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The exposure of the fetus to adverse nutritional conditions has long-term effects, which can then extend 
into adulthood. These include increased rates of cardiovascular disease, diabetes, and metabolic 
syndrome. Some cancer rates are also reported to increase, and there is evidence that neurological 
deficiencies occur in adults who were previously exposed to nutritional inadequacies in utero.

There are complex interrelationships between these aforementioned conditions and their causative 
mechanisms. These include deficient receptor-post-receptor signaling, endocrine imbalance, defective 
DNA methylation, and alterations in other pathways. It is highly probable that many scientific processes are 
intertwined in a multifaceted way, impacting on the fetus and then the adult. Understanding these causative 
events, effects, and long-term outcomes means that there are windows of opportunity throughout the life 
cycle where diet and nutrition can be monitored, controlled, or rectified where necessary. However, pres-
ently there is no coherent text that reviews the wide-ranging effects of adverse fetal nutrition and beyond. 
This is addressed in the present book Diet, Nutrition, and Fetal Programming, which has over 40 
detailed chapters ranging from molecular biochemistry to epidemiology. Coverage includes international 
aspects, ethnicity, famines, malnutrition (general and specific), maternal stress, fetal growth restriction, 
birth weights, biomarkers, myogenesis, fibrogenesis, adipogenesis, gametogenesis, nephrogenesis, food 
preferences, physiology, immunology, endocrinology, neuroendocrinology, hepatology, the pancreas, 
the cardiovascular system, obesity, metabolic syndrome, neuropsychiatric disorders, cognition, sleep, 
food preferences, high-fat diets, junk food diets, fish and fish oil, n-3 fatty acids, taurine, caffeine, telomere 
biology, knockouts, microRNAs, and many other areas too numerous to list here.

Contributors are authors of international and national standing, leaders in the field, and trendsetters. 
Emerging fields of science and important discoveries are also incorporated in Diet, Nutrition, and 
Fetal Programming.

This book is designed for nutritionists and dietitians, public health scientists, medical doctors, 
midwives, obstetricians, pediatricians, epidemiologists, health-care professionals of various disci-
plines, and policy makers. It is designed for teachers and lecturers, undergraduates and graduates, 
researchers, and professors.

London, UK� Rajkumar Rajendram
 Victor R. Preedy 

 	 Vinood B. Patel

Preface
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The great success of the Nutrition and Health Series is the result of the consistent overriding mission 
of providing health professionals with texts that are essential because each includes (1) a synthesis of 
the state of the science; (2) timely, in-depth reviews by the leading researchers and clinicians in their 
respective fields; (3) extensive, up-to-date fully annotated reference lists; (4) a detailed index; (5) 
relevant tables and figures; (6) identification of paradigm shifts and the consequences; (7) virtually no 
overlap of information between chapters but targeted, interchapter referrals; (8) suggestions of areas 
for future research; and (9) balanced, data-driven answers to patients’ as well as health professionals’ 
questions which are based upon the totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter and in the choice of chapter 
authors. The international perspective, especially with regard to public health initiatives, is empha-
sized where appropriate. The editors, whose trainings are both research and practice oriented, have the 
opportunity to develop a primary objective for their book, define the scope and focus, and then invite 
the leading and emerging authorities from around the world to be part of their initiative. The authors 
are encouraged to provide an overview of the field, discuss their own research, and relate the research 
findings to potential human health consequences. Because each book is developed de novo, the chap-
ters are coordinated so that the resulting volume imparts greater knowledge than the sum of the infor-
mation contained in the individual chapters.

Diet, Nutrition, and Fetal Programming, edited by Rajkumar Rajendram, Victor R. Preedy, and 
Vinood B. Patel, is a most timely and very welcome addition to the Nutrition and Health Series and 
fully exemplifies the series’ goals. The term “fetal programming” was first proposed by Drs. David 
Barker and Charles N. Hales in 2001 following their in-depth examination of epidemiological data 
that pointed to poor maternal nutrition during fetal development increasing the risk of a number of 
chronic diseases in the offspring over their lifetime. Subsequently, the topic of fetal programming and 
the mechanisms that result in this phenomenon has been linked to another field of research called 
epigenetics; this volume brings together these two fields, and thus an objective, up-to-date volume on 
these topics is very timely. There is new attention being given to developmental biology, including 
embryology, that has contributed to the fetal programming hypothesis, also known as the fetal origins 
hypothesis, or the developmental origins of health and disease (DOHaD). The hypothesis suggests 
that conditions very early in development in utero can, through epigenesis, leave lasting alterations on 
the fetus that may affect its susceptibility to diseases with onsets that may occur many decades later.

The editors of this volume are experts in their respective fields and represent the medical profes-
sion as well as the academic research community. Dr. Rajkumar Rajendram is an intensive care physi-
cian, anesthetist, and perioperative physician. He was trained in general medicine and intensive care 
in Oxford, and he attained membership in the Royal College of Physicians (MRCP) in 2004. Dr. 
Rajendram then trained in anesthesia and intensive care in the Central School of Anesthesia, London 
Deanery, and became a fellow of the Royal College of Anaesthetists (FRCA) in 2009. He is one of the 
first intensivists to become a fellow of the faculty of intensive care medicine (FFICM). Dr. Rajendram 
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recognized that nutritional support was a fundamental aspect of critical care, and, as a visiting lecturer 
in the Nutritional Sciences Research Division of King’s College London, he has published over 150 
textbook chapters, review articles, peer-reviewed papers, and abstracts. Professor Victor R. Preedy is 
a senior member of King’s College London where he is a professor of nutritional biochemistry. He is 
also director of the Genomics Centre and a member of the School of Medicine. He is a member of the 
Royal College of Pathologists and a fellow of the Royal Society of Biology, the Royal College of 
Pathologists, the Royal Society for Public Health, and, in 2012, the Royal Society of Chemistry. Dr. 
Vinood B. Patel is a senior lecturer in clinical biochemistry at the University of Westminster and hon-
orary fellow at King’s College London. Dr. Patel obtained his degree in pharmacology from the 
University of Portsmouth and his Ph.D. in protein metabolism from King’s College London and com-
pleted postdoctoral research at Wake Forest University School of Medicine. Dr. Patel is a recognized 
leader in alcohol research and was involved in several NIH-funded biomedical grants related to alco-
holic liver disease. Dr. Patel has edited biomedical books in the area of nutrition and health and dis-
ease prevention and has published over 160 articles.

The 42 chapters within this clinically important as well as basic research-oriented volume provide 
the reader with a comprehensive examination of the growing acknowledgment that environmental 
exposures during the fetal period can affect the fetus’ health throughout life. The global prevalence 
and consequences of maternal malnutrition and primary fetal environmental exposure affect the health 
of the mother, the length of the pregnancy, as well as the health and growth of the fetus. One critical 
example, which is captured in the recent book edited by this volume’s editors, entitled Nutrition and 
Diet in Maternal Diabetes, shows that gestational diabetes (GDM), and in fact, any maternal hyper-
glycemia, is associated with complications such as increased birth weight, macrosomia, cesarean 
birth, and preterm birth. Women who are diagnosed with GDM have a significantly increased risk of 
developing type 2 diabetes within 10 years, and the offspring also have an increased risk of diabetes. 
GDM also increases the risk of preeclampsia and other adverse birth outcomes.

This comprehensive volume is organized into eight sections that include chapters on general con-
siderations of maternal diet and health and the fetus followed by an in-depth examination of the 
effects of maternal undernutrition and protein restriction. Part III reviews the effects of obesity, high-
fat diet, and junk food on fetal outcomes, and Part IV includes chapters on specific dietary compo-
nents including fish and its fatty acids, folate, taurine, and tryptophan. The fifth part contains chapters 
that look at data on fetal programming effects in different countries, and the sixth part looks at the data 
with respect to effects seen in childhood and adolescence. New research that describes the biochemi-
cal and genetic mechanisms involved in fetal programming is discussed in the seventh part, and the 
last part provides readers with relevant resources.

