in brain,
liver, and pancreatic f cells [50].

Mouse knockout experiments are uninformative on the role
of InsR during human gestation. Rodents are born at a devel-
opmental stage corresponding to about 26 weeks of human
gestation, so the InsR-dependent phase of mouse embryonic
growth is minimal [49]. Unlike mice, humans lacking InsR dis-
play intrauterine growth retardation, failure to thrive, and hypo-
glycemia [49]. Occasionally, InsR-deficient human neonates sur-
vive with extreme hyperinsulinemia that might activate homolo-
gous IGF1Rs [51]. Moreover, unlike mice, some IGF2 expression
persists throughout human life [49].

Tissue-specific inactivation of the insulin receptor

Owing to metabolic interactions between various tissues and the
lethal consequences of whole-body InsR knockout, it is difficult to
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establish the tissue-specific behavior of insulin signaling in whole-
body knockout mice. The best approach is to use Cre-loxP tech-
nology to delete the InsR in single tissues or organs [46,49]. Even
tissue-specific knockouts has limitations for our understanding
of diabetes as the complete absence of insulin signaling is never
involved in common metabolic disease. Regardless, conditional
InsR knockout mouse models are remarkably informative regard-
ing the role of insulin receptors in the liver, muscle, and adipocytes
and in all other tissues investigated, including pancreatic f cells,
endothelial cells, and brain (hypothalamus) [49, 52-54].

Liver

The liver is an important site of insulin action that plays a role
in systemic glucose and lipid homeostasis. LIRKO (liver-specific
InsR knockout) mice display moderately elevated fasting glucose
and severe postprandial hyperglycemia and glucose intolerance
[55]. This metabolic disorder is related, at least in part, to
diminished hepatic glucose utilization and constitutive gluconeo-
genesis owing to dysregulated hepatic gene expression including
decreased GCK (glucokinase, hexokinase 4) and elevated PCK1
(phosphoenolpyruvate carboxykinase 1), G6PC (glucose-6-
phosphatase, catalytic subunit), and PK1 (pyruvate kinase)
[3,55]. Moreover, LIRKO mice exhibit marked hyperinsulinemia
owing to a combination of decreased hepatic insulin clearance
and increased insulin secretion associated with p-cell mass expan-
sion. The chronic hyperinsulinemia might promote systemic
insulin resistance, which could contribute to the postprandial
hyperglycemia [56]. However, it is unlikely that the mechanisms
of systemic insulin resistance are similar between LIRKO and
more conventional models such as leptin-deficient ob/ob (obese)
mice. Unlike ob/ob mice, LIRKO mice display reduced levels of
circulating free fatty acids and triglycerides [55]. On an athero-
genic diet, LIRKO mice develop dyslipidemia by 12 weeks of age
including decreased circulating high-density lipoprotein (HDL)
cholesterol and increased non-HDL cholesterol, which progresses
to atherosclerosis [57]. Unexpectedly, glucose intolerance of the
LIRKO mice resolves with age, which might be associated with
hepatic failure and mitochondrial dysfunction. Thus, insulin
signaling is essential for normal hepatic function beyond the
expected regulation of glucose metabolism.

Muscle

One of the most informative and unexpected discoveries was
obtained with skeletal muscle-specific InsR knockout (MIRKO)
mice [58]. Whereas muscle insulin resistance promotes some
aspects of metabolic disease including mild obesity and elevated
circulating free fatty acids and triglycerides, elevated glucose and
hyperinsulinemia never develop [3,58]. This result might arise
partly from insulin-independent glucose influx owing to the acti-
vation of AMPK (AMP-activated protein kinase), and the redis-
tribution of glucose to liver and adipose [49]. Residual IGF1R sig-
naling might compensate for the deletion of the InsR in muscle
as genetic inactivation of insulin and insulin-like growth factor
signaling in muscle with a dominant-negative IGFIR transgene
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causes a systemic insulin-resistant state, including p-cell dysfunc-
tion [59].

Adipose

Insulin has important effects on adipocytes to promote adipo-
genesis, stimulate glucose influx and lipid synthesis, and inhibit
lipolysis [60]. White adipose tissue displays several important
physiological functions, including the storage of postprandial
glucose as triglyceride and the secretion of signaling factors that
regulate appetite and energy homeostasis (leptin, adiponectin).
Genetic insulin resistance of adipose tissue caused by the dele-
tion of the InsR (FIRKO mice) reduces fat mass by 50% while
consuming the same amount of food. Although adipose insulin
signaling is eliminated, FIRKO mice display increased systemic
insulin sensitivity and normal glucose tolerance that persists
during aging. Hence it appears that insulin signaling in adipose
tissue is not needed to maintain glucose tolerance in mice [61].
FIRKO mice also have a longer lifespan, suggesting that leanness
and insulin sensitivity are associated with longevity even in the
absence of reduced calorie intake [62]. These beneficial effects
might arise from reduced adipocyte-related inflammation.

IRS-proteins coordinate insulin and insulin-like
growth factor signaling

Structure and function

IRS proteins are composed of tandem structurally similar
pleckstrin homology (PH) and phosphotyrosine-binding (PTB)
domains followed by a long, unstructured tail of tyrosine and ser-
ine phosphorylation sites that coordinate insulin and insulin-like
growth factor signaling (Figure 8.3). These domains are strongly
conserved in IRS from Drosophila (Chico), zebra fish, mouse,
chimpanzee, and humans. During insulin and IGF1 stimulation,
some tyrosine residues in the IRS tail are phosphorylated and
bind to the SH2 domains of various signaling proteins, includ-
ing the 85 kDa regulatory subunit (p85) of the PI3K and the
RAS GTP exchange factor Grb2eSos (Figure 8.3). The interaction
between IRS1 and PI3K was the first insulin signaling cascade to
be reconstituted in vivo and in vitro [63]. Two highly conserved
and closely spaced YMPM motifs that bind p85 are conserved in
IRSI and IRS2 from zebra fish, mouse, chimpanzee, and humans
(Figure 8.3); however, different sites are used in Chico (Y,;,IPM
and Y, LEM) to bind the 60 kDa regulatory subunit (dp60) in
Drosophila [64].

Specific insulin-stimulated tyrosine phosphorylation of IRS is
accomplished through at least two mechanisms. First, IRS pro-
teins bind through their PTB domain to the InsR juxtamem-
brane autophosphorylation motif at NPEY,, (Figures 8.1 and 8.2)
[65,66]. In vivo phosphorylation of NPEY,,, is very sensitive to
insulin and can be detected before that of other regions [67]. The
NPEpY,,, 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 B sandwich [66]. Regardless, the NPEpY,,, motif
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Figure 8.3 Alignments of IRST and IRS2 tyrosine phosphorylation sites relative
Conserved tyrosine phosphorylation sites—including their number in the human p

to the N-terminal pleckstrin homology (PH) and phosphotyrosine-binding (PTB) domains.
rotein and the surrounding amino acid sequences—are color coded; white boxes indicates

unique sites in IRS1 or IRS2. The relative position of serine/threonine phosphorylation sites in IRS1 or IRS2 revealed by MS/MS are indicated with red circles (s).

is a low-affinity binding site for the PTB domain of IRS1 (K, ~
87 pM), owing to a destabilizing effect of E,; that is essential for
its autophosphorylation by the InsR [35, 68]. By comparison, the
PTB domain of another substrate SHC binds to NPEpY,,, with a
much higher affinity (K; ~ 4 pM). How competition between IRS
and SHC might modulate insulin and insulin-like growth factor
signaling is unclear.

Phosphorylation selectivity is also achieved by recognition by
the catalytic domain of specific tyrosine phosphorylation motifs
in the IRS tail including several YMXM motifs, and the YVNI,
YIDL, and a YASI motif [69-72]. These motifs are targeted by the
InsR catalytic domain as antiparallel p strands relative to the C-
terminal end of the open A loop. This orientation positions the
hydrophobic side-chain in the Y + 1 and Y + 3 positions into two
hydrophobic pockets on the activated kinase. Tyrosine residues
lying N-terminal to polar side-chains at the Y + 1 and Y + 3 posi-
tions fit poorly in this site, excluding them from phosphorylation
[72]. Based upon these recognition features, there are many poten-
tial tyrosine phosphorylation motifs conserved in IRS1 and IRS2
(Figure 8.3).

IRS also contains a PH domain immediately upstream of the
PTB domain, which helps recruit the IRS to the InsR (Figure 8.3)
[73]. The PH domain is structurally similar but functionally
distinct from the PTB domain [74]. Although the PH domain

promotes the interaction between IRS and the InsR, its mech-
anism of action remains poorly understood as it does not bind
phosphotyrosine. PH domains are generally thought to bind phos-
pholipids, but the PH domains in the IRSs are poor examples
of this binding specificity [75,76]. However, the IRS1/IRS2 PH
domain binds to negative patches in various proteins, which might
also be important for InsR recruitment [77]. Regardless, the PH
domain in the IRS protein plays an important and specific role as
it can be interchanged among the IRS proteins without noticeable
loss of bioactivity. By contrast, heterologous PH domains reduce
IRS1 function when substituted for the IRS1 PH domain, confirm-
ing a specific functional role that still needs to be resolved [78].
IRS2 utilizes an additional mechanism to interact with the
insulin receptor that involves a region, originally called the kinase
regulatory-loop binding (KRLB) domain because trisphospho-
rylation of the A loop was required to observe the interaction,
between amino acid residues 591 and 786 in IRS2 (Figure 8.3) [79,
80]. Structure analysis reveals the functional part of the KRLB-
domain (residues 620-634 in murine IRS2) that fits into the “open”
catalytic site of the InsR (Figure 8.3) [81]. With the A loop out of
the catalytic site by autophosphorylation or other means, Tyr,,,
of IRS2 inserts into the receptor ATP binding pocket while Tyr,q
aligns for phosphorylation. This interaction might attenuate sig-
naling by blocking ATP access to the catalytic site, or it might
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Figure 8.4 A canonical insulin/IGF signaling cascade. Two main branches
propagate insulin signals generated via the IRS-proteins initiated by PI3K and
GRB2+S0S. Activation of the receptors for insulin and IGF1 results in tyrosine
phosphorylation of the IRS proteins, which bind PI3K and Grb2/SOS. The Grb2/S0S
complex promotes GDP/GTP exchange on p21™, which activates the
ras—raf—-MEK—ERK1/2 cascade. Activated ERK stimulates transcriptional activity
by direct phosphorylation of ELK1 (ETS domain-containing protein) and by indirect
phosphorylation of cFOS through MAPKAPK1 (MAPK-activated protein kinase-1).
MAPKAP1 also phosphorylates other proteins, including 6 (ribosomal protein S6),
NFxB, PP1, and MYT1 (myelin transcription factor 1). The activation of PI3K by
recruitment to IRS1 or IRS2 produces PI3,4P,, and PI(3,4,5)P; (antagonized by the
action of PTEN or SHIP2), which recruits PDK1 and AKT to the plasma membrane.
AKT is activated upon phosphorylation at T308 by PDK1 and at S473 by mTORC2.

promote signaling by opening the catalytic site without insulin-
stimulated tris-autophosphorylation. In the latter case, a basal
level of insulin signaling might be sustained through IRS2 during
starvation through a mechanism that depends more on the cellu-
lar concentration of IRS2 than the basal level of insulin.

Systemic inactivation of IRS genes

IRS1 and IRS2 are broadly expressed in mammalian tissues,
whereas IRS4 is largely restricted to the CNS, mainly the hypotha-
lamus [82, 83]. The IRS proteins are arguably the most important
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mTORC1 is activated by Rheb®™, which accumulates upon inhibition of the GAP
(GTPase-activating protein) activity of the TSC1eTSC2 complex following
AKT-mediated phosphorylation of TSC2. The S6K is primed through
mTORC1-mediated phosphorylation. AKT phosphorylates many cellular proteins,
inactivating PGC1a, p21KP, GSK3p, BAD, and AS160, and activating PDE3b and
eNOS. AKT-mediated phosphorylation of forkhead proteins, including FOXO1,
results in their sequestration in the cytoplasm, which inhibits their influence upon
transcriptional activity. Insulin stimulates protein synthesis by altering the intrinsic
activity or binding properties of key translation initiation and elongation factors
(elFs and eEFs, respectively) and also critical ribosomal proteins. Components of
the translational machinery that are targets of insulin regulation include elF28B,
elF4E, eEF1, eEF2, and the S6 ribosomal protein [215].

adapter molecules linking the InsR and IGF1R to downstream
signaling cascades and heterologous regulatory components used
by many signaling systems (Figure 8.4). Work with transgenic
mice reveals that all insulin responses, especially those that are
associated with somatic growth, carbohydrate, protein, and lipid
metabolism, hepatic, adipose, skeletal muscle, and cardiovascular
physiology, pancreatic p—cell function, and central nutrient
homeostasis, are mediated through IRS1, IRS2, or both [84].

In many cell-based assays, IRS1 and IRS2 have similar roles
to couple the receptors for insulin and IGF1 to the PI3K— Akt



and GRB2¢SOS—RAS cascades. However, IRS1 and IRS2 can dis-
play unique signaling properties in various tissues, apparently
owing to different regulation, function, or expression [85]. In this
regard, the deletion of one or both alleles of IRS1 or IRS2 has been
especially informative. Systemic deletion of IRS1 produces small
insulin-resistant mice with nearly normal glucose homeostasis
owing to P-cell expansion and life-long compensatory hyperin-
sulinemia [86]. These results suggest that IRS1 mediates most
of the IGFI signal for somatic growth, but is not essential for
fB-cell growth during insulin resistance. By contrast, mice lack-
ing IRS2 display nearly normal body growth and even gain fat
mass; however, male TRS27/~ mice develop life-threatening dia-
betes between 8 and 15 weeks of age owing to the progressive
loss of B-cell mass that disrupts compensatory hyperinsulinemia
[87]. Female mice progress more slowly to diabetes, developing
severe hyperglycemia around 6 months of age, but the mecha-
nism remains unknown. Whereas the complete deletion of IRS1
and IRS2 is embryonic lethal, littermates retaining one allele of
IRS1 (IRS1*/-eIRS27~) or one allele of IRS2 (IRS1~/~«IRS2*/")
can be born alive [88]. TRS1*/~eIRS27~ mice develop severe
fasting hyperglycemia and die by 4 weeks of age because IRS2
is required for pancreatic p-cell survival and growth. By con-
trast, IRS17/~eIRS2*~ mice reach only 30% of normal size, but
display nearly normal glucose tolerance and circulating insulin
concentrations at 6 months of age [88]. Regardless, the small
IRS17-eIRS2*/~ mice are very fragile and require extraordinary
care to live beyond this age. Hence IRS1 and IRS2 are essential
for development and nutrient homeostasis.

Inactivation of IRS in liver

The central role of IRS in the PI3K—AKT signaling cascade
is validated by a wide array of cell-based and mouse-based
experiments (Figure 8.4). The simplest experiments employ an
intraperitoneal injection of insulin into ordinary mice, or mice
lacking hepatic IRS1, IRS2, or both [89,90]. Insulin rapidly
stimulates AKT phosphorylation and the phosphorylation of
its downstream substrates FOXO1, GSK3a/p, and mTORCl1
(mechanistic target of rapamycin complex 1) in wild-type mice
(Figure 8.4). Although the deletion of the InsR alone can uncou-
ple the PI3K—PDKI1—AKT cascade from these downstream
effectors, both IRS1 and IRS2 must be deleted before the InsR is
uncoupled from the PI3K—PDK1—AKT cascade in hepatocytes
[91]. These results reveal the shared but absolute requirement for
IRS1 or IRS2 for the hepatic insulin response in mice. In general,
IRS1 plays a dominant role in the liver because most nutrient sen-
sitive transcripts, including gluconeogenic and lipogenic genes,
are expressed nearly normally in liver lacking IRS2, whereas these
transcripts are dysregulated significantly in liver lacking IRS1—or
IRS1 and IRS2 together [92]. Even 50% less IRS1 in the absence
of IRS2 is sufficient to maintain nearly normal gene expression,
fasting glucose concentrations, and postprandial glucose toler-
ance [92]. Thus, IRS1 appears stronger than IRS2 for glucose
tolerance, at least during nutrient excess. This distinction appears
to be related to the stability of IRS1 expression compared with
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the progressive depletion of IRS2 during metabolic stress. Other
aspects are also involved, including differential transcriptional
regulation. Hence hepatic IRSI is a principal mediator of the
transition between fasting and postprandial glucose homeostasis,
especially during chronic nutrient excess [92]. Regardless, IRS2
is important for normal metabolic regulation as its upregulation
during fasting opposes the unrestrained counter-regulatory
hepatic glucose production during fasting.