�Part I: Maternal Diet, Health, and the Fetus – General Considerations

The first section, containing six chapters, begins with two chapters that examine associations between 
maternal stress, nutritional status, and fetal responses to these critical environmental factors. The first 
chapter informs us that there is a large literature and active research area that suggests that certain 
exposures in the prenatal period may have lasting effects on the behavior and physiology of the child. 
Prenatal diet and nutrition is one area of focus, and another area of research includes the examination 
of the role of prenatal stress and its effects on fetal and infant health and development. Chapter 1 
describes the well-researched historical events where both maternal stress and poor nutrition occurred 
together. In the Dutch Hunger Winter of 1944–1945, the women who were pregnant during that period 
have been followed for many decades to understand the long-term effects on their physiology and that 
of subsequent generations. Gestational exposure to the Dutch famine has been linked to psychological 
and metabolic changes in the offspring later in life. Similar findings have been reported in studies of 
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pregnancies during the Great Leap Forward Famine in China from 1959 to 1961. In both cases, the 
physiological changes observed in offspring are frequently attributed to the substantial caloric and 
micronutrient deficiencies that fetuses experienced during these natural experiments. However, we 
learn that, in addition to nutritional status, maternal stress and stress physiology are an important 
coexisting factor. The constant military threat, limited food rations, displacement, and general 
upheaval would have placed a serious psychological burden on the pregnant woman and affected fetal 
programming. The chapter provides many examples where low socioeconomic status is adversely 
associated with nutritionally poor diets, food insecurity, and heightened psychosocial stress, and the 
authors suggest that poor diet may serve as a proxy for stress exposure and vice versa. Poor diet and 
nutritional deficiencies may confound the negative effects of exposure to psychosocial stress but may 
also interact with or modify the effects of stress. Chapter 2 examines the effects of modern diets and 
maternal nutritional status on the fetus’ ability to cope with stressful environments during growth and 
maturation and into adulthood. Poor prenatal metabolic/nutritional environments can lead to altered 
fetal programming of neural circuitry that may result in adverse adult stress responses The chapter 
reviews the effects of epigenetic alterations during fetal development and the altered roles of the lim-
bic system and the hypothalamic-pituitary-adrenal (HPA) axis. The strong relationship between stress 
and heart disease, high blood pressure, and the development of affective disorders, such as anxiety and 
depression, and the new data on the effects of maternal obesity are also examined.

Chapter 3 links fetal nutritional status with brain development and cognition as these can be modi-
fied by nutrient and gene interactions through epigenetics. Cognition refers to the mental ability to 
process and retrieve new information using functions which include attention, memory, thinking, 
learning, and perception. DNA methylation is an epigenetic mechanism that requires dietary nutri-
ents, including folate, vitamin B12, and vitamin B6, that are needed for biochemical reactions whereby 
methyl groups are donated to DNA nucleotides and thus modify the regulation of gene expression. 
The chapter, which includes nearly 100 relevant references and 7 informative figures and tables, 
reviews the epigenetic modifications that mediate DNA methylation, disrupt cell-signaling molecules, 
and increase neurotoxins in the brain which may adversely affect cognitive function.

The next three chapters examine the effects of maternal nutritional status before and during preg-
nancy on fetal programming. Chapter 4 looks at the importance of exercise, normal maternal body 
mass index (BMI), and strength on the development of the fetus as well as the beneficial effects of 
exercise on maternal health before, during, and after pregnancy. Physical activity and cardiorespira-
tory fitness both produce significant cardiovascular health benefits. During pregnancy, regular physi-
cal activity has been shown to help maintain physical fitness, decrease gestational weight gain, and 
reduce the risk of developing gestational diabetes and potentially preeclampsia. The chapter examines 
the research linking infant birth weight and subsequent child weight from exercising mothers versus 
sedentary mothers. Chapter 5 describes the factors that influence the development of fetal growth 
retardation. We learn that fetal growth restriction (FGR) affects up to 10% of live-born infants world-
wide. Using global norms, approximately 10% of term infants in developed countries are small for 
gestational age (SGA) compared to 23% of term infants in developing countries. Normal fetal growth 
is a multifactorial process that is dependent on genetic background, endocrine milieu, and appropriate 
placental function. FGR is defined as the failure of a fetus to reach its growth potential according to 
gestational age and gender. FGR is a risk factor for hypertension, hyperlipidemia, coronary heart 
disease, and diabetes mellitus in adulthood. The chapter reviews the maternal factors, such as age, 
alcohol consumption, smoking, diastolic blood pressure, and diet, that strongly modify embryonic 
growth trajectories early in pregnancy. First trimester embryonic growth has been related to subse-
quent fetal growth in the second and third trimesters of pregnancy, as well as to adverse pregnancy 
outcomes including preterm delivery and SGA infants. With regard to fetal programming and epigen-
etic factors, the genome-wide differential DNA methylation of all known imprinted genes in normal 
and FGR placentas has been analyzed. The data point to differential methylation changes that occur 
in FGR throughout the genomic regions, including genes actively expressed in the placenta. Analyses 
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of genome-wide methylation patterns in normal, SGA, and FGR human placentas show that certain 
methylation patterns are associated with infant growth. The final chapter in this section examines the 
importance of fetal brain sensitivity to insulin. Chapter 6 describes the use of a new technology, fetal 
magnetoencephalography (fMEG), which is a noninvasive technique which enables a direct measure-
ment of fetal neuronal activity in utero. Maternal postprandial exposure to insulin showed a direct 
effect on fetal brain responses. This is an important new area of fetal programming research.

�Part II: Maternal Undernutrition and Protein Restriction – Effects on Fetus

Part II also contains six chapters, and the first three chapters examine the effects of overall maternal 
undernutrition, and the last three chapters look at specific protein restriction and the effects on fetal 
programming. Chapters 7, 8, and 9 review the importance of the cascade of events that follow fetal 
exposure to maternal undernutrition. Undernutrition can alter both maternal and fetal concentrations 
of many hormones including insulin, insulin-like growth factors, thyroid hormones, leptin, cortisol, 
and glucocorticoids. Because some maternal hormones can cross the placenta, the fetal endocrine 
response to undernutrition reflects the activity of both maternal and fetal endocrine glands, as reviewed 
in Chap. 7. Reduction in availability of nutrients during fetal development programs the endocrine 
pancreas and insulin-sensitive tissues, and the malnourished offspring may be born with defects in 
their β-cell and insulin-sensitive tissues. Chapter 8 continues to explore the effects of maternal under-
nutrition during critical periods of fetal development that affects the development of visceral obesity 
later in life. Prenatal undernutrition particularly during the later stages of gestation can induce 
differential signals in adipose tissue in such a way that lipid storing capacity is increased. The conse-
quent increased adiposity can result in elevated inflammatory responses and associated metabolic 
disturbances during gestation and throughout the infant’s lifespan. Chapter 9 examines the direct 
epigenetic mechanisms underlying the aberrant expression of hepatic genes in malnourished offspring 
that persist into adulthood. The neonatal liver is sensitive to oxidative stress associated with maternal 
undernutrition and this can result in epigenetic changes. Thus the liver is another tissue that is 
adversely affected by maternal undernutrition and can also result in metabolic dysfunctions that last 
throughout the lifetime of the child.

Chapters 10, 11, and 12 concentrate on the effects of maternal protein malnutrition on fetal pro-
gramming of the heart, kidney, and brain. Protein malnutrition in utero is strongly associated with 
intrauterine growth retardation. Reduced growth in fetal life and small birth weight, along with accel-
erated growth in childhood, are associated with a greater risk of coronary heart disease in adult life 
and increased risk of hypertension and type 2 diabetes. Chapter 10 reviews the studies that indicate 
that exposure to low protein in utero adversely affects heart cell number (cardiomyocyte number). 
Additionally, neonate’s fetal growth restriction is associated with an increase in aortic intima-media 
thickness, which can hinder the movement of blood through the heart. The chapter reviews the data 
from animal models and human survey studies that show an increased risk of cardiovascular disease 
and direct heart effects that are associated with epigenetic changes that were initiated under an envi-
ronment of maternal protein malnutrition. Related to the changes in the cardiovascular system are the 
effects of low maternal protein on the kidneys. Chapter 11 provides compelling evidence of the asso-
ciation of maternal low-protein ingestion with low nephron number in the fetus that is directly related 
to the development of arterial hypertension and kidney dysfunction in adulthood and aging. Chapter 
12 looks at the effects of maternal protein deficiency on the brain. Protein restriction during the pre-
natal period that is followed by low birth weight is associated with the development of neurological 
and psychiatric diseases. Substantial evidence from studies in animals and in humans shows that 
gestational and early postnatal dietary protein restriction influence cognitive performance and can 
lead to behavioral abnormalities and disorders in memory and learning. The chapter clearly explains 
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that, in humans, the greatest time period of vulnerability of the brain and other components of the 
CNS occurs from the second third of pregnancy through the first year of life; the peak of brain growth 
occurs during pregnancy, and over 25% of the brain’s weight at birth is attained during this time 
period. Thus, maternal protein deficiency can have an irreversible impact on the brain development of 
the fetus.

�Part III: Effects of Obesity, High-Fat Diet, and Junk Food  
on Fetal Outcomes

As indicated in earlier chapters, there is a growing awareness of the negative impact of maternal obe-
sity and overweight on fetal programming. The six chapters in Part III examine some of these impacts 
and the effects of certain dietary components on fetal health. The first two chapters, Chaps. 13 and 14, 
provide an overview of the effects of obesity during pregnancy. Maternal obesity increases the risk of 
many adverse events including, but not limited to, thromboembolic complications, gestational diabe-
tes, hypertension, maternal hemorrhage, and infection. There is also increased risk for spontaneous 
miscarriage, fetal malformations, fetal macrosomia, stillbirth, and preterm delivery. Other complica-
tions that are associated with maternal obesity are reviewed including greater need for cesarean deliv-
ery and respiratory risks with anesthesia. Chapter 13 also examines the potential opportunities to 
reduce these risks with diet, exercise, and bariatric surgery prior to pregnancy and reviews the incon-
sistent data from the USA and UK. With regard to fetal programming, maternal obesity is associated 
with infants who have an increased risk of overweight and obesity, insulin resistance, and diabetes in 
childhood and adulthood. Chapter 14 describes the molecular effects of maternal obesity and its many 
consequences. Maternal obesity further increases inflammatory cytokines, insulin, and lipids com-
pared to that found in normal pregnancy. Maternal obesity also affects placental vascularity, metabo-
lism, and/or nutrient transport function leading to alterations in fetal growth, metabolism, and organ 
development. Maternal obesity is linked to an increased incidence of offspring metabolic dysregula-
tion including obesity, hyperglycemia, hyperinsulinemia, hyperlipidemia, type 2 diabetes, and cardio-
vascular disease. These changes are due to gene-environment interactions in utero which produce 
epigenetically induced changes in gene expression. The chapter reviews the current research using 
small and large animal models including sheep that suggest that maternal obesity can initiate fetal 
programming events that have adverse effects on her offspring as well as her offspring’s children.

Chapter 15 reviews the role of ethnicity on the development of maternal obesity and its conse-
quences. The chapter tabulates the prevalence rates of many chronic diseases and links these to the 
risk of maternal obesity, gestational diabetes, and many of the other adverse effects noted above. The 
chapter indicates that cardiovascular disease, diabetes, and asthma all occur at differing prevalence 
rates among people of different ethnicities. Coronary artery disease is up to two times more common 
among South Asians compared to Europeans, and type 2 diabetes is almost four times more common 
in South Asians. Diabetes is also more common in Filipinos, Hispanics, Chinese, Middle Easterners, 
North Africans, South and Central Americans, and people from the western Pacific region than seen 
in Europeans. Black individuals have a consistently higher prevalence of hypertension, diabetes, and 
stroke compared to white populations. The authors note that the etiology of stroke differs according 
to ethnicity. Western populations are more likely to experience emboli originating from the heart or 
extracranial large arteries compared to Asian populations where small-vessel occlusion or intracranial 
atherosclerosis occurs more frequently. Emerging evidence suggests that the associations between 
obesity and adverse pregnancy outcomes may also be additive in some ethnicities. Obesity is a stronger 
risk factor for maternal gestational diabetes in Asian compared to Caucasian women. Obesity is also 
more strongly associated with preeclampsia in Latino compared to Caucasian women. This unique 
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chapter, with 100 important references and 4 excellent figures, provides valuable data to help in 
assessing the role of fetal programming balanced against ethnic and country environmental factors.

Chapter 16 looks at the molecular mechanisms involved in the liver’s metabolism during fetal 
development and points out the main and recent findings on the role of microRNAs in modulating 
hepatic metabolism in the offspring of obese mothers or mothers consuming a high-fat diet during 
important periods of fetal and neonatal development including pregnancy and lactation. The liver 
regulates many vital physiological processes. The functions are reviewed including processing nutri-
ents after intestinal absorption, synthesis and excretion of metabolites, detoxification of xenobiotics, 
modulation of lipid and glucose metabolism, and energy homeostasis. The eight figures and tables 
help to explain the findings from the recent animal model studies.

Chapters 17 and 18 describe the findings from animal models that examine the mechanism and 
potential for diets that are high in fats and carbohydrates to affect fetal programming events and life-
long outcomes. Chapter 17 reviews the effects of maternal high-fat diet during gestation and/or lacta-
tion on the mother and on stress-related neurodevelopment and behavior in her offspring. The chapter 
includes descriptions of animal models using maternal high-fat diet exposure and their impacts on 
physiological, behavioral, and epigenetic outcomes observed in offspring. Chapter 18 looks at the 
impact of maternal junk food diets during pregnancy and/or lactation on the developing offspring in 
well-described animal models. Maternal junk food diets have been shown to result in increased fat 
mass and heighted preference for fat and sugar intake through the offspring’s life course. More recent 
studies focus on defining the biological mechanisms driving these effects and have identified the 
developing fat cell, or adipocyte, and the central neural network that regulates the response to reward 
as major targets. It has been demonstrated that maternal junk food intake results in an activation of 
lipogenic pathways in fetal and neonatal fat depots, which leads to early accumulation of excess fat 
tissue and persistently increases the capacity of the fat depots to store fat. In parallel, exposure to 
maternal junk food diets also leads to permanent alterations in the structure and function of the reward 
pathways in the brain that appear to differ between males and females.