Inactivation of IRS in muscle

Like the liver, IRS1 and IRS2 display similar but not identical
signaling functions in skeletal muscle. Insulin and insulin-like
growth factor signaling in skeletal muscle is initiated by the acti-
vation of the insulin and/or IGF1 receptor tyrosine kinases [93],
which can exist as hybrids linked to the downstream pathways
through the IRS1 and IRS2 branches of the cascade. Based upon
insulin- or IGF1-stimulated AKT—mTORCI signaling, IRS1 has
a stronger role than IRS2 for IIS in muscle. Without IRS1, AKT
phosphorylation at T308AKT and $4734KT is mildly impaired,
but AKT phosphorylation is nearly normal without muscle IRS2.
Regardless, deletion of both IRS1 and IRS2 is necessary to elimi-
nate insulin-stimulated phosphorylation of T3084XT, which sug-
gests that both IRS1 and IRS2 can promote AKT activity in muscle
[94]. Consistent with these results, young mice without IRS1 dis-
play a small reduction in skeletal muscle mass and protein content,
whereas no reduction is detected without IRS2 [94]. However, the
deletion of both IRSI and IRS2 strongly reduces skeletal muscle
growth and causes cardiac arrest between 3 and 4 weeks of age
owing to left ventricular failure. Since a single allele of either IRS1
or IRS2 in cardiac muscle can prevent sudden death, we conclude
that either IRS1 or IRS2 contributes sufficient insulin-like signal-
ing in muscle [94]. How IRSI and IRS2 stabilize heart function
during cardiovascular stress needs to be investigated.

PI3K— AKT cascade

The PI3K—AKT cascade begins when insulin stimulates tyrosyl
phosphorylation of YMPM motifs in the IRS proteins (Figure 8.3),
which directly recruit and activate the PI3K (Figure 8.4). PI3Ks
are lipid kinases central to numerous signaling pathways, which
are organized into three classes, I, II, and III [95]. The growth
factor-regulated class IA PI3Ks are composed of two subunits. The
catalytic subunit, p110a (PIK3CA), p110p (PIK3CB), or p1108
(PIK3CD), is inhibited and stabilized during association with one
of several homologous 85 kDa regulatory subunits encoded by
PIK3R1 (p85a) or PIK3R2 (p85p). Alternative splicing of PIK3R1
produces p55a or p50a, or a third gene PIK3R3 encodes p55y, all
of which lack some N-terminal regulatory features of p85 while
retaining affinity towards the catalytic subunits [96-98]. All of the
regulatory subunits contain two SH2 (src homology 2) domains
that bind phosphorylated YMPM motifs in IRS to disinhibit the
catalytic domain that produces PI(3,4,5)P3 (phosphatidylinosi-
tol 3,4,5-trisphosphate) [95,99, 100]. Inhibition of the PI3K by
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chemical or genetic means blocks almost all metabolic responses
stimulated by insulin including glucose influx, glycogen and lipid
synthesis, and adipocyte differentiation, confirming that the PI3K
is a critical node coordinating insulin action [101].

Upon binding of p85 to phosphorylated YMPM motifs in IRS,
the activated PI3K produces PI(3,4,5)P3, which binds to the PH
(pleckstrin homology) domains in various signaling proteins
to recruit and activate them at the plasma membrane includ-
ing PDK1 (3'-phosphoinosotide-dependent protein kinase-1)
and AKT (v-akt murine thymoma viral oncogene). AKT is
activated by phosphorylation of Thr,, in its activation loop
by the juxtaposed membrane-bound PDK1 (Figure 8.4). AKT
isoforms have a central role in cell biology as they regulate
by phosphorylation many proteins that control cell survival,
growth, proliferation, angiogenesis, metabolism, and migration
(Figure 8.4) [99,102,103]. More than 100 AKT substrates are
known and several are especially relevant to insulin signaling
including GSK3a/f (blocks inhibition of glycogen synthesis),
AS160 (promotes GLUT-4 translocation), the BADeBCL2 het-
erodimer (inhibits apoptosis), the FOXO transcription factors
(regulates gene expression in liver, f cells, hypothalamus and
other tissues), p21°™! and p27XP! (blocks cell cycle inhibition),
eNOS (stimulates NO synthesis and vasodilatation), PDE3b
(hydrolyzes cAMP), and TSC2 (tuberous sclerosis 2 tumor sup-
pressor) that inhibits mMTORC1 (Figure 8.4). An unbiased tandem
mass spectrometry (MS/MS) approach implicates many more
AKT substrates in insulin action, suggesting that the majority of
PI3K-mediated growth factor (insulin) signaling is coordinated
through AKT-dependent mechanisms (Figure 8.4) [104].

The mammalian genome contains three genes encoding AKT1,
-2, and -3. The analysis of knockout mice shows that each isoform
regulates important biological functions, including cell prolifer-
ation, cell growth and survival and differentiation, and glucose
metabolism in vivo; however, the AKT isoforms are not redundant
components of the insulin-like signaling cascade [95, 105, 106].
AKT1 has a major role in embryonic development, growth, and
survival, but minor effects upon metabolism [107]. By compar-
ison, systemic AKT2-deficient mice display metabolic defects,
whereas AKT3-deficient mice display neural defects [102]. AKT2
is important for metabolic regulation largely because it medi-
ates insulin-stimulated GLUT-4 translocation and regulates liver
glucose and lipid metabolism [108,109]. Humans with a domi-
nant negative mutation in AKT2 display many features of type 2
diabetes including hyperglycemia, increased lipogenesis, elevated
liver fat content, triglyceride-enriched very low-density lipopro-
tein, hypertriglyceridemia, and low HDL cholesterol levels [11,
110]. Consistent with this finding, targeted disruption of AKT2
impairs insulin-stimulated glucose uptake in murine muscle and
adipocytes, and prevents the suppression of hepatic glucose out-
put by insulin [111, 112]. Systemic AKT2 deletion causes glucose
intolerance and insulin resistance that progress to diabetes and
B-cell failure [107]. The related SGK3 (glucocorticoid-regulated
kinase 3) synergizes with AKT?2 in pancreatic p cells to stimulate
proliferation and insulin release [112].
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Work with IRS1/2 and AKT1/2 hepatic-specific knockout mice
reveals their important role in the inactivation of FOXO1. As
expected, mice without hepatic AKT1 and AKT2, or without IRS1
and IRS2, are glucose intolerant, insulin resistant, hyperinsuline-
mic, and defective in their transcriptional response to feeding in
the liver [91,113]. Remarkably, in both cases these defects are
normalized upon concomitant liver-specific deletion of FOXO1.
In the absence of both AKT1/2 and FOXO1, or without IRS1/2 and
FOXO1, mice are no longer hyperinsulinemic and adapt appro-
priately to both the fasted and fed state even though insulin fails
to promote a hepatic response [91, 113]. Gene expression analysis
reveals close concordance for dysregulation of FOXO1-dependent
gene expression upon deletion of AKT1/2 or IRS1/2, whereas
deletion of FOXOL1 restores a nearly normal metabolic response
to nutrient intake. These results show that a major role of hep-
atic IRS—AKT signaling in the liver is to restrain the activity of
FOXOLI. Remarkably, in the absence of FOXO1, IRS—AKT signal-
ingis largely dispensable for in vivo systemic insulin- and nutrient-
mediated hepatic metabolic regulation [114]. The same result is
observed upon deletion of the InsR and FOXO1 [115,116]. It is
unclear how liver metabolism can be normalized without direct
insulin signaling, unless other insulin-dependent signals gener-
ated in heterologous tissues have indirect effects upon hepatic
metabolism [117].

AKT-mTORC1 cascade

mTOR (mechanistic target of rapamycin) is a Ser/Thr kinase
that is regulated through multiple mechanisms. It belongs to
the PI3K-related kinase family and forms two large functionally
distinct protein complexes, nMTORC1 and mTORC2, composed of
common and unique subunits. Both complexes are controlled by
growth factors and insulin through the PI3K—AKT cascade, but
are recruited to different compartments and respond distinctly
to nutrients, stress, hypoxia/energy status, and other stimuli
to coordinate a diverse array of biological processes including
protein and lipid synthesis, liposome biogenesis, autophagy, and
cell migration, growth, and proliferation [118]. In addition to the
common catalytic subunit, n"TORC1 and mTORC2 share mLST8
(mammalian lethal with sec-13 protein 8), DEPTOR (Dishevelled,
Egl-10 and Pleckstrin domain containing mTOR-interacting pro-
tein), and Ttil (telomere maintenance 2 interacting protein 1).
However, mTORCI1 is distinguished by two specific components,
including RAPTOR (RPTOR, regulatory associated protein of
mTOR, complex 1) and AKT1S1 (PRAS40, AKT1 substrate 1
proline-rich). mMTORC2 lacks the mTORC1-specific components,
but includes RICTOR (RAPTOR independent companion of
mTOR, complex 2), SIN1 (MAPKAPI, mitogen-activated protein
kinase associated protein 1), and PRR5 (protorl/2, protein
observed with Rictor 1 and 2) [118]. mTORCI1 is strongly reg-
ulated by nutrient concentration and inhibited by rapamycin,
whereas mTORC?2 is inhibited variably by rapamycin and appears
to be insensitive to nutrient levels.



mTORCI coordinates many growth factor (insulin) responses
owing to its regulation by AKT, nutrient/amino acid concentra-
tions, and subcellular/lysosomal targeting [118]. In addition to
the stable complex of mMTORC1 components, several additional
proteins regulate mTOR activity. AKT-dependent activation
begins with the phosphorylation of at least five sites (Sergsq,
Sergg;, Ser;;sp, Sery; s, and Thr,e,) on TSC2 (tuberin), which in
complex with TSC1 (hamartin) functions as a GTPase-activating
protein for the small G protein RHEB (Ras homolog enriched
in brain) (Figure 8.4) [118]. AKT-mediated phosphorylation
inhibits TCS1/2, allowing RHEB to accumulate in its GTP-bound
form, which activates mTORC1 (Figure 8.4). In one possible
mechanism, FKBP38 (FK506 binding protein 8) inhibits mTOR
until RHEB-GTP promotes its dissociation from mTORCI1
[119]. Regulation by TSC1/2—RHEB is also augmented by
AKT-mediated phosphorylation of AKT1S1 [AKT1 substrate 1
(proline-rich); PRAS40], which promotes its dissociation from
RAPTOR to activate mTOR [102]. Proinflammatory cytokines
can activate mTORCI through a similar mechanism where IKK(
(IxB kinase) phosphorylates TSC1/2, leading to the accumulation
of RHEB-GTP [120].

The second important level of mMTORCI regulation by growth
factors (insulin) depends upon its localization to the surface
of lysosomes [118]. Lysosomal targeting of mTORCI is coordi-
nated by amino acid-dependent GTP loading of the RAGA«RAGB
(Ras-related GTP binding) complex, which interacts with both
RAPTOR and a multisubunit complex called RAGULATOR that
is located on the lysosome surface [121]. RHEB resides on
endomembranes including lysosomes where it can interact with
mTORC1 only if sufficient amino acids are available to promote
RAGA+RAGB-mediated recruitment (Figure 8.4) [118].

mTORCI regulates various cellular anabolic and synthetic pro-
cesses needed for growth and proliferation including the stimu-
lation of glycolytic flux and mitochondrial function, protein and
lipid synthesis, and the inhibition of autophagy and lysosomal
biogenesis [122]. Protein synthesis is one of the best understood
mTORCI1-regulated processes that is controlled, at least in part,
through the phosphorylation/activation of S6K1 and S6K2 (the
ribosomal protein S6 kinases) and phosphorylation/inhibition
of 4E-BP1 (eukaryotic translation initiation factor 4E binding
protein 1) (Figure 8.4). The dependence upon amino acids and
energy for full mTORCI activity ensures that the cellular envi-
ronment is sufficient to support growth factor (insulin) stimu-
lation. At the whole animal level, the mTORC1—S6K cascade
increases cell and animal size, including pancreatic p-cell growth
that is needed for insulin action [123]. Although disruption
of the S6kI gene in mice enhances peripheral insulin sensitiv-
ity, the reduced size of pancreatic islet § cells leads to glucose
intolerance.

mTORCI1 also promotes lipid synthesis required for membrane
biogenesis in proliferating cells, and for energy storage and lipid
secretion from the liver. mTORCI1 promotes the expression of
SREBP1 and its proteolytic cleavage to mediate translocation of
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the active transcription factors to the nucleus where they promote
the expression of genes involved in hepatic fatty acid or choles-
terol synthesis (Figure 8.4). mTORC1 also inhibits autophagy,
which ordinarily degrades damaged proteins, lipid particles, and
organelles to recycle nutrients required to maintain critical cellu-
lar functions. Thus mTORCI controls many key cellular processes
that balance cellular integrity and long-term survival.

AKT—-mTORC2— AKT cascade

mTORC2 plays an important role in insulin signaling because it
is a key regulator of ATK [122, 124]. Like most insulin responses,
mTORC?2 activation requires PI3K, but its role in insulin action
has been difficult to understand owing to variable effects observed
upon deletion of specific components. However, a central role
for mTORC2 growth factor (insulin) signaling emerged when it
was found to control several members of the AGC subfamily of
kinases, including AKT and SGK1 [125]. Upon the initial step
to activate AKT by PDK1-mediated phosphorylation at T3084KT,
some AKT substrates are phosphorylated, including TSC2, GSK3,
and SIN1 (MAPKAPI) [118]. Judging from temporal dependence
upon insulin stimulation, the SIN1 component of mMTORC2 might
be recruited to the plasma membrane by PI(3,4,5)P3, where it
is phosphorylated at T86 by pT308KT [124]. Phosphorylated
SIN1 activates mTORC2, which promotes S473*XT phosphory-
lation [124]. Upon bisphosphorylation, AKT can phosphorylate
a wider array of substrates, including FOXO transcription fac-
tors (Figure 8.4) [103]. This model fills a conspicuous gap in
our understanding of PI3K-sensitive mTORC?2 activation during
insulin stimulation and its role in AKT regulation. The potential
regulation of mTORC?2 activity through multisite SIN1 phospho-
rylation reveals how mTOR signaling can be coordinated through
feedforward and feedback mechanisms [122].

Much less is understood about downstream signaling medi-
ated by mTORC2. mTORC2 plays a role in mRNA processing
when it phosphorylates IMP1 (insulin-like growth factor 2
mRNA-binding protein 1) at Ser,q;, which strongly enhances
IMP1 binding to enable IGF2-leader 3’-mRNA translational
initiation by internal ribosomal entry (Figure 8.4) [126]. Thus,
mTORC2-catalyzed cotranslational IMP1 phosphorylation can
promote organismal growth by regulating IGF2 production that
can activate IRA in the mouse embryo. mTORC2 also regulates
protein ubiquitinylation by phosphorylating FBW8 (F-Box And
WD Repeat Domain Containing 8), a Cullin 7 E3 ubiquitin ligase
recognition subunit (Figure 8.4). The phosphorylation of FBW8
stabilizes and promotes ubiquitinylation of targeted substrates,
including IRSI that contributes to insulin resistance in certain
tissues and cells (Figure 8.5) [127]. Thus, important mTORC2
signaling might be mediated through its direct effect upon the
activity of the PI3K—AKT cascade, and its indirect control of
important regulatory points to integrate the insulin/IGF signaling
cascade fully [126].

123



Part 2 Normal Physiology

Figure 8.5 Schematic diagram of heterologous and feedback inhibition of insulin
signaling mediated by Ser/Thr-phosphorylation and degradation of IRS1/IRS2.
Various kinases in the insulin signaling cascade are implicated in this feedback
mechanism, including PKB, mTOR, S6K, ERK, AKT, and atypical PKC isoforms. Other
IRS kinases are activated by heterologous signals, including lipids, TNFa or other
cytokines. Serine phosphorylation of IRS1 can recruit CRL7 ubiquitinylation (purple

AKT—FOXO cascade

The forkhead box O (FOXO) subfamily of transcription factors,
including mammalian FOXO1, FOXO3a, FOX0O4, and FOXO6,
regulate expression of target genes involved in DNA damage repair
response, apoptosis, metabolism, cellular proliferation, stress
tolerance, and longevity [128-130]. Nuclear FOXO regulates the
transcription of target genes containing a consensus DNA binding
sequence (TTGTTTAC). Nuclear localization is regulated by sev-
eral post-translational modifications, including AKT-mediated
phosphorylation, or by acetylation, methylation, glycosyla-
tion, and ubiquitinylation [131-133]. The modifications affect
protein-protein and protein—-DNA interactions that alter the

124

@
ps

G

Elongin C
Elongin B

oval) 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 N-terminal SH2 domain and a
C-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 [218-220].

DNA-binding characteristics that regulate transcriptional activity
[131,133-137]. AKT-mediated phosphorylation of FOXOI,
FOXO3a, and FOXO4 causes their nuclear exclusion, leading
to their sequestration by 14-3-3 proteins, or ubiquitinylation
and degradation in the cytoplasm. Moreover, FOXO tran-
scriptional activity can be inhibited by IKK (IxkB kinase) and
SGK (serum/glucocorticoid-inducible protein kinase) that also
causes phosphorylation and nuclear exclusion [131,138]. By
comparison, methylation of arginine residues in FOXO blocks
AKT-induced phosphorylation and inactivation [133], whereas
addition of O-linked p-N-acetylglucosamine to FOXO promotes
the expression of its target genes involved in stress resistance dur-
ing hyperglycemia and cell stress [139]. Lysyl acetylation of FOXO
can play both positive and negative regulatory roles, which appear



to depend upon effects to modify localization, AKT-mediated
phosphorylation, or DNA binding [140, 141]. It appears that a
specific pattern of FoxO post-translational modifications by acety-
lation or phosphorylation fine tunes interactions with specific
binding partners to mediate cell- and tissue-specific effects [140].

Evidence from genetically modified mouse models suggests
that the FOXOs have a distinct function during development,
but considerable redundancy in adults [142-144]. Through the
IR—-IRS—PI3K—AKT signal cascade, FOXO integrates insulin
action with the systemic nutrient and energy homeostasis and
organism growth. FOXOs can regulate genes controlling hepatic
glucose production, insulin secretion in p cells and p-cell growth
and differentiation, survival and function, and fat and muscle
mass (Figure 8.4) [145]. FOXO1 coordinates decreased nutrient
availability with reduced somatic growth by increasing the
hepatic expression of IGFBP1 (insulin-like growth factor-binding
protein 1), a liver-secreted protein that binds to circulating IGF1
to limit its systemic availability [146]. FOXO could be a therapeu-
tic target for metabolic disorders of insulin resistance, including
p-cell function, obesity, diabetes, and non-alcoholic fatty liver
diseases [130].

Heterologous regulation and dysregulation
of the insulin and insulin-like growth factor
signaling cascade

Concerted regulation of proximal insulin signals

Over a decade of genetic experiments in mice have established
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. Although this work is
remarkably informative, the complexity of heterologous regula-
tion complicates the identification and design of strategies for
the treatment of insulin resistance and its pathological sequelae.
Although the list of insulin signaling components and their inter-
actions continues to grow, the IRSs retain a special position as a
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 [147]. We are now aware
of many heterologous pathways that regulate the concentration
and function of these proximal insulin signaling components,
but how dysregulation of these mechanisms contributes to the
progression of insulin resistance, metabolic disease, and type 2
diabetes is not understood well enough to guide the development
of efficacious and safe treatments.

Many insulin and insulin-like growth factor signaling compo-
nents are regulated by YY1 (Yin Yang 1), including IGF1 and IGF2,
IRS1 and IRS2, and AKT1, -2, and AKT-3 in skeletal muscle [148].
YY1 is a ubiquitous homeobox transcription factor related to the
polycomb family that can activate or repress these genes and many
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others. YY1 has many functions, including interactions with his-
tone acetyltransferase and histone deacetylase complexes, which
alter chromatin structure and function. In its active state, YY1
recruits PRC (polycomb repressive complex), PC2 (polycomb pro-
tein 2) and EZH2 (enhancer of zeste homolog 2) to the promoters
of the proximal insulin signaling genes to promote histone acetyla-
tion that prevents the binding of the “transcription activator com-
plex” YY1 also interacts with other proteins, including mTORC1,
which phosphorylates and disrupts the acetylation complex lead-
ing to increased transcription of its target genes [148, 149]. This
unexpected “feed forward” mechanism can explain, at least in
part, why people treated with mTOR inhibitors might develop glu-
cose intolerance, insulin resistance, and dyslipidemia, which com-
promises the long-term use of these drugs for the treatment of
metabolic disease [148].

Transcriptional control of IRS1
Although the concerted repression of multiple signaling compo-
nents can have strong effects, reduced expression of individual
signaling molecules can also lead to insulin resistance. Decreased
expression of IRS1 in humans and rodents is associated with dia-
betes, but few studies have investigated whether dysregulated tran-
scription of IRS1 might be involved. Few studies have described
transcription factors that promote IRS1 expression, leading to the
view that IRS1 is a constitutive mediator of long-term insulin
action. Regardless, recent work suggests that IRS1 expression
might be regulated by transcriptional repressors, including AP2f
(transcription factor AP-2-beta), or the p160 family of nuclear
receptor coactivators p/CIP (p300/CBP/cointegrator-associated
protein) and SRCI1 (steroid receptor coactivator-1) [150,151].
AP2p is expressed in adipose tissue, where it promotes adipocyte
hypertrophy, inhibits adiponectin expression, and enhances the
expression of inflammatory adipokines such as IL6 and MCP1
[150]. AP2p binds directly to the IRS1 promoter and decreases
IRS1 mRNA and protein concentration in adipocyte cell lines
[150]. Interestingly, GWAS reveals AP2p as a candidate gene for
the risk of obesity and type 2 diabetes, which might involve nega-
tive regulation of IRS1 expression [152].

p/CIP and SRC1 serve as transcriptional coactivators for
nuclear hormone receptors and certain other transcription fac-
tors [153]. Compound knockout of p/CIP and SRC1 in mice pre-
vents obesity and increases energy expenditure, consistent with a
role of nuclear hormone receptor target genes in these processes.
Without p/CIP and SRC1, mice display increased glucose uptake
and enhanced insulin sensitivity in white adipose tissue and skele-
tal muscle. Interestingly, IRS1 expression increases significantly in
p/CIP and SRC1 knockout mice, suggesting that steroid-regulated
nuclear receptors can regulate IRS1 transcription through the
action of p160 coactivators [151].

Multiple factors regulate IRS2 transcription

IRS2 transcription is regulated by multiple factors, including
CREB (cAMP response element binding protein) and its coac-
tivator CRTC2 (CREB regulated transcription coactivator 2),
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FOXO1/3, NFAT (nuclear factor of activated T cells), TFE3 (tran-
scription factor E3), HIF2a (hypoxia-inducible factor-2a encoded
by Epasl), and SREBPI (sterol regulatory element binding pro-
tein 1) [154, 155]. Under fasting conditions, the cAMP-responsive
CREB coactivator CRTC2 promotes glucose homeostasis by stim-
ulating gluconeogenesis in liver upon assembly of CREBeCRTC2
on relevant CRE promoter sites, including a half-CRE on IRS2
[155]. 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.

The IRS2 promoter also includes elements that bind FOXO
family members. Upon deletion of AKT1/2 in the liver, nuclear
FOXO accumulates and promotes IRS2 transcription, whereas the
deletion of FOXO1/3 strongly reduces IRS2 transcription [113].
Thus, regulation of IRS2 transcription by AKT—-FOXO estab-
lishes a direct feedback loop in the liver to promote insulin sig-
naling during fasting and inhibit it during prolonged hyperin-
sulinemia. Moreover, an E-box overlapping the FOXO site binds
TFE3 (basic helix-loop-helix transcription factor E3), which con-
verges with FOXO to promote IRS2 expression [156]. These
elements also overlap with an SRE that binds the SREBP-1c
(sterol regulatory element-binding protein 1). SREBP-1c is an
important transcriptional activator of lipid synthesis [157]. Active
SREBP-1c concentrations increase during nutrient excess and
chronic insulin stimulation [158, 159]; however, elevated hepatic
SREBP-1c decreases IRS2 expression [159]. Upregulation of IRS2
expression by TFE3/FOXO and downregulation by SREBP-1c
appear to coordinate starvation-induced glycogenolysis and glu-
coneogenesis with postprandial lipogenesis. However, an imbal-
ance in this reciprocal regulation might contribute to pathophys-
iological effects of over-nutrition, leading to the development of
insulin resistance, metabolic syndrome, and diabetes.

HIF2a also induces transcription of mouse or human IRS2 in
the liver [160]. Under normal oxygen tension, HIF1la and HIF2a
are destabilized upon hydroxylation of critical proline residues
by prolyl hydroxylase domain-containing proteins (PHDI, -2,
and -3). Interestingly, acute inhibition of hepatic PHD3 improves
insulin sensitivity and resolves diabetes by specifically stabilizing
HIF2a, which increases IRS2 transcription that promotes insulin-
stimulated AKT activation [160]. Physiologically, the HIF2a-
mediated mechanism of IRS2 transcriptional regulation might be
important in the perivenous zone of the liver, which displays more
hypoxia and less gluconeogenesis compared with other zones
in the liver [161]. These results reveal the intersection between
hypoxic sensing and IRS2-mediated hepatic insulin action.

miRNA-mediated post-transcriptional regulation

miRNAs are short (~20 nucleotides), non-coding RNA molecules
that act as post-transcriptional regulators of gene expression,
and bind to target sites in the 3’-untranslated regions (3’UTR)
to form a complex that inhibits translation and renders the
target mRNA molecule unstable. Several proximal components
of the IR->PI3K—mTOR signaling cascade can be regulated by
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miRNAs. The LIN28a/b— LET7 axis is a recent example [162].
LET7 miRNA interferes with many targets, including the trans-
lation of several proximal insulin signaling proteins, including
IGFIR, INSR, IRS2, PIK3IP1, AKT2, TSC1, and RICTOR [162].
LIN7 interference is inhibited by the RNA-binding proteins
Lin28a and Lin28b, which block the production of mature LET7
and increase translation of the insulin signaling components.
LIN28 overexpression in mice can cause gigantism and a delay in
puberty onset, consistent with human genome-wide association
studies suggesting that polymorphisms in the human LIN28B
gene are associated with human height and puberty timing
[163]. Moreover, LIN28a/b can promote glucose homeostasis in
mammals by increasing insulin—>PI3K—mTOR signaling and
insulin sensitivity [162].

Several other miRNAs can suppress the translation of IRSI,
including miRNA-96, miRNA-128a, miRNA-126, miRNA-143,
miRNA-144, miRNA-145, miRNA-487b, and miRNA489. In
one example, chronic angiotensin II-induced hypertension can
increase the expression of miRNA-487b in rat aorta [164]. In this
case, down regulation of IRS1 might contribute to hypertension-
induced cardiovascular disease, including aortic aneurysm forma-
tion due to the loss of medial smooth muscle.

Post-translational regulation of insulin and
insulin-like growth factor signaling

Degradation of the IRS-proteins
Proteasome-mediated degradation regulates many biological pro-
cesses, including signal transduction, gene transcription, and
cell cycle progression [165]. Proteins targeted for destruction
by the 26S proteasome are polyubiquitinylated by various com-
plexes containing a ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin—protein ligase (E3). IRS1
and IRS2 can be polyubiquitinylated during chronic inflamma-
tory states, nutrient excess, and hyperinsulinemia through various
tissue-specific mechanisms [166]. One of the pathways is asso-
ciated with proinflammatory cytokine-mediated upregulation of
SOCS1/3 (suppressors of cytokine signaling). Cytokines such as
INFy or IL6 bind to receptors that recruit and activate JAK kinases,
which promote phosphorylation and dimerization of STAT tran-
scription factors that migrate into the nucleus to induce SOCS1/3
expression (Figure 8.5) [167]. SOCS1/3 can act as an adapter pro-
tein that uses an SH2 domain to bind to phosphotyrosine residues
in IRS while its conserved “SOCS box” recruits an elongin BC-
containing E3 ubiquitin ligase to ubiquitinylate IRS (Figure 8.5)
[168-171]. Mutations in the “SOCS box” prevent degradation of
IRS1 or IRS2 [168], and inhibition of SOCS1/3 expression by anti-
sense oligonucleotides improves insulin sensitivity in obese and
diabetic mice [169]. Thus, SOCS-mediated polyubiquitinylation
can promote insulin resistance and glucose intolerance during
infection, inflammation, or metabolic stress (Figure 8.5).

In another mechanism, the cullin-RING E3 ubiquitin lig-
ase 7 (CRL7) can mediate IRS1 degradation downstream



of feedback serine phosphorylation signals generated by an
PI3K—AKT—-mTORCI cascade [172]. CRL7 is a member of the
Cullin-RING finger E3 ligases, which comprise the largest E3 fam-
ily responsible for directing the polyubiquitinylation of substrate
proteins for degradation by the 26 S proteasome [173]. The CRL7
complex contains CUL7 (cullin 7), a molecular scaffold to assem-
ble FBW8 (F-box/WD repeat-containing protein 8) to recruit
phosphorylated substrates, and Rbxl (RING-box protein 1)
associated with an E2 conjugating enzyme (Figure 8.5). FBW8
apparently binds to IRS1 through phospho-S/T residues gener-
ated by an mTORC1—S6K cascade including human pS307'RS!,
pS312™881 and pS527™S1, but possibly also others, which leads
to polyubiquitinylation of IRS1 that progresses to degradation
(Figure 8.5) [172,173]. However, ordinary mTORC1—S6K activ-
ity appears insufficient to engage the CRL7 pathways against IRS1,
as unusually high levels of mMTORC1—SK6 activity is required to
drive IRS1 degradation [173].

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 [6].
CBL proteins share a conserved N-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 SREBPIc, which upregulates in murine muscle and liver
MSTN (myostatin) that induces CBLB expression to drive insulin
resistance through the polyubiquitinylation and degradation of
IRS1 [174].

Finally, MG53 (mitsugumin 53), a TRIM (tripartite motif-
containing) family E3 ubiquitin ligase, can promote IRS1 and InsR
degradation in muscle during calorie excess. MG53 is found in
kidney, skeletal muscle, and heart, where it can act as a scaffold
for assembly of repair complexes [175, 176]. However, metabolic
stress induces MG53, which targets InsR and IRS1 for polyubig-
uitinylation and degradation [177,178]. Although it is unclear
how high-calorie diets upregulate MG53, mouse studies show that
MG53-deficient mice fed a high-calorie diet are protected from
degradation of InsR and IRS1 and insulin resistance [178]. Hence
MG53 appears to play important repair functions during acute
damage, whereas it might have detrimental metabolic effects dur-
ing chronic inflammatory stress.

Multisite Ser/Thr-phosphorylation of IRS-proteins

IRS1 and IRS2 can be regulated through a complex mechanism
involving phosphorylation of more than 50 serine/threonine
residues (phospho-S/Ts) located in the long tail regions (see
Figure 8.3) [179]. Understanding how phospho-S/Ts regulate
signaling is a difficult problem because so many sites and phos-
phorylation mechanisms appear to be involved. Heterologous
signaling cascades initiated by proinflammatory cytokines or
metabolic excess, including tumor necrosis factor-o (TNFa),
endothelin-1, angiotensin II, excess nutrients (free fatty acids,
ceramides, amino acids, and glucose) or endoplasmic reticulum
stress, are implicated in IRS1 phospho-S/Ts [180,181]. Many
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biochemical and genetic experiments in cell-based systems sug-
gest that individual phospho-S/T sites throughout the structure
of IRS1 are associated with a reduction of insulin-stimulated
tyrosine phosphorylation by up to 50% [182]. This level of
inhibition is sufficient to cause glucose intolerance that could
progress to diabetes, especially if pancreatic f cells fail to provide
adequate compensatory hyperinsulinemia [147].

Numerous cell-based studies reveal IRS1 phospho-S/T to be
a physiologically integrative mechanism modulating insulin
sensitivity [179]. Insulin is clearly an important agonist of
IRS1 phospho-S/T, as most sites are stimulated by insulin and
diminished by inhibition of the PI3K—Akt—mTOR cascade
[183]. Moreover, the IRS1 phospho-S/T patterns produced during
drug-induced “metabolic stress” correlates significantly with that
stimulated by insulin. These results suggest that IRS1 phospho-
S/T is first and foremost a feedback mechanism that develops
during insulin stimulation, which can be co-opted by metabolic
stress to inhibit insulin signaling and promote metabolic disease
(Figure 8.5) [179]. An implicit corollary is that hyperinsulinemia
may be an important physiological mediator of insulin resistance
in animals, and there is some experimental evidence that this is
so [184].