�Part IV: Specific Dietary Components

Seven chapters review specific components of the maternal diet including fish; fish oil; n-3 fatty acids; 
folate, vitamin B12, choline, and other methyl donors; taurine; tryptophan; and caffeine. Chapters 19, 
20, and 21 look at a number of the functions that have been attributed to the consumption of fish that 
are the major source of long-chain n-3 fatty acids. Chapter 19 presents a balanced perspective on the 
plusses and minuses of fish consumption during pregnancy and provides the reader with four compre-
hensive tables that outline the relevant studies. We learn that fish is the primary dietary source of n-3 
long-chain polyunsaturated fatty acids and a rich source of protein, selenium, iodine, and vitamin D 
but is also a major source of exposure to methylmercury (MeHg) and other environmental pollutants. 
In utero exposure to nutrients and toxicants found in the same fish might act on the exact same end 
points with opposite effects. Overall, evidence on the association of maternal fish consumption during 
pregnancy with child health outcomes has been largely inconsistent. However, in 2014, the US FDA 
and Environmental Protection Agency updated their advice on fish consumption for women of child-
bearing age, encouraging women who are pregnant, breastfeeding, or likely to become pregnant to 
consume more fish but no more than three servings per week to limit fetal exposure to MeHg. The 
European Food Safety Authority (EFSA) has also reported recently that the benefits from fish con-
sumption of up to three to four servings per week during pregnancy could outweigh the risks associ-
ated with MeHg exposure. Chapter 19 looks at fish oil supplementation during pregnancy and outcomes. 
The supplements contain no or very low levels of the contaminants found in whole fish. The chapter 
describes the evidence that fatty acids may alter the epigenome, although studies in healthy humans 
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and experiments in animals have shown variable long-term metabolic and gene function responses to 
fish oil supplementation during pregnancy. Detailed descriptions of models showing the potential 
effects of fish oil on epigenetic alterations of RNAs especially with regard to insulin resistance are 
included. Chapter 20 describes the clinical data that show that n-3 fatty acid consumption in adults 
reduces systolic and diastolic blood pressure as well as resting heart rate. The reduced heart rate is 
thought to be due to direct effects on cardiac electrophysiology as well as indirect pathways involving 
the heart muscle. The n-3 fatty acids also may be involved in programming the fetus’ blood pressure 
as maternal docosahexaenoic acid (DHA), a major long-chain n-3 fatty acid, is readily transferred via 
the placenta to the fetus and later is an important component of breast milk and is rapidly accumulated 
in the synapses during fetal development and early postnatal life. DHA comprises 30% of the phos-
pholipid fatty acids within the brain’s cortex and 15% within the hypothalamus, a key brain center that 
controls blood pressure. Relevant survey and intervention studies are tabulated. Chapter 21 reviews 
the experimental and clinical studies that point to the intrauterine environment as a predictor of neo-
natal blood pressure. Underlying mechanisms include alterations in fetal kidney function and damage 
to the nephron’s vasculature. Maternal malnutrition can reduce nitric oxide-dependent vasodilatation 
and microvascular density as well as total peripheral resistance. The n-3 fatty acids have the potential 
to lower blood pressure in offspring of supplemented mothers during pregnancy and lactation. The 
laboratory animal studies as well as human survey and intervention studies are discussed and 
tabulated.

Chapter 22 looks closely at the role of one carbon metabolism, maternal deficiencies, and fetal 
programming via DNA methylation and regulation of gene expression. This complex metabolic net-
work is regulated by a number of genes and requires micronutrients including folate; vitamins B12, 
B6, and B2; and choline. Folate, vitamin B12, and choline are methyl donors, which are involved in 
the synthesis of the precursor of S-adenosylmethionine, the universal donor of methyl groups needed 
for DNA methylation. Deficiencies in these nutrients can alter the epigenetic regulation of gene 
expression. The chapter highlights animal studies, human association studies, and interventional stud-
ies and finds consistent evidence that maternal status of nutrients required for efficient one carbon 
metabolism affects many metabolic factors in the offspring including low B12 and increased homo-
cysteine related to adverse cardiovascular outcomes, low folate status and reduced cognitive perfor-
mance in offspring, and low folate status and significant increased risk of neural tube defects.

The next two chapters examine the effects of two different amino acids, taurine and tryptophan. We 
learn in Chap. 23 that taurine is a sulfur-containing amino acid that has multiple cellular and molecu-
lar functions mainly associated with the conjugation of bile acids, cellular osmoregulation, energy 
storage, the absorption of intestinal fat, glucose metabolism, antioxidant function, neurotransmission, 
and cytoprotective effects during cell development and survival. In adults, taurine is nonessential and 
is synthesized in the liver and adipose tissue from ingested methionine and cysteine. In humans, tau-
rine is the most abundant amino acid found in the developing brain, skeletal muscle, liver, spinal cord, 
retina, pancreas, heart, white blood cells, platelets, and placenta and is found in breast milk as well. 
The fetus cannot synthesize taurine and maternal taurine deficiency, either from protein restriction or, 
as seen in the animal models described, by maternal diabetes, affects fetal development of the endo-
crine pancreas. The pancreatic changes during fetal and neonatal life increase the risk of the offspring 
developing diabetes, obesity, and hypertension. The chapter includes 92 relevant references and 
important figures that help the reader understand the findings in this unique chapter. Chapter 24 
describes the role of nutrition, with emphasis on tryptophan, in fetal development. Tryptophan is an 
essential amino acid and therefore cannot be synthesized within the body and must be consumed as 
part of the normal dietary intake. Tryptophan is the precursor of serotonin, a neurotransmitter synthe-
sized mainly in the central nervous system and, as discussed below, also in the endocrine pancreas. 
Tryptophan is involved in the regulation of several body functions including the growth and matura-
tion of specific developing brain regions and secretion of hormones such as growth hormone and 
gonadotropins.
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The final chapter in this part, Chap. 25, discusses the data linking caffeine consumption with fetal 
programming. Caffeine is a methylxanthine alkaloid that is widely present in coffee, tea, soft drinks, 
foods, and some prescription drugs. Many studies have reported that caffeine ingestion can enhance 
mood and alertness, awareness, attention, and reaction time. The chapter, containing over 120 refer-
ences, objectively reviews the correlation between prenatal caffeine ingestion and intrauterine growth 
retardation (IUGR) and agrees that the data are inconsistent and many human survey findings remain 
controversial. Different doses of caffeine ingested, clinically insignificant magnitudes of IUGR, and 
other confounding factors including the age and health condition of the pregnant woman may be pos-
sible reasons for the conflicting results. Therefore, the chapter concentrates on data from animal 
experiments that suggest an association between certain adverse developmental events and prenatal 
caffeine ingestion.

�Part V: International Aspects and Policies

Five chapters examine the contrasting effects of maternal malnutrition in different countries around 
the world including India and Africa as well as Ireland and Japan. Chapter 26 posits that famine or 
severe maternal malnutrition does not provide molecular evidence that epigenetic changes caused by 
starvation or other environmental influences are part of an ordered predictable (or programmed) 
response. The environmental influence could cause random and nonspecific stochastic effects on indi-
vidual cells within the organism. Somatic and germ cells with favorable epigenotypes and/or geno-
types could then be selected on the basis of their ability to survive and proliferate in the mother in the 
prevailing negative environmental circumstances. The chapter reviews the survey data linking famines 
in Europe and China with adverse health outcomes in males born during these times and examines 
data from animal studies where embryonic loss can be documented. However, at present, there are no 
definitive findings of an effect on the genome of the offspring born during a famine and limited data 
of an epigenetic effect.