Mouse $307™5! (human S312™%!) is one of the best studied reg-
ulatory phosphorylation sites in IRS1 that is often used as barom-
eter of insulin resistance. Phosphorylation of $307'%%!, located
near the PTB domain, can inhibit insulin-stimulated IRSI tyro-
sine phosphorylation by disrupting the association between the
InsR and IRS1, which decreases the activation of the PI3K— Akt
pathway during insulin stimulation [185, 186]. Insulin itself pro-
motes rat/mouse $307"™! phosphorylation through activation of
the PI3K revealing feedback regulation that can be mediated by
many kinases, PKCC, IKKp, JNK, mTOR, and S6K1 (Figure 8.5)
[183]. In some cases, PI3K-dependent degradation of IRS1 might
depend on the pS307™S!, although other mechanisms can be
involved [187]. Free fatty acids that contribute to insulin resis-
tance promote pS307/*%!; however, associated hyperinsulinemia
has not been excluded as the principal agonist of IRS1 phospho-
S/T levels [179]. $307'! is poorly phosphorylated in 0b/ob (obese)
mice that lack Jnk1, suggesting that this kinase might be involved
[188]. IRS1 can be phosphorylated by PKCS on at least 18 sites in
BL21 DES3 cells, including $307'85!, $323188!  and $574!8S!, which
appear to play an inhibitory role [189]. Hyperactivated mTOR also
promotes $307'%8! phosphorylation, which is diminished in mice
lacking S6K [190-192]. IKKP inhibitors (aspirin and salicylates)
block $307™S! phosphorylation [193], which is associated with
improved insulin sensitivity in obese rodents and in persons with
type 2 diabetes [194-196].

Regardless, only two studies have investigated directly the func-
tion of IRS1 phospho-S/T in mice using transgenesis or genetic
knock-in to augment or replace endogenous (wild-type) IRS1 with
a mutant version. In the first report, transgenic mice are gener-
ated to have moderate overexpression in skeletal muscle (about
twofold versus littermates) of non-mutant IRS1 or mutant IRS1
with alanine substitutions to block phosphorylation at three serine
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residues: §302/307/612A (hS307/312/616A) [197]. In the triple-
mutant transgenic mice, possibly half of the total muscle IRS1 pro-
tein is endogenous in origin. Compared with mice expressing a
wild-type IRS1 transgene, mutant mice fed a high-fat diet showed
better glucose tolerance, increased total and muscle glucose dis-
posal during clamp, and enhanced muscle IRS1 tyrosine phospho-
rylation and p85 binding in response to insulin. This experiment
is consistent with the notion that $302!/S307%!/S612I! phos-
phorylation in skeletal muscle contributes to the development of
insulin resistance in animals and humans.

However, genetic knock-in experiments to replace wild-type
IRS1 in mice with a single mutant (A307™*%!) do not support
this result [198]. Given the apparent sensitizing effect of the
A307"S! mutation in cell-based assays, homozygous A307%S!
mice show increased fasting insulin versus control mice, mild
glucose intolerance, and decreased PI3K binding (p85 and p110)
in insulin-stimulated primary hepatocytes. During the high-fat
diet, A307™"8! mice exhibit higher fasting insulin and more severe

glucose intolerance than wild-type mice. Thus, 307! appears
permissive rather than inhibitory for insulin signaling in mice.
Among other, less prosaic explanations, it is possible that a serine
is structurally required at S307™! for normal signaling. Alterna-
tively, S307 phosphorylation could have a partial positive effect
on insulin signal transduction that is more important in tissues
or primary cells than its desensitizing function in continuous cell
lines. A307™S! phosphorylation might have mixed tissue-specific
effects that are obscured by the standard knock-in approach
[199]. In any case, the phenotype of A307'%S! mice confirms that
S/T sites on IRS1 can affect whole-body insulin sensitivity.

Modulation of insulin signaling by protein and

lipid phosphatases

Many phosphatases can modulate the action of insulin by
dephosphorylating key proteins or lipids in the signaling cas-
cade including PTP1B (PTPN1, tyrosine-protein phosphatase
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Figure 8.6 The integrative role of IRS2 signaling in pancreatic B-cell function.
The diagram shows the relation between the IRS2 branch of the insulin signaling
pathway and upstream and downstream mechanisms regulating p-cell growth and
function. The production of PI(3,4,5)P; by the PI3K recruits the Ser/Thr-kinases
PDK1 and AKT to the plasma membrane where AKT is activated by PDK1 and
mTORC2-mediated phosphorylation. AKT phosphorylates many proteins that play
important physiological roles in B cells including GSK3 (glycogen synthesis), the
BADeBCL2 heterodimer (apoptosis inhibition), TSC1/2 (protein synthesis and
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nutrient sensing), and FOXO (transcriptional regulation). Activation of
GLP1—cAMP—PKA—CREB, glucose—CaZ* —CRTC2 and calcineurin—NFAT
induce IRS2 expression in B cells, revealing a mechanism that places B-cell growth,
function, and survival under the control of glucose and incretins. Since insulin and
IGF1R are constitutively active, IRS2 expression can act as the regulatory gateway
to mTORC1, FOXO1, and p27kip. Together, this integrated pathway shows how
signals known to promote B-cell and islet growth and function can be integrated
by the IRS2 signaling cascade into a common pathway.



non-receptor type 1), PTPN2, pTEN (phosphatase and tensin
homolog), and PP2A (protein phosphatase 2A). PTP1B and
PTPN2 are related phosphotyrosine phosphatases that attenu-
ate insulin signaling by dephosphorylating the bisphosphory-
lated regulatory loop of the InsR [200]; however, their biological
effects appear distinct owing to a different time course of action
and differential expression (muscle expresses PTP1B, whereas
liver expresses both enzymes) [201]. Both PTP1B and TCPTP
can be inactivated by reactive oxygen species generated during
insulin stimulation, which provides an additional level of reg-
ulation [20,202]. PTP1B~~ mice display increased insulin sen-
sitivity, lower circulating insulin concentrations, and decreased
pancreatic B-cell mass [203]. Furthermore, PTPIB is a selective
inhibitor of leptin signaling (LepRb—JAK2) as it dephosphory-
lates JAK2, but not JAK1 or -3, whereas TCPTP dephosphorylates
JAK1/3, but not JAK2 [200]. Thus, CNS inhibition of PTP1B can
protect against obesity, whereas peripheral inhibition of PTP1B
promotes glucose tolerance [204]. In pancreatic f cells, PTP1B
attenuates the IRS2—PI3K—AKT cascade that is important for
growth, function, and survival of these cells [205]. The deletion
of PTP1B maintains B-cell mass in mice lacking IRS2, which pre-
vents the early onset of diabetes. Regardless, without IRS2 even the
IRS27/-ePTP1B~~ mice lose p-cell mass between 8 and 9 months
of age, suggesting that IRS1 alone is inadequate throughout life.

PTEN (phosphatase and tensin homolog) is a potent nega-
tive regulator of insulin action and cellular proliferation, and one
of the most frequently mutated genes in many forms of human
cancer [206,207]. PTEN attenuates downstream insulin-like sig-
naling by dephosphorylating PI(3,4)P, and PI(3,4,5)P; at the 3-
position, which reduces the recruitment and activation of PDK1
and AKT (Figure 8.5) [207]. PTEN*'~ mice are glucose tolerant
even as B-cell mass and circulating insulin levels decrease [208].
PTEN heterozygosity also increases peripheral insulin sensitivity
in IRS27/~ePTEN™~ mice and normalizes glucose tolerance, as the
small islets in these mice produce sufficient insulin until death
from lymphoproliferative disease between 10 and 12 months age.
These experiments highlight the complex relation between nutri-
ent homeostasis, insulin sensitivity and secretion, and cancer that
emerges in rodents and humans. Despite this complexity, mild
inhibition of PTEN, especially if it can be accomplished in a tissue-
specific way, might have therapeutic value.

The serine-threonine phosphatase PP2A also plays an impor-
tant regulatory role for insulin signaling as it dephosphorylates
Ser/Thr residues on IRS1 and other proteins. By contrast, the
inhibition of PP2A by okadaic acid strongly increases phospho-
S/T and degradation of IRS-1, which is associated with reduced
tyrosine phosphorylation and decreased insulin signaling [209].
Thus, compared with the effects of PTP1B, PP2A generally dis-
plays the opposite effect upon insulin signaling. The specificity
of PP2A is largely coordinated through a scaffolding unit that
recruits various substrates. The scaffolding unit is composed of
HEAT (huntingtin-elongation-A subunit-TOR) repeats, which
are thought to target PP2A to its substrates to confer specificity
upon the constitutive catalytic domain.
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IRS2 as a gateway to f-cell function

Pancreatic P cells have a special place in nutrient homeostasis
as the unique source of insulin secretion, and, like other cells,
they also require insulin and insulin-like growth factor signaling
for growth, function, and survival. However, p cells are always
exposed to insulin and IGE so insulin and insulin-like growth
factor signaling appears to be regulated through multifactor tran-
scriptional control of IRS2 through the action of FOXO1/3, NFAT,
and the CREBeCRTC2 (Figure 8.6) [154,210-212]. In B cells,
FOXO can account for as much as 80% of the basal IRS2 expres-
sion [210]. Since the IRS2—PI3K— AKT cascade phosphorylates
and inhibits FOXO, insulin and IGF1 have inhibitory effects on
FOXO-mediated transcription of IRS2, which can attenuate IRS2
expression. Since P cell mass and function must be protected
during chronic nutrient excess, other mechanisms promote IRS2
expression, including glucose-stimulated Ca?* influx and cAMP
production. In addition to its immediate role in insulin secre-
tion, Ca2t activates calcineurin, which dephosphorylates NFAT
to facilitate its entry into the nucleus, where it induces expression
of IRS2 and other genes [211]. Glucose, glucagon-like peptide-1,
and other GPCR agonists also increase the cAMP concentration
in B cells, which has many important effects, including the activa-
tion of CREBeCRT'C2 that promotes IRS2 transcription [213, 214].
Through this mechanism, the responsibility for insulin or IGF1
itself to trigger downstream insulin and insulin-like growth factor
signaling in P cells has been replaced by indirect control through
glucose, incretins, or neuronal signals, the physiologically relevant
regulators of pancreatic p-cell function (Figure 8.6).
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Control of Weight: How Do We Get Fat?
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Key points
« The current obesity epidemic is a consequence of a positive “energy gap”

arising from an imbalance between energy intake and expenditure.

o Complex genetic, environmental, behavioral, and neuroendocrine factors
are responsible for this abnormal energy homeostasis.

* Environmental risk factors such as sedentary lifestyle, dietary
consumption patterns, and the impact of advertising and globalization
remain most responsible for the current obesity epidemic.

 Emerging pathophysiological mechanisms implicated in obesity include
common single-nucleotide polymorphisms (obesity susceptibility genes),
epigenetics, endocrine disruptors, neuroendocrine pathways, and the gut
microbiome.

* Evolutionary counter-regulatory neuroendocrine pathways are a key
factor in protecting against weight loss and promoting weight regain by
decreasing energy expenditure and influencing appetite regulation and
fat storage.

Introduction

The current obesity epidemic can be broadly conceptualized
as the result of a positive “energy gap”: the consequence of the
progressive imbalance between energy intake and expenditure
at a population level [1]. The underlying cause of this “energy
gap” is complex, arising from the interplay of genetic, environ-
mental, behavioral, and neuroendocrine determinants which are
becoming better characterized.

This chapter provides a broad overview of several of these eti-
ological factors that are implicated in the development of weight
gain and obesity from either an epidemiological or an individual
homeostatic and behavioral perspective.

Genetic factors

Heritability of obesity

Genetic factors have a major role in the development of over-
weight and obesity, although it is increasingly recognized that the
gene-environment relationship frequently moderates the influ-
ence of these genetic factors. Early twin studies identified the heri-
tability of obesity to be in the order of 40-70% [2-5]. Nonetheless,
environmental factors such as physical activity and age are impor-
tant genetic modifiers: for example, the heritability of fat mass in
Finnish twins with low levels of physical activity is reported to be
90%, compared with only 20% amongst pairs of twins with high

levels of physical activity [6]. Moreover, the heritability of body
mass index (BMI) appears strongest in young adulthood [7].

Monogenic obesity

Monogenic and syndromic forms of obesity are rare but pro-
vide exceptions to the gene-environment obesity paradigm; in
these conditions, genetic factors have such potent effects that
their effect on body weight supersedes the influence of the envi-
ronmental context. Examples include leptin deficiency caused
by mutations in the leptin gene (LEP) or receptor (LEPR) or
other genes involved in the hypothalamic leptin-melanocortin
signaling pathway regulating appetite and satiety (i.e. POMC
[pro-opiomelanocortin], PCSK1 [prohormone convertase 1] and
MC4R [melanocortin 4 receptor] [8—14]. MC4R mutations are the
most common of these gene defects, with a prevalence of 0.5-1.0%
in obese adults and 1.0-6.0% in obese children [15].

Common obesity “susceptibility” genes

More recently, genome-wide association studies (GWAS)
have identified obesity “susceptibility” genes: common single-
nucleotide polymorphisms (SNPs) associated with obesity within
a population. However, so far these genes account for <2% of
BMI variability within a population [14]. There are currently
at least 75 obesity susceptibility loci that have been identified
by GWAS [16, 17]. Interestingly, several of these loci are found
near genes linked to severe monogenic obesity (ie. MC4R,
SH2B1, BDNF, POMC) [14]. The fat mass and obesity-associated
(FTO) gene was the first to be identified and remains the most
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common. It has been replicated across different ethnicities (with
the strongest association seen in European followed by Asian
and African populations), and has the largest effect on BMI
and obesity risk, with each minor risk allele associated with a
0.39 kg/m? higher BMI and 1.2-fold increase in obesity risk
within a population [18,19]. Nonetheless, it accounts for only
0.34% of the variability in BMI in a population [20]. Evidence
derived from animal studies suggests that FTO and other obesity
susceptibility genes are principally involved in the regulation
of food intake [14]. However, evidence is conflicting in human
studies on the association of FTO with increased energy or fat
intake [21-24], increased appetite [25,26] and reduced satiety
[27].

“Missing heritability”"—epigenetics and

intrauterine imprinting

Given the discrepancy between the estimated effect of these obe-
sity “susceptibility” gene loci (<2%) and the known heritability
of obesity (40-70%), there is increasing focus on the impact of
gene-environment interactions via epigenetic and intrauterine
effects on gene expression that may account for this “missing
heritability” [14].

Prader-Willi syndrome is an extreme example of epigenetic-
induced obesity, most frequently due to loss of expression
of imprinted paternal genes on chromosome 15q11-13. Gene
methylation is another example of epigenetic modification, and
can be altered by maternal diet [28,29]. Decreased methylation
due to exercise has also been demonstrated in skeletal muscle
biopsies of sedentary adults undergoing acute exercise, correlat-
ing with the degree of exercise intensity [30].

More broadly, the concept of intrauterine imprinting is also
implicated in the development of obesity. The Barker-Hales Devel-
opmental Origins of Health and Disease hypothesis proposes that
intrauterine and/or early childhood undernutrition lead to adult
obesity and related cardiovascular sequelae [31]. This was first evi-
dent in the Dutch famine study, which found that nutrient depri-
vation during the first trimester, compared with later in preg-
nancy, increased the risk of obesity in the offspring in the long
term [32]. Conversely, maternal obesity and increased gestational
weight gain, especially in the first trimester, are associated with
fetal macrosomia, large-for-gestational age (LGA) [33-35] and
subsequent obesity in the offspring in the long-term [36]. Over-
all, higher rather than lower birth weight appears to be a much
stronger predictor of high adult BMI [37].

Similarly, offspring of mothers with gestational diabetes
mellitus (GDM) and pre-existing diabetes are more likely to be
macrosomic and LGA at birth, with an increased risk of subse-
quent childhood and adolescent obesity and diabetes [38-40].
Moreover, offspring exposed to both maternal obesity and GDM
are at an even greater risk of obesity in adolescence than that
seen in those with GDM alone, suggesting that alterations in fatty
acid metabolism and circulating inflammatory markers play a
critical role in the development of obesity in the offspring [41].
From a pathophysiological perspective, maternal hyperglycemia
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causes fetal hyperglycemia, hyperinsulinemia, and increased
leptin synthesis, influencing intrauterine hypothalamic energy
homeostasis [42]. Moreover, maternal hyperglycemia may also
alter the fetal epigenome, resulting in the expression of genes that
regulate accumulation of body fat [43].

Antenatal maternal smoking has long been associated with sub-
sequent risk of obesity in the offspring. For example, smoking in
early pregnancy is associated with a more than twofold risk of
overweight and obesity in the offspring at age 3 years [44]. Smok-
ing throughout pregnancy increases the risk of elevated BMI in
the offspring at the age when commencing school from <10%
to >15%. This risk remains largely unchanged even if smoking
is discontinued after the first trimester, indicating that the effect
of smoking on fetal programming occurs predominantly early in
pregnancy [45].

Environmental factors

Epidemiological evidence suggests that environmental changes
promoting positive energy balance are those most responsible for
the current obesity epidemic. These environmental risk factors
include our increasingly sedentary lifestyle, the cost, quality, quan-
tity, and changing patterns of dietary consumption, and the impact
of advertising and globalization leading to progressively increased
energy intake at a population level. Other environmental factors
implicated in the obesity pathway include sleep and work patterns,
medications, and environmental toxins.

Sedentary lifestyle

Epidemiological evidence indicates that moderate to high lev-
els of physical activity protect against weight gain and obesity
[46,47], with physical activity particularly important for weight
maintenance following initial weight loss [48]. Despite this, phys-
ical activity has been increasingly engineered out of our lifestyle,
leading to the increasing prevalence of obesity via reduced energy
expenditure.

Our increasingly sedentary lifestyle, from both occupational
and recreational perspectives, arises from greater urbanization
and technological advances that promote convenience and effi-
ciency. Examples are the development of transport systems in
which driving in cars or other transport is readily available, the
mechanization and computerization of the workforce, and the
increase in passive recreation and entertainment (e.g. shopping
centers, television and movie watching, and the use of computers
and other electronic devices).

The impact of such technological changes and urbanization on
physical activity levels has been significant. A comparison of phys-
ical activity among Amish versus Colorado populations revealed
that Amish men and women walk 18,000 and 14,000 steps daily,
respectively [49], in contrast to men and women in Colorado
who walk on average 6733 and 6284 steps daily, respectively; this
equates to a difference in daily energy expenditure of 400-600
kcal/day [50]. Similarly, evidence shows that individuals in US



cities where more walking is required weigh less than those in
other cities [51].

Energy intake—quantity of food consumed

Evidence suggests that a positive energy imbalance gap of 100-
200 kcal/day is sufficient for body weight gain [52], although
a recent US population-based study suggests that a mean daily
energy imbalance gap of only 7 kcal/day could account for the cur-
rent obesity epidemic [52]. Indeed, the increase in average daily
energy intake since 1970 greatly exceeds these figures. Globally,
the availability of calories per capita increased by ~450 kcal/day in
developed countries and by over 600 kcal/day in developing coun-
tries [53], whereas the US National Health and Nutrition Exam-
ination Survey (NHANES) reported that the increase in average
energy intake in the United States between 1971 and 2000 for men
and women was 168 and 335 kcal/day, respectively [54].

This energy imbalance appears to be due predominantly to
alterations in dietary composition, specifically the increased avail-
ability of foods, increased portion size, and the reduced cost of
high-fat, energy-dense food (e.g. refined carbohydrates/sugar and
vegetable oils).

Dietary composition: sugar versus fat

The impact of dietary composition on body weight remains con-
troversial. It has been argued that as excess energy from dietary
fat is more effectively stored than energy from carbohydrates,
high dietary fat content may be a key factor driving weight gain
[50]. Other postulated mechanisms include the high palatability
of dietary fat and its associated weak impact on satiety, which
can lead to overconsumption and increased energy intake [55].
This contention is supported by epidemiological studies correlat-
ing dietary fat intake with the percentage of the population that is
overweight [56]. Longer term ad libitum feeding studies of high-
fat diets also demonstrate a positive correlation between high fat
intake and weight gain [55, 57]. However, there is evidence to sug-
gest that obesity is more strongly associated with animal fat, sat-
urated fat, and trans fat intake rather than total fat intake per se
[58]. Despite this evidence, it appears that average daily fat intake
has in fact remained relatively stable since the 1970s, with the
net increase in energy intake instead likely accounted for by the
increase in refined carbohydrate consumption [50].

US data reveal that of the 14.7% estimated increase in daily
caloric intake (equivalent to 340 kcal/day) from 1984 to 1994,
refined carbohydrates accounted for 6.2%, fats and oils 3.4%, fruits
and vegetables 1.4%, and meat and dairy products 0.3% [59].
Despite this, studies consistently demonstrate an inverse relation-
ship between sugar intake as a percentage of energy intake and
obesity [60]. Possible explanations for this discrepancy include the
inherent difficulty of differentiating between the relative influence
of percentage dietary fat and carbohydrate owing to their recipro-
cal relationship in dietary intake; in combination, they contribute
>80% of total energy intake [55]. Accurate assessment of dietary
composition is also confounded by the known phenomenon of

Control of Weight: How Do We Get Fat? Chapter 9

dietary under-reporting, particularly amongst the overweight and
obese [61].

Calorically (sugar) sweetened beverages

Opverall, there appears to be a positive association between calori-
cally sweetened beverages (soda/soft drinks, fruit drinks or juice,
and sports energy drinks) and weight gain, assuming that sugar
(fructose) in beverages adds, rather than replaces, calories derived
from other sources [50]. In the United States, calorically sweet-
ened beverages are the fourth highest contributor of calories to
energy intake [62]. NHANES data indicate that the mean energy
intake from calorically sweetened beverages is ~180 kcal/day for
children and 340 kcal/day for young adults [63].

A recent systematic review reported that after adjustment for
energy intake and expenditure, the strength of evidence for the
relationship between calorically sweetened beverages and obesity
is inconclusive [64]. However, several cross-sectional and longitu-
dinal studies have reported a positive association between calori-
cally sweetened beverages and increased body weight, particularly
in children and adolescents [65]. There is also evidence to suggest
that in adults, soft drink consumption correlates with long-term
increases in body weight [66]. Moreover, a randomized controlled
intervention trial demonstrated that the use of a high-fructose soft
drink increased total energy intake by 335 kcal/day, correspond-
ing to a significant mean weight gain of 0.66 kg over 10 weeks. This
compared with the weight loss seen in participants randomized to
consumption of artificially sweetened (aspartame) soft drink [67].

Eating out and portion size

The increase in consumption of food that is prepared outside the
home and the associated increased portion size are also significant
contributors to the current obesity epidemic [68]. This relates par-
ticularly to the impact and influence of fast food establishments.
Meals prepared outside the home are generally higher in total
energy and fat, cholesterol, and sodium and consist of larger por-
tion sizes (including snack foods), which promote a higher total
energy intake [55, 68]. Studies have shown that those who tend to
consume food prepared outside the home have a higher BMI [69]
and that consumption of fast food is associated with correspond-
ing overall unhealthier dietary intake for that day [70, 71].

The provision of unhealthy meals and the accessibility of vend-
ing machines at schools may also contribute to weight gain in chil-
dren and adolescents [55]. Conversely, the availability and range
of fruits and vegetables in the home have been shown to correlate
with their consumption [72], and the mother’s nutrition knowl-
edge and behavior influence their children’s dietary composition
[73], which may have either positive effects with the presence of
fruits and vegetables or better nutrition knowledge or behavior, or
obviously the converse with the presence of less fruits and vegeta-
bles and lower nutrition knowledge or poorer behaviors.

Snacking

Snacking has a role in weight gain because of the high energy
density of highly processed snack foods and their increasing
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portion size, which result in increased daily energy intake [74]. In
the United States, the prevalence of snacking is increasing, which
has led to a greater contribution of snack foods to total energy
intake, which is of the order of 20-25% of daily energy [75].

Eating patterns

The pattern and frequency of food consumption also influ-
ence weight gain. In particular, consuming smaller portions (as
opposed to ad libitum consumption) more frequently throughout
the day is associated with both normal BMI and maintenance of
weight loss [76,77]. In one study, adolescent boys who ate more
than six times per day were more likely to have a BMI within the
normal range compared with those who generally ate fewer than
six times per day, and who were more likely to be overweight [78].
More generally, “binge-eating” behavior is associated with weight
gain and this disordered pattern of eating is significantly more
common in obesity [55].

Advertising

Highly visible advertising for fast food restaurants and energy-
dense foods and beverages is also thought to contribute to their
increased consumption, resulting in increased energy intake and
weight gain [79]. This holds particularly true for children, with
both the exposure to and the energy content of foods advertised
to children being disproportionately high compared with their
required daily energy intake.

Globalization and government regulation

Globalization, multilateral free trade agreements, and market lib-
eralization have significantly impacted the global food system,
promoting consumption-based growth. This has led to the greater
availability and thus overconsumption of convenient, energy-
dense processed foods [29], with processed foods now accounting
for >80% of global food sales [80].

The overall effect of such trade and agricultural policies is a
reduction in cost of processed energy-dense food, leading to their
increased consumption [81, 82]. For example, between 1985 and
2000, the cost of fruit and vegetables rose by 188%, fish 77%,
and dairy 56% compared with sugar, fats and oils, and calorically
sweetened beverages, the cost of which rose by only 46, 35, and
20%, respectively [83].

More generally, globalization has led to the increasing presence
of multinational retailers, manufacturers, and fast food chains in
developing countries, heightening the influence of Western cul-
ture across the world [80]. This has resulted in the homogenization
and westernization of traditional diets, with a transition towards
energy-dense processed foods [84].

Government regulation of the food industry and the initiation
of preventive public health policy in the midst of the obesity epi-
demic continue to be limited, in part because of the above eco-
nomic policies that promote market and trade liberalization and
the primacy of individual autonomy. Importantly, a recent system-
atic review concluded that government food policy is indeed effec-
tive in promoting improved dietary consumption, with taxes on
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soft drinks and subsidies for healthier food options particularly
effective [82]. This also emphasizes the impact of cost of food on
consumption. Specific examples include the enactment of legisla-
tion in Denmark in 2003 regulating the sale of many foods con-
taining trans fats, essentially banning partially hydrogenated oils,
and the 2013 proposed limit on soft drink size in New York, pro-
hibiting the sale of calorically sweetened beverages of more than
16 oz (0.5 L) in volume, although this regulation was rejected by
the New York judicial system in 2014.

Sleep patterns

The quality and duration of sleep are also implicated in weight gain
and other metabolic and psychological adverse sequelae, through
effects on appetite and energy homeostasis [85]. The factors con-
tributing to chronic insufficient sleep are pervasive in modern
society and include the use of electronic media, caffeine consump-
tion, shift work, mental illness, and psychotropic medication [85].

Insufficient sleep is associated with alterations in hormonal
mediators of appetite and metabolism, such as insulin, ghrelin,
leptin, and cortisol [86], leading to insulin resistance, sympathetic
nervous system overactivity, increased hunger, particularly for
energy-dense food, reduced satiety, and decreased physical activ-
ity (86, 87].

This association between insufficient sleep and obesity appears
particularly strong among children and adolescents, with an
inverse dose-dependent relationship evident in several studies.
For example, it has been estimated that for each hour of lost
sleep, the odds of obesity in adolescents increase by 80%, and
this appears most directly related to the influence of sleep loss on
reduced physical activity [88]. Conversely, there is a positive cor-
relation between longer sleep duration and lower BMI in children,
with the prevalence of increased BMI in those who slept for less
than 10 hours per night being 5.4% compared with 2.1% in chil-
dren who slept more than 11.5 h per night [89].

Medications and toxins

Medications

Several classes of pharmacotherapy are associated with signifi-
cant weight gain, including certain antidiabetes therapies, corti-
costeroids, anticonvulsants, antipsychotics, and antidepressants.
Antihypertensives (a- and B-blockers), the oral contraceptive, and
antihistamines have also been associated with lesser degrees of
weight gain [90].

Older generation sulfonylureas such as chlorpropamide and
glyburide are associated with significant weight gain over time (up
to 5 kg) [91] compared with second-generation sulfonylureas such
as gliclazide, which are associated with weight gains ~0.5-2.0 kg
[92]. Similarly, insulin therapy can cause weight gains of between 2
and 10 kg generally within the first 12 months of therapy, correlat-
ing with glycemic control and insulin dose [91]. The mechanism
of weight gain with these agents is multifactorial and includes
appetite stimulation, increased snacking to prevent hypoglycemia,



reduced energy loss following correction of glycosuria, and the
anabolic effect of insulin on muscles and adipose tissue [90].

Weight gain is the most frequent adverse effect associated
with chronic corticosteroid therapy, with low-dose prednisone (5-
10 mg daily) associated with a 4-8% mean increase in body weight
[93]. Corticosteroids cause weight gain via several central and
peripheral mechanisms, including effects on glucose, protein, and
lipid metabolism and stimulation of reward and feeding pathways
which promote increased appetite for energy-dense food [90, 94].

Several anticonvulsant agents are associated with significant
weight gain. Sodium valproate causes progressive weight gain of
up to 5.8 kg throughout the duration of treatment [95], whereas
carbamazepine, gabapentin, and pregabalin are associated with
lesser degrees of weight gain. Weight gain due to these agents
results from a variety of mechanisms, including direct appetite
stimulation via alterations to leptin synthesis, hyperinsulinemia,
and their sedative effects, which result in decreased physical activ-
ity [95, 96].

Antipsychotic therapy is also strongly associated with weight
gain in the order of 2-17 kg over the course of treatment
[97]. This is most commonly a feature of the atypical (second-
generation) antipsychotic, particularly clozapine and olanzapine.
Antipsychotic-induced weight gain correlates with a significant
increase in appetite for energy-dense foods, involving central
serotonergic, histamine, and catecholamine pathways regulating
appetite and reward pathways [98].

Antidepressants as a class have a variable impact on weight
gain. Tricyclic antidepressants (TCAs) and monoamine oxidase
inhibitors (MAOIs) are most frequently associated with significant
weight gain. Selective serotonin reuptake inhibitors (SSRIs) can
often induce initial weight loss, but generally lead to weight gain
in the longer term. The mechanism of antidepressant-induced
weight gain appears to be increased appetite mediated via sero-
tonergic pathways [99].

Toxins and endocrine disruptors

Adipose tissue can store toxins, which are mobilized following
weight loss. For example, organochlorine compounds are impli-
cated in decreasing basal metabolic rate and their storage is
reduced following bariatric surgery [100]. Pesticides, flame retar-
dants, plasticizers, and polychlorinated biphenyls (PCBs) have
also been implicated in obesity in epidemiological and animal
studies [101]. Potential mechanisms include inducing adipogene-
sis [102], altering sex hormone metabolism and thyroid hormone
synthesis, and effects on fetal development [103].

From an epidemiological perspective, the decline in smoking
prevalence since the 1970s corresponds to the increase in obesity
rate, and it is thought that the weight gain associated with smoking
cessation could account for approximately one-quarter to one-
sixth of this increased prevalence [104]. Smoking is an established
appetite suppressant, potentially mediated by the thermogenic
effect and influence on eating behavior and resting metabolic rate
of nicotine [105, 106]. Conversely, smoking cessation is associated
with gender-specific effects on weight gain, with studies reporting
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weight gains of 3.8-4.4 and 2.8-5.0 kg for men and women,
respectively [104, 107]. The weight gain is predominantly due to
increased snacking. Predictive factors for weight gain following
smoking cessation include younger age, lower socioeconomic
status, previous heavy smoking, and genetics [105].

Neuroendocrine and behavioral regulation of
energy homeostasis and the gut microbiome

Neuroendocrine and behavioral pathways

The relationship between energy intake, expenditure, and regula-
tion of body weight is moderated not only by the above genetic,
environmental, and behavioral factors but also by complex neu-
roendocrine feedback mechanisms that fundamentally seek to
promote energy intake and protect against weight loss.

The hypothalamus is the central site for homeostatic regula-
tion of body weight. It integrates peripheral homeostatic hor-
monal signals from the gastrointestinal tract (e.g. ghrelin, chole-
cystokinin, peptide YY, pancreatic polypeptide, and glucagon-like
peptide 1 [GLP-1]), pancreas (insulin), and adipose tissue (lep-
tin, adiponectin), with hedonic peripheral (e.g. leptin, ghrelin and
insulin influence central dopaminergic and opioidergic pathways)
and central reward pathways (cortex and reward circuits in the
limbic system). The latter hedonic pathways strongly influence
appetite behavior, particularly the consumption of energy-dense,
highly palatable foods [108].

Arguably the key factor when considering regulation of body
weight is that although weight loss can be readily achieved, main-
tenance of weight loss is inherently difficult owing to the above
complex evolutionary counter-regulatory neuroendocrine mech-
anisms. These pathways are fundamentally protective against
weight loss and promote weight regain by decreasing energy
expenditure and influencing appetite regulation and fat storage
[108]. A recent study demonstrated that by 1 year after initial
weight loss, levels of the circulating mediators of appetite that
encourage weight regain, such as leptin, peptide YY, cholecys-
tokinin, insulin, ghrelin, gastric inhibitory polypeptide, and pan-
creatic polypeptide had not returned to their pre-weight loss lev-
els, and increased hunger also persisted [109].