Chapter 27 describes strategies reducing pregnancy risks in malnourished women in India. The 
chapter authors emphasize that appropriate nutrition, in particular, during adolescence, pregnancy, 
and lactation, affects the growth and development of the fetus, thereby translating into healthy statis-
tics for birth outcomes, childhood health, and long-term health and economic benefits, and concen-
trate their review on the dual issues of under- and overnutrition seen in today’s population of Indian 
women of childbearing potential. According to the Indian National Family Health Survey in 2005–
2006, the prevalence of undernourished women, based on a body mass index (BMI) less than 18.5 kg/
m2, was 36.5%, and nearly half of the women had a BMI less than 17 kg/m2, pointing to the wide-
spread prevalence of moderate to severe undernutrition. Moreover, the prevalence of anemia among 
women in their childbearing years, aged 15–49 years, ranges from 32.7% to 76.3% that is indicative 
of the wide variation across states in India. The overall prevalence of overweight women aged 
15–49 years was 13%, with about 3% falling in the obese category (BMI greater than 30 kg/m2). The 
chapter reviews over 40 years of national programs designed to provide key nutrients to malnourished 
women especially during pregnancy, taking into account cultural changes associated with urbaniza-
tion and the research into fetal programming. Chapter 28 sensitively reviews the nutritional status of 
women in many of Africa’s nations. Africa, like India, is also experiencing the paradox of escalating 
maternal hunger and obesity. The consequence is the birth of small, low-birth weight (LBW) neonates 
as well as large babies with fetal macrosomia. However, unlike India, the authors note that Africa is 
saddled with food insecurity arising from huge humanitarian crises, refugee and poverty situations, 
and emerging African cities where there is a growing risk of maternal obesity with micronutrient 
deficiencies as a result of overconsumption of fast foods. Babies adapt to maternal undernutrition by 
slowing their growth velocity, which leads to LBW, whereas babies of obese mothers adjust in favor 
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of high growth trajectory giving rise to macrosomia. Other critical issues include maternal infection 
with HIV, malaria, and other common infectious agents that can adversely affect fetal growth directly 
or through placental infection. Major factors that affect food availability include political instabilities 
and wars, poverty, lack of electricity and refrigeration, as well as sanitation issues, cultural factors 
including religions and tribal factors, and rural versus city life; all of these and other relevant factors 
are considered within the chapter.

Chapter 29 objectively examines the current status of birth outcomes in Ireland and describes the 
major nutrition-related issues of current public health concern; the chapter includes six informative 
tables and figure. The critical issues include maternal obesity; excessive gestational weight gain; 
increased risk of gestational diabetes; inadequate intake of folate before and during pregnancy; lower 
than recommended intakes of vitamin D, iron, and long-chain polyunsaturated acids; and higher than 
recommended intake of alcohol prior to and during pregnancy. For each issue, the chapter describes 
the extent of the problem and any Irish-based interventions to improve the situation. National policies 
and clinical guidelines relating to each issue are also discussed. Chapter 30 objectively describes cur-
rent issues in Japan. In contrast to Ireland, female obesity does not appear to be a significant issue 
during pregnancy in Japan. However, over the last 20 years, the proportion of low-birth weight infants 
in Japan has exceeded that of other developed countries. The desire of young Japanese women to be 
thin has been identified as an underlying cause. The chapter reports on the literature review of 50 
relevant Japanese studies of pregnancy outcomes. A recent review in 2014 reported that the proportion 
of LBW (1500–2499 g) babies in Japan is consistently increasing. The National Health Survey in 
2013 reported that both men and women at childbearing age (20–39 years) had a higher energy intake 
but a lower vitamin intake than in 2003. These data substantiate the increasing concern about the 
components of the diets of teenagers especially young women and highlight the importance of educa-
tion about nutrition and health in early life. Several vitamin deficiencies are reviewed, and there is an 
in-depth review of studies involving exposure to mercury, PCBs, and other contaminants and their 
effects on pregnancy outcomes. Research on fetal programming in Japanese populations is in its 
infancy.

�Part VI: Effects of Fetal Programming in Childhood and Adulthood

Five chapters examine specific aspects of fetal programming during childhood and beyond. Chapter 
31 reviews the classical growth curves that are based on population studies of gestational age and 
gender and have been in use for many decades. The chapter then looks at the more recent, new cus-
tomized growth criteria that incorporate variables, such as mother’s height, parity, and initial weight, 
in addition to gender and gestational age, with the aim of better assessing a child’s true growth poten-
tial. However, we learn that the baby’s gender and mother’s parity, height, weight, and ethnicity can 
predict only about 20–35% of the neonate’s birth weight. Since the 1990s, a number of customized 
growth curves have been developed including certain maternal biomarkers that appear to be better 
predictors of adverse fetal growth and development. Chapter 32 looks at the recent epidemiological 
and animal studies that have examined the effects of overnutrition during fetal development and sub-
sequent offspring’s risk of developing aspects of the metabolic syndrome including elevated blood 
pressure, hyperglycemia and excess adiposity, impaired insulin signaling and resistance, glucose 
intolerance, and hypertriglyceridemia. The chapter examines the associations between both under- 
and overnutrition during fetal development as well as maternal factors including gestational diabetes 
and subsequent metabolic diseases that may go beyond the first generation exposed to hyperglycemia 
in pregnancy. The chapter delves into the specific eating habits of children undernourished in utero 
and at increased risk for metabolic diseases. Chapter 33 examines both clinical and experimental data 
that indicate that exposure to fetal undernutrition may have programming effects on feeding 
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preferences and behaviors that can contribute to the development of diseases. Individuals born small 
for gestational age (SGA) have preferences toward highly caloric and palatable foods such as carbo-
hydrates and fats and display altered eating behaviors. These behaviors can lead to small but persistent 
nutrient imbalances across the lifespan, increasing the risk of metabolic diseases in adult life. The 
chapter includes a detailed description of the parts of the brain that are involved in food choices. The 
hypothalamus is the central brain region involved in regulating appetite and guaranteeing the energy 
intake needed for survival. The pleasurable sensations associated with the intake of highly palatable 
foods that are usually rich in sugar and fat are controlled mostly by the mesocorticolimbic dopaminer-
gic pathway, with inputs from other brain systems such as the opioids. Impulse control and decision-
making processes, largely based on the prefrontal cortex, are important determinants of food choices. 
Adding to this complexity, the brain areas are enriched with receptors for peripheral hormones 
involved in energy intake and expenditure, such as insulin, leptin, and ghrelin, and therefore signals 
from the gastrointestinal tract and adipose tissue depots are able to modulate the central responses 
from the brain in a finely regulated fashion.

Chapter 34 provides a careful review of the relatively new data linking fetal undernutrition with 
alterations in bone and muscle structure and function. In the 1990s, researchers developed the theory 
that changes in early stages of bone development due to starvation and reduced provision of nutrition, 
minerals, and growth factors would lead to bone metabolic changes in adults. This theory was further 
elaborated in the following decade, when the pathogenesis of osteoporosis was described and a role 
was attributed to intrauterine programming, confirming the earlier analysis of growth in infancy and 
bone mass in adult life. Important connections were shown to exist between maternal life style, mater-
nal body mass, and vitamin D dependence, which could predict bone mass in offspring and the risk of 
future fracture. In 2015, research confirmed that bone metabolic aberrations resulted from intrauterine 
macro- and micro-nutritional deprivation. The nine tables and figures provide evidence of the role of 
overall nutrition, specific nutrients, and timing of fetal exposures on bone development that affects 
bone growth and loss throughout life and may affect the next generation’s bones as well.

Chapter 35 describes the unique consequences of fetal growth retardation (FGR) on the develop-
ment of sleep patterns that begin in utero and continue to be programmed through early childhood. 
FGR is associated with increased risks of preterm birth, perinatal mortality, and short- and long-term 
morbidity. FGR is associated with a high risk of neurodevelopmental impairment, including motor 
and sensory deficits, cognitive and learning difficulties, and cerebral palsy. Underpinning these defi-
cits, FGR is associated with altered brain structure with reduced total brain and cortical gray matter 
volume. Poor sleep in childhood is related to neurocognitive impairment and in adulthood to meta-
bolic disorders and cardiovascular disease. The chapter examines the development of the phases of 
sleep from its origins in the fetus though childhood and the relevance of sleep patterns to cognition 
and other brain functions.