Endocrine feedback mechanisms regulating growth hormone
(GH), thyroid hormone (thyroxine), gonadal and adrenal steroids
(testosterone, estrogen, and adrenal androgens and glucocorti-
coids) are also critical in regulating weight gain. GH and thyrox-
ine are predominantly responsible for regulating growth, while
gonadal steroids during puberty alter the ratio and distribution
of lean muscle mass to body fat: testosterone increases lean mus-
cle mass and reduces visceral adiposity whereas estrogen has the
opposite effect.

Gut microbiome

The role of the gut microbiome in regulating fat storage, obesity,
and insulin resistance has become a burgeoning area of recent
research. Obesity appears to be associated with alterations in the
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ratio of the dominant gut microbiota, the Bacteroidetes and the
Firmicutes [110]. It has been shown that colonization of germ-free
mice with an “obese microbiota” results in a significantly greater
increase in total body fat, despite an associated decrease in food
consumption. This suggests that the obese microbiome has an
increased capacity to obtain energy from the diet [111]. In animal
studies, altering the gut microbiota via probiotic therapy has been
shown to reduce fat mass and increase muscle mass, but does not
impact overall body weight [111]. In humans, intervention stud-
ies assessing the role of probiotics (beneficial microorganisms) in
weight loss suggest that Lactobacillus gasseri SBT 2055, Lactobacil-
Ius rhamnosus ATCC 53103, and the combination of L. rhamno-
sus ATCC 53102 and Bifidobacterium lactis Bb12 may reduce body
weight and prevent weight gain in humans, potentially via effects
on short-chain fatty acid production and low-grade inflammation
that influence metabolism and affect body weight [112]. Addi-
tional information on the influence of the microbiome is diabetes
is covered in Chapter 17.

Conclusions

This chapter has aimed to provide an overview of the multi-
ple factors implicated in weight gain and obesity. As demon-
strated, the regulation of energy intake and expenditure and con-
sequently energy homeostasis is influenced by a complex interplay
of genetic, environmental, neuroendocrine, and behavioral mech-
anisms operating at both individual and population levels. In con-
sequence, addressing the current obesity epidemic requires mul-
tifaceted long-term strategies that target the multifactorial causes
of obesity. In particular, a population perspective on the current
drivers of weight gain requires policies that address the environ-
mental context promoting excessive energy intake and sedentary
lifestyle. From an individual standpoint, there is a need to concep-
tualize obesity as a chronic disease requiring long-term interven-
tion and to develop treatment strategies that target the multiple
complex counter-regulatory neuroendocrine mechanisms which
continue to promote weight regain.
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Key points
« The prevalence and incidence of autoimmune type 1 diabetes mellitus

(T1DM) continues to increase worldwide and the clinical onset tends to
occur in younger children.

o Autoimmune T1DM is characterized by the appearance of a first B-cell
autoantibody against either insulin (IAA) or GAD65 (GADA), or both, in
early childhood.

« The etiopathophysiology of T1DM may be divided into three distinct
stages: B-cell autoimmunity, asymptomatic loss of B-cell secretory
capacity, and loss of B-cell function along with diabetes symptoms.

e Autoimmune T1DM results from a loss of immunological tolerance to
f-cell autoantigens.

» HLA genes represent the strongest genetic determinants for the risk of
both B-cell autoimmunity and T1DM.

Environmental factors may trigger B-cell autoimmunity, accelerate the
pathogenic process, or both.

B-Cell destruction may occur prior to B-cell autoimmunity but the
mechanism is not yet fully clear.

B-Cell destruction occurs during the pathogenesis of B-cell autoimmunity
mediated by cytotoxic T cells.

Multiple p-cell autoantibodies (>2) usually appear within 6—12 months
following the appearance of the first autoantibody and markedly increase
the risk for progression to T1DM.

The appearance of either IA-2A, ZnT8A, or both, in IAA- or GADA-positive
children is a strong marker of rapid progression to clinical onset of T1DM.
The progressive destruction of B cells is likely to vary in intensity and
duration, affecting the time of clinical diagnosis.

Introduction

The differentiation between the two main forms of diabetes melli-
tus, type 1 (previously known as insulin-dependent or juvenile-
onset diabetes) and type 2 diabetes (non-insulin-dependent or
adult-onset diabetes), has been deliberated for almost 50 years.
In 1965, insulitis was rediscovered [1], supporting the view
that autoimmune islet inflammation was associated with the
etiopathology in type 1 diabetes mellitus (T1DM), a phenomenon
absent in type 2 diabetes mellitus (T2DM) [2]. The evidence for
islet autoimmunity was further supported during the last decade
by the identification of cellular reactivity with islet autoantigens
[3] and the association between T1DM and other organ-specific
autoimmune disorders [4]. More importantly, long sought after
antibodies against islet cells (ICAs) were finally detected in the
sera of people with concomitant T1DM and autoimmune polyen-
docrine syndrome [5, 6]. At the same time, T1DM was found to be
strongly associated with the human leukocyte antigen (HLA) [7].
It was also noted, however, that around 10% of adults classified
with T2DM who were not achieving adequate glycaemic control
with sulfonylurea treatment [8] were positive for ICA, a group of
people now commonly known as having latent autoimmune dia-

betes of adults (LADA) [9]. Several genetic and autoimmune sim-
ilarities are found between childhood T1DM and LADA; never-
theless, these two entities differ in other genetic and autoimmune
processes [10]. Recent research, including studies of children fol-
lowed from birth and extensive genetic studies, have resulted in
a paradigm shift of the etiology and pathogenesis of type 1 dia-
betes [11-13]. In this chapter, we therefore summarize current
knowledge of possible trigger(s) of p-cell autoimmunity (etiol-
ogy) and factors affecting progression to clinical onset in indi-
viduals who have developed one or several -cell autoantibodies
(pathogenesis).

Autoimmune T1DM is characterized by the appearance of a
first B-cell autoantibody against either insulin (IAA) or GAD65
(GADA), or both, in early childhood [11-13]. Rarely, the first islet
autoantibody is directed against IA-2 (IA-2A) or ZnT8 (ZnT8A).
These four biomarkers of TIDM (Table 10.1) are strong, since
it has been found that the development of a first autoantibody
(IAA or GADA) and the appearance of a second, a third, and
often a fourth autoantibody will result in TIDM in 100% of
subjects when followed for 20 years [11]. The epidemiology in
different countries of f-cell autoantibodies in children or in the
adult population is currently not known, as population screening
for TAA, GADA, IA-2A, and ZnT8A is yet to be implemented.
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Table 10.1 Characteristics of B cell autoantigens and autoantibodies.

GAD65 1A-2 Insulin ZnT8
Chromosome 10p11 I1A-2: 2935-36 11p15 8qg24
1A-2p: 7936
Molecular weight (kD) 64 1A-2: 40 5.8 67
IA-2p: 37
Tissue specificity Pancreas, neuron, ovary, testis, kidney  Neuroendocrine cells B-cell specific B-cell specific

(pancreas, brain, pituitary)

Function GABA production (an inhibitory
neurotransmitter) activity)
Genetic association DR3 - DQ2 DRB1*0401
DR4-DQ8
Antibody abbreviation ~ GAD65Ab IA-2Ab
Standardized assay RBA, ELISA RBA
Sensitivity (%) RBA: 80 RBA: 70
ELISA:89 ELISA: 65
Specificity (%) RBA:96 RBA: 99
ELISA:98 ELISA: 99

Variation with age
Variation with gender

Higher detection with increase age
Female preference if onset <10 years

Not clear (lack enzymatic

Less with increasing age
Male preference

Zn%* transport and accumulation
in B-cell vesicles

Regulates glucose metabolism

INS - VNTR, DR4 SLC30A8
IAA ZnT8Ab
RBA RBA
RBA:>60 RBA: 50

(C terminal)
RBA: 95 RBA: 98

(C terminal)

Higher predictivity in children Increasing predictivity with age
None None

ELISA, enzyme linked immunosorbent assay; RBA, radiobinding assay.

Workshop sensitivity and specificity for GAD65Ab and IA-2Ab were from the Diabetes Antibody Standardization Program [70].
Diagnostic sensitivity at 95% diagnostic specificity for insulin autoantibodies (IAA) were from [71].

It remains to be determined in multiple populations whether
the incidence of B-cell autoantibodies eventually equals that of
T1DM.

Epidemiology

The epidemiology of T1DM is detailed in Chapter 3. Briefly,
the incidence of T1DM varies 50-100-fold worldwide, with the
highest rates occurring in individuals of northern European
descent. Both sexes are equally affected in childhood, but men are
affected more commonly in early adult life [14]. The incidence of
childhood T1DM is rising rapidly in all populations, especially in
the age group younger than 5 years, with a doubling time of less
than 20 years in Europe [15]. The increasing incidence of T1IDM
suggests a major environmental contribution, but the role of spe-
cific pathogenic factors remains largely unsettled. The distinction
between T1DM and T2DM can become blurred in later life, and
the true lifetime incidence of the condition is therefore unknown.

In Europe, the highest rates of childhood diabetes are found in
Scandinavia, with an incidence for children from birth to 14 years
of age ranging from 57/100,000 per year in Finland to 4/100,000 in
Macedonia [15, 16]. In the United States, the overall annual inci-
dence in young people is about 19/100,000. Prevalence rates are
strikingly different among ethnic groups living in the same geo-
graphic region, probably because of genetic differences in suscep-
tibility to the disease. Early-onset diabetes carries a higher famil-
ial risk, and affected fathers are more likely to transmit the risk
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for T1IDM to their offspring than affected mothers are, with risks
being 6-9% and 1-3%, respectively[15, 16].

The SEARCH for Diabetes in Youth multicenter study (funded
by the US Centers for Disease Control and Prevention and the
National Institutes of Health) examined diabetes among chil-
dren and adolescents in the United States [17]. During 2008-
2009, an estimated 18,436 people younger than 20 years in the
USA were newly diagnosed with T1IDM annually, and 5089 peo-
ple younger than 20 years were newly diagnosed with T2DM
annually. The prevalence estimates indicate that there are almost
500,000 children aged under 15 years with TIDM worldwide,
the largest numbers being in Europe (129,000) and North Amer-
ica (108,700). Countries with the highest estimated numbers of
new cases annually were the USA (13,000), India (10,900), and
Brazil (5000) [18].

Etiopathophysiology

The etiopathophysiology of TIDM may be divided into three dis-
tinct stages in genetically susceptible individuals (Figure 10.1).
Individuals are born with HLA-DR-DQ genotypes that confer
risk for TIDM. The next step is that the individual is exposed
to one or more environmental factors that trigger the immune
system to mount an autoimmune reaction towards pancreatic
B-cell autoantigens. At present, the p-cell autoimmunity is
reflected by the appearance of a first autoantibody to either insulin
(IAA), GAD65 (GADA), or both of them simultaneously [12, 13].
The disease then progresses in three stages:
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Stage 1: Triggering of P-cell autoimmunity resulting in one or
multiple B-cell autoantibodies associated with gradual $-cell
destruction but no dysglycemia or symptoms of diabetes.

Stage 2: Loss of B-cell secretory function in autoantibody-positive
individual. It may be manifested by a slowly increasing HbA, .
[19], loss of first-phase insulin release (FPIR) after intravenous
glucose tolerance test (IVGTT), or reduced C-peptide levels,
impaired glucose intolerance after an oral glucose tolerance
test (OGTT) [20,21], all referred to as dysglycemia, but still
with no symptoms.

Stage 3: Loss of p-cell secretory capacity in B-cell autoantibody-
positive individuals to the extent that symptoms of diabetes are
discernible (Figure 10.1).

The continuing progress in the understanding of the natural
history of T1IDM will be dependent on several longitudinal stud-
ies starting from birth, aimed at detecting factors that predict
(1) p-cell autoimmunity and (2) the clinical onset among f-cell
autoantibody-positive individuals. The approach will permit both
primary (prevention in the persons at genetic risk) and secondary
(preventing diabetes onset in B-cell autoantibody-positive indi-
viduals) prevention or intervention (stop further loss of functional
P cells after the clinical diagnosis).

Etiology

The etiology of TIDM is multifaceted and may be divided
into genetic and environmental etiology and possible gene-
environment interactions. Genetic susceptibility increases predis-
position for a hypothetical trigger of p-cell autoimmunity (Fig-
ure 10.2). Genetic factors may also to contribute to either an

accelerated p-cell failure in response to exogenous environmen-
tal factors such as obesity or to slowing down the process.

Genetic etiology

Longitudinal studies of newborns at increased genetic risk have
demonstrated strong genetic association between HLA and the
first B-cell autoantibody (Figure 10.2). IAA as a first islet autoan-
tibody was strongly associated with HLA-DR4-DQ8. GADA as
a first islet autoantibody was associated with HLA-DR3-DQ2
[12,13]. The paradigm shift is that the primary association with
HLA would be p-cell autoimmunity and not diabetes as such, as
has been traditionally claimed since 1974 [7, 22, 23].

Throughout the years, the genetics of T1DM have been stud-
ied extensively despite the fact that the mode of inheritance
remained uncertain. In persons with T1IDM, the HLA genes repre-
sent almost 50% of the familial risk of TIDM [24]. Certain alleles
of the HLA region, such as the HLA class II DR and DQ alleles,
are mainly present in specific association with each other, a phe-
nomenon known as linkage disequilibrium. The HLA association
of T1DM is therefore often described by haplotype or genotype of
the individual [25].

The genotype that confers the highest risk of TIDM is the
heterozygosity of the two high-risk HLA class II haplotypes:
DR3-DQ2 (DRBI*03-DQAI1*0501-B1*0201) and DR4-DQS8
(DRBI*04-DQA1*0301-B1*0302) (Table 10.1) [25,26]. One or
both of these haplotypes were found in more than 95% of indi-
viduals with T1DM younger than 30 years but also in ~40-50%
of the general population [26]. The concomitant inheritance
of high-risk alleles and haplotypes appears to increase the risk
of T1DM significantly through synergistic association of their
single risks. For example, in persons with T1IDM, DQ8 (DQAI*
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Figure 10.2 Incidence of the first islet autoantibody in relation to HLA-DQ genetic risk. In all four panels the red line represents IAA as the first p-cell autoantibody, the blue
as GADA and the black simultaneously GADA and IAA. The Environmental Determinants of Diabetes in the Young (TEDDY) children in (a) were HLA-DQ2/8, in (b) HLA-DQ4/8,

in (c) HLA-DQ8/8 and in (d) HLA-DQ 2/2. Source: Data from [12].

0301-B1*0302) is mostly inherited with certain variants of
DRBI*04, especially DRB1*0401, DRBI1*0404, and DRBI1*0402,
but not DRBI1*0403, which has negative association [27] (Table
10.1). It cannot be excluded that the presence of the DR4-DQ8
haplotype in many people at the time of clinical diagnosis reflects
the triggering of IAA by an environmental factor years before the
clinical diagnosis of T1IDM [11-13].

DQ2 (DQAI*0501-B1*0201) is mostly inherited with DRB1*03
[25,28]. Whereas certain alleles confer higher risk, such as
DQBI*0302, DRBI*03 and DRB1*04:01, which possesses an inde-
pendent risk, others confer protection and may “neutralize” high-
risk alleles when they are inherited together [29]. In this case, it
cannot be excluded that one or more environmental factors trig-
gered GADA as the first sign of B-cell autoimmunity years before
the clinical diagnosis [12]. The most common protective haplo-
types are DQ6 (DQAI*0102-BI*0602 and DQA1*0102-BI*0603)
and also DQAI*0101-B1*0503 and DQA1*0202-B1*0303 [25, 30].
Furthermore, other HLA class II (such as DPB1) and class I alleles
have also been associated with T1DM risk and the search for new
associations is continuing (for a review, see [28]).
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The HLA-associated triggering of p-cell autoimmunity may
reflect differences in the way in which children with DR4-DQ8
and DR3-DQ2 respond to virus infections, for example. It is well
established that HLA-DR-DQ types are related to the immune
response against virus or vaccines [31-34]. It cannot be excluded
that the early sharing of environment contributes to the risk for
B-cell autoimmunity, T1DM, or both, in families who are carriers
of TIDM HLA risk haplotypes.