�Part VII: Mechanisms of Programming

The final part of this comprehensive volume, containing six chapters, reviews the major laboratory 
studies, including in vivo models and in vitro findings that delve into the genetic and other molecular 
factors that are considered to have key roles in fetal programming involved in the development of 
metabolic diseases. Chapter 36 describes the new high-throughput experimental and computational 
technologies from the fields of genomics, transcriptomics, proteomics, and metabolomics and how 
these methodologies may provide potential predictive biomarkers of abnormal birth weight and also 
biomarkers of maternal diseases that can affect neonatal birth weight. This technical chapter describes 
the data linking specific genes with abnormal birth weight: IGF-I, IGF-II, ADCY5, CDKAL1, 
ADRB1, HMGA2, LCORL, CMPXM2, CLDN1, TXNDC5, LRP2, PHLDB2, LEP, and GCH1. 
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Proteins that have been proposed as abnormal birth weight biomarkers include IL-8, TNF-alpha, IFN-
gamma, IL-10, alpha fetoprotein, free beta hCG, PAPP-A, MMP-9, VEGF, endothelin peptides, and 
A-FABP.  Additionally, phospholipids, monoglycerides, and vitamin D3 metabolites are potential 
metabolic biomarkers of abnormal birth weight.

Chapters 37 and 38 look at pancreatic functions linked to fetal programming. Chapter 37 concen-
trates on the endocrine pancreas. The endocrine pancreas is impaired by nutritional restriction during 
the perinatal phase. The pancreatic islets are a key target of metabolic programming. Fetal and neona-
tal insulin secretion and insulin sensitivity are altered by maternal under- or overnutrition prior to and 
during pregnancy and lactation. The chapter reviews the well-characterized animal models and genes, 
transcription factors, and other bioactives that affect pancreatic islet cell function. Chapter 38 further 
provides insights into the complexity of pancreatic cells’ functions. Pancreatic beta-cell development 
and function are influenced by locally produced GABA and serotonin. GABA has a direct inhibitory 
action on insulin secretion and a stimulatory action on glucagon secretion. During pregnancies associ-
ated with reduced fetal growth, long-term changes to beta-cell GABA receptors can persist in the 
offspring into adulthood, compromising normal glucose homeostasis. Serotonin receptors are also 
abundant on beta cells throughout life, and serotonin can promote glucose-stimulated insulin release. 
Intrauterine growth retardation results in altered serotonin receptor gene expression in the offspring 
due to epigenetic modifications. This could contribute to the increased risk of metabolic disease in 
offspring. The chapter reviews the major animal models and links these data to human functions of the 
pancreatic islets of Langerhans and the beta cells that synthesize neurotransmitter molecules includ-
ing GABA and serotonin. These molecules have both autocrine and paracrine actions within individ-
ual islets that include beta-cell proliferation, survival, and glucose-stimulated insulin secretion. IUGR 
significantly increases the risk of metabolic diseases including type 2 diabetes that results from dis-
turbances in pancreatic beta-cell functions in utero.

Chapter 39 examines the critical role of glucocorticoids in the transfer of nutrients through the 
placenta to the fetus and how untimely overexposure to this hormone can alter normal fetal program-
ming. Maternal malnutrition invokes a stress response in the mother and fetus and that stress may 
further reduce food intake and expose the developing fetus to excess glucocorticoids. The chapter 
reviews the processes that could result in inappropriate timing of glucocorticoid exposure or excessive 
exposure that can restrict fetal growth and cause permanent structural, functional, and behavioral 
changes with adverse consequences later in life including, but not limited to, metabolic diseases. 
Chapter 40 discusses the role of gene knockouts in animal models in helping to elucidate the effects 
of maternal high-fat diets on fetal development. The chapter describes the removal of a mammalian 
gerontogene involved in the regulation of oxidative stress and in fat storage. Knocking out this gene 
in mice protected them from oxidative stress and from maternal diet-induced obesity resulting in 
overall improved health in the offspring.

Chapter 41 introduces the reader to the field of telomere biology and examines the effects of the 
fetal environment on telomere length that is associated with longevity. We learn that telomere biology 
is a highly evolutionarily conserved system that plays a central role in maintaining the integrity of the 
genome and cell. Telomere biology refers to the structure and function of two entities – telomeres, 
non-coding double-stranded repeats of guanine-rich tandem DNA sequences and shelterin protein 
structures that cap the ends of linear chromosomes, and telomerase, the reverse transcriptase enzyme 
that adds telomeric DNA to telomeres. Telomeres protect chromosomes from mistaken recognition by 
the DNA damage-repair system. As telomere length shortens, cells become senescent and die. 
Telomerase maintains telomere length and preserves healthy cell function. The chapter examines the 
hypothesis that a reduction in the initial (newborn) setting of telomere length and telomerase expres-
sion capacity confers greater susceptibility for earlier onset and faster progression of age-related dis-
orders that manifest in later life. New data suggest that maternal nutritional status of folate, as an 
example, had a programming effect on fetal telomere length during pregnancy. The chapter includes 
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over 130 references and important tables and figures that help the reader to better understand this new 
area of fetal programming research.

�Part VIII: Resources

The final chapter in this comprehensive volume, Chap. 42, contains a compilation of important 
resources for health professionals who are interested in learning more about nutritional aspects and 
consequences of fetal programming. The chapter includes lists of relevant journals, books, and references 
as well as websites of interest.

�Conclusions

The above descriptions of the volume’s 42 chapters attest to the depth of information provided by the 95 
well-recognized and respected editors and chapter authors who come from more than 20 countries 
around the world and provide a unique perspective on the value of adequate nutritional status during the 
female’s reproductive years, pregnancy, and lactation to help assure normal fetal programming of all 
aspects of fetal organ and systems development. The volume presents compelling evidence that inade-
quate maternal nutrition, both under- and overnutrition, as well as inadequate intake of vitamins, miner-
als, and other bioactive dietary components, can adversely affect the offspring throughout the lifespan 
and may even adversely affect the next generation. As many of the chapters reflect new findings in this 
area of research, each chapter includes fully defined abbreviations for the reader and consistent use of 
terms between chapters. Key features of this comprehensive volume include over 200 detailed tables and 
informative figures; an extensive, detailed index; and more than 2700 up-to-date references that pro-
vide the reader with excellent sources of worthwhile information. Moreover, the final chapter contains 
a comprehensive list of web-based resources that will be of great value to the health provider as well 
as graduate and medical students.

In conclusion, Diet, Nutrition, and Fetal Programming, edited by Rajendram Rajkumar, Victor 
R. Preedy, and Vinood B. Patel, provides health professionals in many areas of research and practice 
with the most up-to-date, well-referenced volume on the importance of maintaining optimal nutri-
tional status for individuals during their reproductive years to help reduce the risk of the adverse 
effects of inadequate nutrition on the fetus that is manifest in damage to the fetal programming pro-
cesses. Negative effects of fetal programming not only affect the fetus, neonate, and child but continue 
throughout life and may affect the next generation as well. The volume serves the reader as the bench-
mark in this complex area of interrelationships between maternal nutrition, be it undernutrition or 
more recently, with the increasing prevalence of obesity during reproductive years, overnutrition and 
the development of obesity, metabolic diseases, and many of the other chronic diseases of aging. 
The importance of diet quality including types and quantity of carbohydrates, dietary protein intakes 
and long-chain fatty acids, essential micronutrients, and other relevant dietary bioactive factors is 
reviewed in depth. The areas of genomics, proteomics, placental health, stress effects on glucocorti-
coid production, novel animal models including knockout models, and nutrients’ and toxic dietary 
components’ effects on cognition and other higher brain functions are clearly discussed so that stu-
dents as well as practitioners can better understand the complexities of these issues as well as learn 
about the newest research in developing more sensitive and earlier diagnostic tools. The editors are 
applauded for their efforts to develop the most up-to-date, unique resource in the area of fetal pro-
gramming and its effects on the health of the fetus and potentially their offspring. The volume authors 
aim to identify factors and mechanisms that have the potential to reduce the risk of the adverse effects 
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associated with maternal malnutrition that predispose the fetus to increased risk of chronic diseases 
during their life. The editors are to be congratulated on developing this volume that provides the reader 
with the most comprehensive compilation on fetal programming to date, and this excellent text is a 
very welcome addition to the Nutrition and Health Series.
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Key Points

•	 Although typically studied individually, prenatal stress and dietary factors often covary and may 
affect the same developing body systems.

•	 There is an extensive body of literature on prenatal stress and infant development, with a heavy 
emphasis on the role of the hypothalamic-pituitary-adrenal axis.

•	 Prenatal stress has been linked to impaired prenatal growth followed by rapid postnatal catch-up growth.
•	 Stress may alter maternal prenatal immune function with downstream effects on the child’s 

development.
•	 Children born to stressed mothers show long-lasting changes in brain activity, behavior, and 

temperament.
•	 Additional research is needed to explore the overlapping contributions of diet and stress in shaping 

infant developmental trajectories.

Keywords  Prenatal stress • Anxiety • Pregnancy • Infant development • Fetal programming • HPA 
axis • Immune function • Neurodevelopment

Abbreviations

BBB	 Blood brain barrier
CRH	 Corticotropin releasing hormone
DoHaD	 Developmental origins of health and disease
HPA	 Hypothalamic-pituitary-adrenal

mailto:emily.barrett@eohsi.rutgers.edu


4

�Introduction

As evidenced by the current volume, there is a large and rapidly growing literature indicating that 
certain exposures in the prenatal period may have lasting effects on the behavior and biology of the 
child. Prenatal diet and nutrition is a particular focus of this volume. We seek to build upon and con-
nect that literature to an equally large, but thus far largely separate, line of research suggesting that 
prenatal stress can also alter fetal and infant health and development in a manner consistent with a 
fetal programming hypothesis.

To date, surprisingly little research has explored the relationship between prenatal nutrition and 
stress in the context of infant development [1], however several lines of evidence suggest that this is 
an important future direction. First, maternal stress and poor nutrition often occur together. This over-
lap is most clearly illustrated in extreme cases such as the Dutch Hunger Winter of 1944–1945. The 
famine, which occurred due to military blockades during World War II, has been well-described, and 
individuals who gestated during that period have been followed for many decades to understand the 
long-term effects on their physiology (as well as that of subsequent generations) [2]. Gestational 
exposure to the Dutch famine has been linked to psychological [3] and metabolic [4] changes in the 
offspring later in life. Similar findings have been reported in studies of those who gestated during the 
Great Leap Forward Famine in China (1959–1961) [5, 6]. In both cases, the physiological changes 
observed in offspring are frequently attributed to the substantial caloric and micronutrient deficiencies 
that fetuses experienced during these tragic “natural experiments”, however the role of stress (and 
stress physiology) is an important alternative explanation. With the constant military threat, limited 
food rations, displacement, and general upheaval, the psychological burden on the population, includ-
ing pregnant women, is incontrovertible. The profound psychological distress suffered by mothers 
during these events could contribute to altered development in their gestating offspring; indeed, some 
of the earliest evidence suggesting a role of prenatal maternal stress on child health outcomes exam-
ined war as the source of psychological stress and ignored the associated nutritional deficiencies [7]. 
Similarly, animal models that examine fetal programming by extreme caloric restriction cannot rule 
out the possibility that psychological stress due to starvation confounds interpretation of the impact of 
diet on offspring outcomes.

It is not only in these extreme cases that stress and nutrition will likely be confounded. In daily life, 
under normative stressful circumstances, women may be less likely to choose healthy, nutrient rich 
foods [8]. Similarly, low socioeconomic status populations are disproportionately exposed to nutri-
tionally poor (albeit often calorically rich) diets, food insecurity, and heightened psychosocial stress – 
suggesting that poor diet may serve as a proxy for stress exposure and vice versa. Furthermore, poor 
diet and nutritional deficiencies may not only be confounded by exposure to psychosocial stress, but 
may also interact with or modify the effects of stress. While we await the advent of multidisciplinary 
research that considers these exposures together [1], understanding the ways in which maternal stress 
may affect fetal development can inform studies of programming by diet and nutrition and vice versa 
can move both fields forward (Fig. 1.1). In this chapter, we review the ways in which prenatal stress 
(and associated constructs) alters infant behavioral and biological development; we highlight those 
areas for which there are particular parallels in the nutrition and stress literatures, with the goal of 
stimulating future research that adopts a more integrative, ecologically relevant model for human 
development.

Stressful situations can evoke a physiological cascade of hormone and neurotransmitter release, 
preparing the individual for “fight or flight”. As part of this response, hypothalamic-pituitary-adrenal 
(HPA) axis activity is temporarily upregulated and levels of stress hormones, such as cortisol, rise to 
better respond to a stressor or challenge. This model applies also to pregnancy – accounting for the 
dominant role of HPA axis-related research on prenatal stress – although changes in the hormonal, 
endocrine, metabolic and immune systems in pregnancy complicate the model, especially in late preg-
nancy [9]. Understanding how and if maternal stress physiology alters fetal and child development 
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presents notable challenges. For example, normally during pregnancy, the placental barrier enzyme 
11βHSD2 buffers the fetus from maternal stress hormones. This barrier is not impermeable, however, 
and there is evidence that in the face of heightened maternal stress, the enzyme may be down-regulated, 
allowing more cortisol to reach the fetus [10]. Accordingly, research on maternal prenatal stress physi-
ology and fetal programming has broadened to incorporate factors that regulate this barrier enzyme. 
The extent to which 11βHSD2 is affected by diet and nutrition, in broad terms, is not yet evident, but 
one interesting example is liquorice which contains glycyrrhizin, an inhibitor of 11βHSD2. There is 
now evidence suggesting that liquorice consumption in pregnancy is associated with poorer cognitive 
development and elevated cortisol levels in the child [11] – the same outcomes that have been linked 
with prenatal maternal stress and will be discussed in this chapter. Although liquorice consumption 
may have limited relevance for the diet and nutrition of most women, this example illustrates parallels 
and confounds between research on prenatal maternal stress and prenatal diet and nutrition. In addition 
to placental mechanisms, the blood-brain barrier (BBB) of the fetus is also a reasonable target for 
research on prenatal maternal stress, as well as diet and nutrition. The BBB is not fully developed in the 
fetus and may be particularly susceptible to maternal insults including stress and inflammation [12].

Even if the mechanisms are not yet resolved, what is abundantly clear from hundreds of studies in 
animal models and humans is that prenatal stress can have an impact on the development of nearly 
every body system in the fetus. For this reason, it is impossible to comprehensively review the large 
body of research on stress and infant development in a single chapter. Therefore in this chapter we 
have selected four particular aspects of infant physiology that may have particular relevance for our 
aim of identifying overlap and congruence in research on prenatal maternal stress and diet and nutri-
tion: stress physiology, growth and metabolism, immune function, and neurodevelopment.

We offer an important caveat in interpreting the research on maternal stress and child outcomes. 
Integrating and interpreting research on “stress” in pregnancy is complicated by the number of differ-
ent (but related) terms and concepts have been used (Table 1.1). It is helpful that evidence of a prenatal 

Fig. 1.1  Nutrition and stress may co-occur and interact to affect child outcomes

1  Prenatal Maternal Stress in Context…
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“stress”  effect on child outcomes is not confined to one measure or type of measure  – and it is 
unlikely that these different but moderately overlapping measures differentially reflect maternal 
stress-related biology (neuroendocrine, immune, hormonal systems) that may alter fetal and child 
development. Therefore in this review, “stress” is used as a generic term, recognizing that there are 
multiple distinct, but over-lapping constructs that are likely to influence fetal physiology in similar 
ways and through similar mechanisms.