The sequencing of the entire human genome has made it
possible in large genome-wide association studies (GWAS) to
confirm the strong association with HLA but also to identify
more than 50 non-HLA genes that are associated with the risk
for TIDM (Figure 10.3) [35-38]. Their relative contribution to
the risk in an individual is minor. It is notable that the TIDM
non-HLA genetic factors are essentially all related to the function
of immunocytes such T and B lymphocytes [39]. None of the
T1DM genetic factors are shared with those identified in T2DM
[40], which underscores the notion that TIDM and T2DM
are two distinct entities with little genetic overlap. It cannot
be excluded that some of the TIDM non-HLA genes are more
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Figure 10.3 Putative genetic factors and proposed function for non-HLA type 1 diabetes genes determined by the Type 1 Diabetes Genetics Consortium.

important in triggering f-cell autoimmunity (stage 1) rather
than diabetes [41] and that some contribute to stage 2 and stage
3 (Figure 10.1). Some genetic variants may slow (decelerate) or
accelerate the disease pathogenesis during stages 2 and 3.

Environmental factors

Possible effects of environmental factors on the risk for T1IDM will
be considered in two parts. First, environmental factors may be
important to the appearance of p-cell autoimmunity, i.e. to explain
why children at increased genetic risk develop a first islet autoanti-
body. Recent data suggest that [AA only (Figure 10.2) in predom-
inantly children with HLA DR4-DQ8 may appear as early as the
first years of life but rarely after 5 years of age [12, 13]. Little is
known about the role of environmental factors but enterovirus or
upper respiratory virus are candidates [42, 43]. GADA only as the
first islet autoantibody in children with DR3-DQ2 appears later, at
3-4 years of age (Figure 10.2). The incidence of GADA only seems
to attain a steady state. It remains to be determined if environ-
mental factors are able to trigger the appearance of GADA only.
After the appearance of IAA only or GADA only, children may
develop a second, third, or fourth islet autoantibody. The pattern
of sequential appearance of islet autoantibodies is poorly under-
stood and further studies are needed to determine the possible role
of environmental factors when a child is progressing from a single
autoantibody to multiple autoantibodies.

In children with multiple f-cell autoantibodies, it was reported
that infection by Coxsackie virus accelerated progression to clini-
cal onset [44]. It therefore cannot be excluded that a virus or per-
haps other infections may have an accelerating effect on the dis-
ease pathogenesis, i.e. progression from p-cell autoimmunity to
clinical onset of TIDM. It is speculated that the vast literature on
infections prior to the clinical onset of TIDM is related to “accel-
erating infections” rather than to “triggering infections.” Children
with multiple p-cell autoantibodies are expected to have lost sig-
nificant numbers of f§ cells. At the time of an infection, the insulin
demand will increase and it is speculated that the conversion to

clinical onset of TIDM may be explained by fp-cell fatigue. Ear-
lier literature on the concordance rate of 50-70% among identical
twins [45, 46] and the seasonality of diabetes incidence may there-
fore be explained by an accelerating effect rather than by infections
that may induce p-cell autoimmunity.

Environmental factors (Table 10.2) also include maternal fac-
tors [47], viral infections [48], dietary [49, 50] high birth weight
and growth rate, psychological stress [51] and toxic substances
[52]. The concurrent association of p-cell autoimmunity and fac-
tors increasing insulin resistance such as obesity and accelerated
growth may boost the autoimmune destruction of p-cells [53].
The hygiene hypothesis proposes that better sanitation created a
pathogen-free environment reducing the exposure to pathogens
and their products. According to this hypothesis, the immune sys-
tems of children tend to be underdeveloped and therefore prone
to autoimmune reactions. Additionally, it was also proposed that
younger children received low-level antibodies from their mothers
and, when exposed to infections such as enterovirus, it increased
their T1DM risk [54]. It will be important in the future to distin-
guish environmental factors that trigger p-cell autoimmunity from
those that accelerate the disease process in children with multiple
islet autoantibodies.

Pathogenesis

Cellular autoimmunity

The genetic susceptibility of TIDM predisposes for a loss of
immunological tolerance to certain B-cell autoantigens. The
predisposition also include an eventual autoimmune killing of
B cells perhaps explained by a disordered antigen presenting
mechanism [55]. The HLA class II molecules are heterodimers
that regulate the immune response and are expressed on the
surface of APC such as macrophages. The heterodimer binds
peptides generated intracellularly either from self-proteins or
from exogenous antigens taken up by phagocytosis. The resulting
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Table 10.2 The main putative environmental risk factors associated with T1DM.

Factor

Proposed effect mechanisms

Examples

Maternal factors

Triggering autoimmune response

Gestational infections

Unknown
Unknown
Unknown

Virus infections Direct p-cell killing (cytolysis)

Mimicry of B-cell autoantigens

Autoreactive T- cell activation and subsequent p-cell killing

Higher maternal age
Higher birth order
ABO blood group incompatibility

Mumps virus
Rubella virus
Enterovirus/Coxsackie B virus

Inhibition of insulin production through inducing expression of Rotavirus

HLA genes and interferon

Dietary factors

Unknown

Lack of possible protective effect of vitamin D

Triggering autoimmune response
Triggering autoimmune response

Cytomegalovirus
Epstein — Barr virus

Bovine milk/short breastfeeding
Cereals

High protein content

Vitamin D deficiency

Factors related to insulin Stressing B cells with excess demands “accelerator hypothesis” Puberty
sensitivity and/or High energy food
resistance Increased insulin resistance Weight gain

Psychologic stress

Toxic substances Direct damage to p cells

Affect hypothalamic-pituitary-adrenal axis leading to disturbance
in autonomic nervous system and autoimmune dysregulation

Stress during pregnancy
Child — parent separation
Behavioral deviances
Difficult adaptation

Alloxan
Streptozocin
Vacor

trimolecular complex represents the ligand for the T-cell recep-
tor (TCR). The interaction between the trimolecular complex
and the TCR activates the T lymphocyte. The HLA class II
molecules on APC are responsible for antigen presentation to
T-helper lymphocytes (CD4"). Upon non-antigenic stimulation,
macrophages from people with TIDM and the high-risk HLA
DQB1%0201/*0302 genotype showed excessive secretion of proin-
flammatory cytokines and prostaglandin E, [56]. Cytokines may
damage p cells directly or indirectly by activating other cells such
as T and B lymphocytes [57]. The APC presenting f-cell autoanti-
gens may thus be actively involved in the anti-self-autoimmune
response that may result from failure to sustain self-recognition
or from promoting an anti-self-response. APC, CD4" and CD8*
T lymphocytes were all detected in pancreatic autopsies of people
who died shortly after the onset of TIDM [58], indicating their
role in insulitis. Autoreactive CD8' T lymphocytes may have the
most significant role in the autoimmune destruction of f cells
[59]. Natural killer (NK) cells [60] and also mast cells [61] may be
found with abnormal activity and count. The detection of autore-
active T lymphocytes in insulitis and in the circulation at the time
of diagnosis, in addition to the notion that immunosuppressive
drugs such as cyclosporine or anti-CD3 monoclonal antibodies
can temporarily abort disease progression, are all considered to
support the role of cellular immunity in p-cell destruction [62].

148

The mechanism involved in B-cell destruction is not yet fully
clear. Prior to stage 1 (Figure 10.1), one possible scenario is that
cells are first destroyed by an environmental factor such as a virus.
The dying or dead f cell is next phagocytized by local dendritic
cells (APC), which are then activated and migrate through the
lymphatics to a pancreatic draining lymph node. The antigen pre-
sentation to and activation of CD4" T lymphocytes takes place in
the lymph node to include activation of CD8* T lymphocytes spe-
cific for islet autoantigens. These B-cell autoantigen-specific CD8*
T lymphocytes return to the blood circulation, eventually ending
up in islets to destroy P cells. The p-cell killing will generate a new
cycle of islet autoantigen presentation known as epitope spreading
[57,63]. CD4*CD25* regulatory T lymphocytes are also thought
to play an important role in the pathogenesis of TIDM as they may
inhibit B-cell autoantigen-specific CD4* T lymphocytes [63, 64].
These cells express FOXp3 from the X chromosome and are
important in the development of peripheral tolerance.

The identification of B-cell autoantigen-specific T lympho-
cytes has been challenging and the development of standardized
assays of T lymphocytes specific to islet autoantigens (insulin,
GADG65 and IA-2) is still difficult to achieve [62, 64]. Soluble HLA
class II tetramer assays to assess autoantigen-specific T lympho-
cytes [65] and ELISPOT (enzyme-linked immunospot) [66] assays
to measure cytokines of each T lymphocyte are tests to assess
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f-cell autoantigen T-lymphocyte reactivity. During p-cell autoim-
munity prior to the clinical onset, these autoantigen-specific T
lymphocytes may not be found in peripheral circulation; rather,
they may accumulate in islets and are therefore difficult to detect
[67]. More recent evidence indicates that B lymphocytes play a
critical role in disease. This conclusion is based in part on the suc-
cess of anti-CD20 (rituximab) therapy, which by broadly depleting
B cells delays disease progression in people with new-onset T1IDM
[68,69].

Humoral autoimmunity

Standardized assays specifically to detect autoantibodies to
individual autoantigens are used to detect autoantibodies against
GADG65, TA-2 [70], insulin [71], and ZnT8 (Table 10.1) [72,73].
Multiple p-cell autoantibodies (>2) usually appear within 6-12
months following the appearance of the first autoantibody (Figure
10.2) [13,74] and markedly increase the risk for progression to
T1DM (Figure 10.4). Nevertheless, some individuals develop
transient islet autoantibodies but they are usually solitary and
associated with lower risk [75], possibly because of the presence
of protective genes [76]. One or more of these autoantibodies
can be detected months to years before clinical onset in more
than 95% of persons with newly diagnosed T1DM, even as early
as the perinatal period [54]. Moreover, the detection of all four
B-cell autoantibodies in addition to ICA demonstrate a diagnostic
sensitivity of 91% [77].

Insulin autoantibodies

The most highly specific autoantigens of p cells are insulin and
its precursor proinsulin. In 1983, using radioligand-binding
assays, insulin autoantibodies (IAAs) were first identified in
50% of persons with newly diagnosed diabetes before initiating
treatment with exogenous insulin [78]. IAAs, which react with

both insulin and proinsulin, tend to be the earliest marker of
islet autoimmunity [12,13]. The predictive value for TIDM
using IAAs alone appears to be related to age; it is higher among
younger children, possibly related to a higher rate of f-cell
destruction. JAAs are detectable in 90% of children who progress
to TIDM before the age of 5 years compared with only 40-50%
of adolescents older than 15 years (Table 10.1) [11].

DR4 is associated with a higher frequency of IAAs, which may
be related to the linkage disequilibrium with the high-risk DQ8
haplotype [79]. IAAs are also associated with the insulin gene on
chromosome 11p15 [80], where the number of tandem repeats
(VNTRs) were found to be associated with T1DM whether IAAs
were present or not.

Antibodies against exogenous insulin showed no correlation
with TAA levels detected at the clinical onset of T1DM and appear
to be independent of autoimmunity [81]; however, they do share
some similar binding features [82]. Unlike IAAs, antibodies
against exogenous insulin shows higher specificity, hence they
may be detected using the enzyme-linked immunosorbent assay
(ELISA) test, which does not predict TIDM [83]. The IAA fluid-
phase radioimmunoassay shows high sensitivity and specificity
to detect TIDM [71,84]. Nevertheless, poor inter-laboratory
concordance remains a problem that has delayed standardization
of IAAs [71].

Glutamic acid decarboxylase autoantibodies

The enzyme glutamic acid decarboxylase (GAD) is found in
neurons and P cells and produces y-aminobutyric acid (GABA),
which is a major inhibitory neurotransmitter. The 64K protein
identified with GAD enzymatic activity after immunoprecipi-
tation of human islets [85] was found to represent GAD65, not
the previously known GAD67 isoform, which shares 65% of the
GADG65 amino acid sequence [86]. Unlike GAD67 (encoded on
chromosome 2q31.1), GAD65 (encoded on chromosome 10p11)
is expressed primarily in human f cells [87].
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Autoantibodies against GAD are most commonly to the
GADG65 isoform (GADA), which were found in 70-80% of
children with new-onset T1IDM and 8% of TIDM first-degree
relatives but also in about 1% of the general population [77, 88].
Unlike ICAs, GADA remain detectable for many years even after
considerable loss of B-cell function [89]. Additionally, the GADA
detection rate rises with age in new-onset TIDM (Figure 10.2).
If the onset was before 10 years of age, some gender differences
with female preference is observed [12]. Because GADA levels are
persistent, more prevalent, and correlate well with plasma levels
of C-peptide [90], they are currently considered good markers
for both prediction and follow-up of p-cell dysfunction among
individuals at risk.

GADA was the first islet autoantibody found to be associated
with the high-risk HLA haplotype DR3-DQ2 (DRBI*03-
DQAI*0501-B1*0201) [12,13] Figure 10.2). Anti-idiotypic
GADA were found to be markers that have lower frequency in
T1DM and their absence was more predictive than the presence
of GADA [91]. GADA can be detected with both radiobinding
assays and ELISA, and these assays have been assessed and
standardized in the Diabetes Antibody Standardization Program
(DASP) [70]. The high and improved performance of these assays
emphasizes the value of these autoantibodies in the prediction
and classification of TIDM and also their value as screening tools
in individuals at risk (Table 10.1).

Islet antigen-2 autoantibodies IA-2Ab and I1A-23Ab

This autoantigen is a member of the plasma membrane protein
tyrosine phosphatase family [92]. It is composed of two isoforms:
IA-2 (formerly known as ICA512), which is a 40K protein encoded
on chromosome 2, and IA-2p (phogrin), which is a 37K protein
encoded on chromosome 7 (Table 10.1) [93]. The two isoforms
share many common epitopes and are present in several neuroen-
docrine tissues in addition to pancreatic islets, with no clear func-
tion because they lack enzymatic activity.

The autoantibody reactivity of IA-2A is directed to the cyto-
plasmic portion of the autoantigen and the immunoreactivity in
T1DM is directed against the C-terminal region of IA-2 [94]. IA-
2A is detected in about 60-70% of people with new-onset T1IDM
and in less than 1% of the general population [30, 77]. IA-2A are
often preceded by IAA, GADA, and ICA, respectively [12,13],
and the frequency decreases with increased age of onset [30]. This
indicates that the predictive and screening abilities of IA-2A are
more useful for younger children, especially when combined with
IAA and GADA.

Using radiobinding assays to determine epitope-specific
TA-2Ab/IA-2BAb among healthy siblings of children with T1DM,
it was found that progression to TIDM was more common
with autoantibodies to the juxtamembrane region of IA-2 (IA-
2-JM-Ab) while IgE-IA-2A conferred protection even when
IA-2-JM-Ab were positive [95]. Higher frequencies of IA-2A were
found in association with DRB1*0401 rather than with DQS8 [96].
Furthermore, persons with DQ2 had less association with IA-2A,
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indicating a role for additional mechanisms related to the HLA
genetic component [30].

Assays to identify IA-2A were developed and standardized
using radiobinding tests that can precipitate IA-2A and IA-2BA
along with GADA. These assays have high levels of diagnos-
tic sensitivity and specificity and were improved in subsequent
DASP workshops [97]. Similarly, ELISAs combining IA-2A and
GADG65A using biotin-labeled preparations were also standard-
ized (Table 10.1) [97].

ZnT8 transporter (SLC30A8) autoantibodies ZnT8Ab

The zinc transporter (ZnT8 isoform-8 transporter) has developed
into the fourth p-cell-specific autoantigen [72]. A polymorphism
in the gene encoding this autoantigen, SLC30AS8, is also associ-
ated with the risk of T2DM [98, 99]. ZnT8 is important for zinc—
insulin crystallization and insulin secretion. It facilitates transport
and accumulation of cytoplasmic zinc into the secretory vesicles of
P cells. Inside these vesicles, insulin molecules are co-crystallized
with two Zn?* ions to form solid hexamers.

Nearly 60-80% of individuals with new-onset TIDM react pos-
itively to ZnT8A [77,99, 100], which was detected in around 26%
of people who were negative for GADA, IA-2A, and IAA [101].
Additionally, ZnT8A were also detected in 30% of persons with
other autoimmune diseases associated with TIDM [72]. Being
a target of humoral immunity in T1DM, the high p-cell speci-
ficity of ZnT8 is seen as an advantage over other non-specific
B cell autoantigens such as GAD65 and IA-2. This high specificity
and independence from other islet autoimmune markers, in addi-
tion to the fact that ZnT8A titers increase with age, all empha-
size the value of ZnT8Ab in predicting T1DM, especially among
older children. Detecting ZnT8 contributes to increasing the over-
all diagnostic sensitivity from 85.9 to 90.6%. ZnT8A showed the
same sensitivity (61.1%) at disease onset as GADA (61.1%) and
higher than IA-2A (53.7%), with only GADA showing much per-
sistence in the long-term follow-up [102].

The polymorphic SLC30A8 gene located on chromosome 8
encodes the ZnT8 [103]. This locus and other chromosome 8 loci
have not been associated with T1DM risk as such but were asso-
ciated with the risk of ZnT8A [99]. ZnT8A were found to react
with the C-terminus of the autoantigen and variation at amino
acid position 325 determines two important susceptibility mark-
ers of ZnT8A, which can be either arginine (ZnT8-R), tryptophan
(ZnT8-W), or glutamine (ZnT8-Q) [99, 104]. Immunoprecipita-
tion assays for ZnT8AD were developed and fluid-phase radioas-
says for the C-terminus of ZnT8Ab were standardized and vali-
dated in the DASP workshop [73] (Table 10.1).

Candidate (minor) autoantigens

Several studies have reported associations of a group of molecules
and substances with TIDM. This group included a wide vari-
ety of minor or candidate autoantigens that are thought to be
associated with T1DM, f-cell autoimmunity, or both. Exam-
ples are ICA12/SOX13 [105], glima-38 [106], vesicle-associated
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Autoantigen

Molecular weight (kD)

Description

Autoantibody frequency

SOX family protein present in pancreas, kidney and
placenta. Anti-SOX-13-Ab found more in children

Amphiphilic glycated B3-cell membrane protein. Specific
expression on islet and neuron cells

B-cell secretory vesicles-related protein

f-cell secretory vesicles-related protein

Carboxypeptidase B-like glycoprotein present in islets and
brain. Related to cleavage of insulin from proinsulin

Glucose transporter type 2 of B cells

A “stress” protein which is thought to be produced and
upregulated in response to cellular stress

A protein found in B-cell mitochondria and to a lesser

ICA12(SOX13) —
Glima-38 38
VAMP?2 12.6
NPY 10.9
CPH 43.4
GLUT-2 55
HSP 60 60
Imogen 38 38
extent in o cells
ICA 69 69

A peptide mainly present in islets and neuroendocrine, but
also brain, kidney and lung

T1DM: 10-30%

T2DM: 6-9%

Healthy controls: 2-4%
New-onset T1DM: 19%
Prediabetes phase: 14%
Healthy controls: missing
T1DM: 21%

Healthy controls: 4%
T1DM: 9%

Healthy controls: 2%
ICA™ relatives: 20%
Healthy controls: missing
New-onset T1DM: 32-80%
Healthy controls: 6.6%
T1DM: 15%

Rheumatoid arthritis: 20%
Healthy controls: 1.2%

No antibodies found

New-onset T1DM: 5-30%
Healthy controls: 6%

Rheumatoid arthritis 20%

membrane protein-2 (VAMP2) [107], neuropeptide Y [108], car-
boxypeptidase H [109], GLUT-2 [110], heat shock protein 60
[111], imogen 38 [112], ICA69 [113], INS-IGF2 [114,115], and
others (Table 10.3).

Pancreatic islet pathology before clinical diagnosis

During the period preceding the clinical onset, autoantibodies
targeting specific B-cell autoantigens such as insulin, glutamic
acid decarboxylase (GAD65), islet antigen-2 (IA-2), and zinc
transporter (ZnT8) may be detectable for months to years
before hyperglycemia becomes overt [11]. Autoimmune TIDM
therefore results from a loss of immunological tolerance to p-cell
autoantigens. The selective destruction of B cells implies specific
mechanisms targeting these cells by autoimmune reactions. The
process of p-cell killing seems not immediately to be associated
with an infiltration by immune cells of the pancreatic islets
[116,117]. As the pathogenesis is progressing, more and more
pancreatic islets are infiltrated by CD4* and CD8* T lymphocytes
and macrophages, eventually leading to insulitis [1,117]. It has
been observed in IA-positive individuals that HLA Class I expres-
sion and also expression of INF-a were upregulated in pancreatic
islets, but with no sign of a major mononuclear cell infiltration
[58]. It has been assumed that the occurrence and number of
islet autoantibodies were associated with insulitis [117]. Islet
autoantibodies were detected among 62 (4%) individuals of 1507
pancreatic donors aged 25-60 years [117]. Although those 62
individuals also had HLA susceptibility, only two of them showed

insulitis, indicating that the presence of islet autoantibodies was
not a marker of insulitis. It needs to be established whether
islet autoantibodies are more than biomarkers of f-cell destruc-
tion executed by CD8" T cells or if the cellular and humoral
autoimmunity complement each other [117].

It has been widely claimed, based on autopsy studies, that
around 80-90% of P cells are already lost at clinical onset [118].
Recent reanalysis of people who died soon after diagnosis,
however, revealed that the level of B-cell loss required for hyper-
glycemia was age dependent, being about 40% in individuals
aged 20 years [119]. Additionally, there are suggestions that
pB-cell regeneration may have taken place, contributing to the
~50% of viable f cells present at diagnosis [119]. The progressive
destruction of B cells is likely to vary in intensity and duration
depending on the age at diagnosis [120, 121].

Conclusions

Considerable progress has been made in the understanding of
T1DM etiology and pathogenesis as it relates to the appearance of
p-cell autoimmunity prior to the clinical onset of the disease. The
development of standardized islet autoantibody tests (GADA, IA-
2A, ZnT8A, and TAA) has made it possible to begin screening for
people at risk to be included in clinical trials aimed at preserving
residual p-cell function. Analyses of cell-mediated immunity need
further development and standardization to be useful in clinical
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trials. HLA-DQ on chromosome 6 remains the most important
genetic factor for T1IDM risk. It is well established that these HLA
class IT heterodimeric proteins are necessary but not sufficient for
disease. Recent genome-wide association studies have provided a
wide array of candidate factors to be explored for TIDM risk. We
are still at a loss as to which environmental factors may be respon-

sible for triggering B-cell autoimmunity and studies such as The

Environmental Determinants of Diabetes in the Young (TEDDY)
[12] are needed to test fully the multitude of candidate triggers.

References

[

w

(SN

(o)

o N

o

10

11
12

13
14

15

16
17

18
19

20

21
22

23
24
25

26

27

152

Gepts W. Diabetes 1965; 14(10):619-633.

American Diabetes Association. Diabetes Care 2014; 37(Suppl 1):581-
$90.

Nerup J, Andersen OO, Bendixen G, et al. Acta Allergol 1973;
28(4):231-249.

Nerup J, Binder C. Acta Endocrinol (Copenh) 1973; 72(2):279-286.
Bottazzo GF, Florin-Christensen A, Doniach D. Lancet 1974;
1i(7892):1279-1283.

MacCuish AC, Irvine W], Barnes EW, et al. Lancet 1974;1i(7896):1529—
1531.

Nerup J, Platz P, Andersen OO, et al. Lancet; ii(7885):864-866.

Irvine WJ, Sawers ]S, Feek CM, et al. J Clin Lab Immunol 1979; 2(1):23-
26.

Tuomi T, Groop LC, Zimmet PZ, et al. Diabetes 1993; 42(2):359-
362.

Palmer JP, Hampe CS, Chiu H, et al. Diabetes 2005; 54(Suppl 2):S62—
S67.

Ziegler AG, Rewers M, Simell O, et al. JAMA 2013; 309(23):2473-2479.
Krischer JP, Lynch KF, Schatz DA, et al. Diabetologia 2015; 58(5):980—
987.

Ilonen J, Hammais A, Laine AP, et al. Diabetes 2013; 62(10):3636-3640.
Rawshani A, Landin-Olsson M, Svensson AM, et al. Diabetologia 2014;
57(7):1375-1381.

Patterson CC, Gyurus E, Rosenbauer J, et al. Diabetologia 2012;
55(8):2142-2147.

Tuomilehto J. Curr Diabet Rep 2013; 13(6):795-804.

Dabelea D, Pihoker C, Talton JW, et al. Diabetes Care 2011; 34(7):1628—
1633.

Danaei G, Finucane MM, Lu Y, et al. Lancet 2011; 378(9785):31-40.
Helminen O, Aspholm S, Pokka T, et al. Diabetes 2015; 64(5):1719—
1727.

Siljander HT, Hermann R, Hekkala A, et al. Eur J Endocrinol 2013;
169(4):479-485.

Xu P, WuY, Zhu Y, et al. Diabetes Care 2010; 33(12):2508-2513.
Owerbach D, Lernmark A, Platz P, et al. Nature 1983; 303(5920):815-
817.

Todd JA, Bell JI, McDevitt HO. Nature 1987; 329(6140):599-604.
Todd JA. Proc Natl Acad Sci U S A 1995; 92(19):8560-8565.

Thomson G, Valdes AM, Noble JA, et al. Tissue Antigens 2007;
70(2):110-127.

Hermann R, Bartsocas CS, Soltesz G, et al. Diabetes Metab Res Rev 2004;
20(4):322-329.

Cucca F, Muntoni F, Lampis R, et al. Hum Immunol 1993; 37(2):85-94.

29
30

3
32

—

33

34

35

36
37

38

39

40

4
42

—_

43

44

45

46

47

48

49

50

5

—

52

53

54

55

56

57

58
59

60

6

—

62

Pociot F, Akolkar B, Concannon P, et al. Diabetes 2010; 59(7):1561~
1571.

Redondo MJ, Eisenbarth GS. Diabetologia 2002; 45(5):605-622.
Graham ], Hagopian WA, Kockum I, et al. Diabetes 2002; 51(5):1346-
1355.

Harcourt G, Hellier S, Bunce M, et al. J Viral Hepat 2001; 8(3):174-179.
Lango-Warensjo A, Cardell K, Lindblom B. Tissue Antigens 1998;
52(4):374-380.

McDermott AB, Zuckerman JN, Sabin CA, et al. Tissue Antigens 1997;
50(1):8-14.

Vidan-Jeras B, Brinovec V, Jurca B, et al. Pflugers Arch 2000; 440(5
Suppl):R188-R189.

Zanda M, Onengut-Gumuscu S, Walker N, et al. PLoS Genet 2014;
10(5):e1004367.

Rich SS, Concannon P, Erlich H, etal. Ann N'Y Acad Sci 2006; 1079:1-8.
Rich SS, Akolkar B, Concannon P, et al. Genes Immun 2009; 10(Suppl
1):S1-54.

Cooper JD, Howson JM, Smyth D, et al. Diabetologia 2012; 55(4):996-
1000.

Concannon P, Rich SS, Nepom GT. N Engl ] Med 2009; 360(16):1646—
1654.

Manolio TA, Rodriguez LL, Brooks L, et al. Nat Genet 2007; 39(9):1045-
1051.

Torn C, Hadley D, Lee HS, et al. Diabetes 2015; 64(5):1818-1829.
Oikarinen M, Tauriainen S, Honkanen T, et al. Diabetologia 2008;
51(10):1796-1802.

Laitinen OH, Honkanen H, Pakkanen O, et al. Diabetes 2014;
63(2):446-455.

Stene LC, Oikarinen S, Hyoty H, et al. Diabetes 2010; 59(12):3174-3180.
Rakyan VK, Beyan H, Down TA, et al. PLoS Genet 2011; 7(9):€1002300.
Rowe RE, Leslie RD. Diabetes Metab Rev 1995; 11(2):121-135.
Dahlquist GG, Pundziute-Lycka A, Nystrom L. Diabetologia 2005;
48(6):1114-1117.

Oikarinen M, Tauriainen S, Oikarinen S, et al. Diabetes 2012;
61(3):687-691.

Knip M, Virtanen SM, Seppa K, et al. New Engl ] Med 2010;
363(20):1900-1908.

Knip M, Akerblom HK, Becker D, et al. JAMA 2014; 311(22):2279-
2287.

Sepa A, Ludvigsson ]. Neuroimmunomodulation 2006; 13(5-6):301—
308.

Myers MA, Hettiarachchi KD, Ludeman JP, et al. Ann N Y Acad Sci
2003; 1005:418-422.

Bingley PJ, Mahon JL, Gale EA. Diabetes Care 2008; 31(1):146-150.
Lynch KF, Lernmark B, Merlo J, et al. J Perinatol 2008; 28(3):211-217.
Haller MJ, Atkinson MA, Schatz D. Pediatr Clin North Am 2005;
52(6):1553-1578.

Plesner A, Greenbaum CJ, Gaur LK, et al. Scand ] Immunol 2002;
56(5):522-529.

Morran MP, McInerney MF, Pietropaolo M. Pediatr Diabetes 2008;
9(2):152-161.

Krogvold L, Edwin B, Buanes T, et al. Diabetologia 2014; 57(4):841-843.
Pinkse GG, Tysma OH, Bergen CA, et al. Proc Natl Acad Sci U S A 2005;
102(51):18425-18430.

Rodacki M, Milech A, de Oliveira JE. Clin Dev Immunol 2006; 13(2-
4):101-107.

Martino L, Masini M, Bugliani M, et al. Diabetologia 2015; 58(11):2554—
2562.

Roep BO. Diabetologia 2003; 46(3):305-321.



63
64
65
66

67
68

69

70

7

—_

72

73

74
75

76

77

78

79

80

8

—

82

83
84

85

86

87
88

89

90

9

—_

92

Knip M, Siljander H. Autoimmun Rev 2008; 7(7):550-557.

Tree TI, Roep BO, Peakman M. Ann N 'Y Acad Sci. 2006; 1079:9-18.
Reijonen H, Novak EJ, Kochik S, et al. Diabetes 2002; 51(5):1375-1382.
Schloot NC, Meierhoff G, Karlsson Faresjo M, et al. ] Autoimmun 2003;
21(4):365-376.

Lohmann T, Hawa M, Leslie RD, et al. Lancet 2000; 356(9223):31-35.
Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, et al. N Engl ] Med
2009; 361(22):2143-2152.

Pescovitz MD, Torgerson TR, Ochs HD, et al. J Allergy Clin Immunol
2011; 128(6):1295-1302.€5.

Torn C, Mueller PW, Schlosser M, et al. Diabetologia 2008; 51(5):846—
852.

Achenbach P, Schlosser M, Williams AJ, et al. Clin Immunol 2007;
122(1):85-90.

Wenzlau JM, Juhl K, Yu L, et al. Proc Natl Acad Sci U S A 2007;
104(43):17040-17045.

Lampasona V, Schlosser M, Mueller PW, et al. Clin Chem 2011;
57(12):1693-1702.

Kupila A, Keskinen P, Simell T, et al. Diabetes 2002; 51(3):646-651.
Barker JM, Barriga KJ, Yu L, et al. J Clin Endocrinol Metab 2004;
89(8):3896-3902.

Redondo MJ, Rodriguez LM, Escalante M, et al. Pediatr Diabetes 2013;
14(5):333-340.

Andersson C, Kolmodin M, Ivarsson SA, et al. Pediatr Diabetes 2014;
15(5):336-344.

Palmer JP, Asplin CM, Clemons P, et al. Science 1983; 222(4630):1337-
1339.

Castano L, Ziegler AG, Ziegler R, et al. Diabetes 1993; 42(8):1202-
1209.

Undlien DE, Bennett ST, Todd JA, et al. Diabetes 1995; 44(6):620-
625.

Karjalainen J, Knip M, Mustonen A, et al. Diabetologia 1988; 31(3):129-
133.

Brooks-Worrell BM, Nielson D, Palmer JP. Proc Assoc Am Physicians
1999; 111(1):92-96.

Gianani R, Eisenbarth GS. Immunol Rev 2005; 204:232-249.

Williams AJ, Bingley PJ, Bonifacio E, et al. ] Autoimmun 1997;
10(5):473-478.

Baekkeskov S, Aanstoot HJ,
1990;347(6289):151-156.

Karlsen AE, Hagopian WA, Grubin CE, et al. Proc Natl Acad Sci U S A
1991; 88(19):8337-8341.

Petersen JS, Russel S, Marshall MO, et al. Diabetes 1993; 42(3):484-495.
Bingley PJ, Christie MR, Bonifacio E, et al. Diabetes 1994; 43(11):1304-
1310.

Borg H, Marcus C, Sjoblad S, et al. Acta Paediatr Suppl 2000; 89(1):46—
51.

Jensen RA, Gilliam LK, Torn C, et al. J Diabetes Complications 2007;
21(4):205-213.

Oak S, Gilliam LK, Landin-Olsson M, et al. Proc Natl Acad Sci U S A
2