�Prenatal Maternal Stress and Infant Stress Physiology

A basic tenet of and one of the most extensively tested hypotheses in this field proposes that prenatal 
maternal stress alters or “programs” infant stress physiology, represented most commonly by the HPA 
axis, including corticotropin releasing hormone [CRH] and cortisol (Fig. 1.2). These HPA axis altera-
tions are then hypothesized to drive changes in infant behavior and biology that underlie a range of 
health outcomes. Animal models overwhelmingly support this hypothesis [13, 14] and such a mecha-
nism could account for the widespread behavioral and biological effects that have been linked to 
prenatal maternal psychosocial stress across studies in numerous species. The basic physiological 
model proposes that prenatal maternal stress activates the mother’s HPA axis, leading to elevated 
maternal cortisol levels. As discussed, maternal cortisol can crosses the placenta (in a limited manner) 
[15] and may also modify 11βHSD2 production, making the placenta more permeable to glucocorti-
coids and increasing fetal exposure to cortisol [10]. This elevated fetal exposure to cortisol is then 
hypothesized to program subsequent developmental trajectories, leading to a wide range of generally 
averse outcomes. Although well-articulated and substantiated by extensive animal data, the model is 
only partly confirmed by data from human studies. There is evidence that prenatal stress is associated 
with altered maternal cortisol profiles [16] and placental 11βHSD2 activity, with the net effect being 
greater prenatal exposure of the fetus to glucocorticoids [10] and altered HPA axis function in the 
offspring. At birth, placental expression of mitochondrial genes involved in the stress response is 
predicted from maternal prenatal stress levels [17]. These alterations in HPA axis activity may persist 
long-term. In fact, studies have found that following maternal prenatal stress, HPA axis activity is 
altered among offspring not only during the neonatal period and infancy [18], but even up to 15 years 
of age [19], suggesting the downstream sequelae of prenatal stress may be “programmed” .

Notably, there is not yet strong direct evidence that alterations in HPA axis function mediate the rela-
tionship between maternal distress during pregnancy and subsequent behavioral and biological out-
comes in the child. The implication is that there may be an over-emphasis on HPA axis-mediated 
pathways and too little attention to alternative explanations including immune systems changes and 
inflammation. In addition, until recently, genetic and epigenetic changes were also under-studied. It is in 
this context that we reiterate an organizing theme of this chapter, that is, the current lack of integration 

Table 1.1  Some common ways to assess psychosocial stress and related constructs during pregnancy

Construct Description Sample publication

Anxiety Excessive and uncontrolled intense worry or concern O’Donnell et al. (2012)
Life events 
stress

Major events such as illness, job loss, death or illness to friend or family 
member, or divorce that affects subjective well-being during pregnancy

Barrett et al. (2013)

Natural 
disasters

Acute environmental stressor (e.g., flood, ice storm) in subject’s 
immediate environment during pregnancy

Liu et al. (2016)

Trauma Ongoing mental or emotional response to extreme adverse events, often 
occurring much earlier

Moog et al. (2016)

Pregnancy-
related distress

Symptoms of anxiety related to the pregnancy itself  
(e.g. worry about pain during labor, fears about health of fetus)

DiPietro et al. (2006)

E.S. Barrett et al.
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between research on prenatal maternal stress and diet and nutrition and related factors, such as exercise. 
The need for integrative research is especially underscored when discussing glucocorticoids, which 
have, by design, a fundamental connection to stress response and diet and metabolism. Although we 
discuss glucocorticoids in the context of stress in this chapter, their important role in glucose metabolism 
and more generally, energetics should not be forgotten.

�Prenatal Maternal Stress and Infant Growth and Metabolism

The hypothesis that maternal prenatal diet and nutrition can have significant and potentially lasting 
effects on infant growth and metabolism is strongly supported [20] and the clinical applications of this 
research are well-developed. Many kinds of controlled trials that manipulate prenatal diet have dem-
onstrated that there can be beneficial effects on subsequent child outcomes; prenatal zinc is just one 
example [21]. What may be less familiar is the growing evidence base indicating that prenatal stress 
can also predict physical growth and metabolism in the baby, with potentially lasting effects and in a 
manner consistent with the programming hypothesis that underlies the Developmental Origins of 
Health and Disease (DOHaD) model. A starting point for this literature is the number of studies link-
ing prenatal maternal stress with birth weight, gestational age, and the likelihood of being born small 
for dates [22, 23]. Several mechanisms have been explored. Placental concentration of CRH in late 
pregnancy is associated with infant birthweight (adjusting for gestational age) as well as patterns of 
weight gain in infancy [24]. Additionally, prenatal anxiety is associated with altered methylation of 
genes involved in fetal growth (IGF2 and H19), particularly in female fetuses [25].

The association between prenatal stress and fetal growth has obvious public health significance 
given the wealth of data linking low birth weight to endocrine and metabolic dysfunction – and ulti-
mately cardiovascular disease and diabetes – in adulthood [26, 27]. One plausible pathway linking 
size at birth to adult metabolic disease is that the postnatal “catch-up growth” typical of low birth 
weight babies leads to the increased subsequent metabolic risk. Indeed, change in infant fat mass from 
birth to 6 months is among the strongest predictors of childhood obesity [28]. More recently, several 
studies have directly implicated maternal stress in pregnancy as a potential causal factor underlying 
growth patterns and body composition later in childhood; for example, neuroendocrine correlates of 
maternal prenatal distress such as cortisol and CRH have been associated with child adiposity and 
obesity [29], as well as levels of adiponectin (a protein involved in glucose regulation) at age 3 [30].

Fig. 1.2  A schematic model for understanding maternal stress, HPA axis activity, and infant development

1  Prenatal Maternal Stress in Context…
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Understanding how prenatal maternal stress and nutrition may interact to alter offspring develop-
ment requires manipulation or control over both of these exposures. That is not possible in human 
research, but there is a substantial animal literature that may offer some guidance. One valuable take-
home message from these studies – with potential application to human development – is that prenatal 
maternal stress and prenatal dietary manipulations may both predict metabolic outcomes in the off-
spring, such as obesity [31]. The implication that prenatal stress may mimic the effects of prenatal 
nutritional deprivation or a high fat diet (or perhaps other forms of suboptimal diet in pregnancy) 
underscores the theme of this chapter that stress and diet are parallel and confounding influences that 
require integration in subsequent research.

Whereas animal studies have the benefit of experimental research designs, human studies have 
relied on observational studies, which offer less leverage for causal inference. Nonetheless, some 
intriguing findings are emerging. One interesting example is a recent report suggesting that higher 
polyunsaturated fatty acid intake (operationalized as the n3:n6 ratio) attenuated the effects of prenatal 
stress on infant temperament in an African-American sample [32]. There is a need for greater insight 
into how prenatal stress and prenatal nutrition are confounded that moves beyond the covariation 
between stress and obesity, for example, and which stress-related constructs may modify or be modi-
fied by specific nutrients in predicting infant growth and metabolism.

�Prenatal Maternal Stress and Immune Function

There are many reasons for considering the maternal and infant immune systems mechanisms in the 
context of prenatal maternal stress. For example, the immune system is a stress-responsive system and 
pregnancy is itself a significant immunological stressor characterized by sizable changes in levels of 
pro- and anti-inflammatory cytokines [33]. In humans, the infant immune system develops prenatally 
and may therefore be influenced by in utero exposures, including maternal stress. In mid-gestation 
(approximately 20–24 weeks), the fetal immune system begins to develop in response to in utero and 
exogenous antigens, such as maternal antibodies and inflammatory cytokines [34]. Following this 
immunoregulatory response, the maternal system establishes an active immunological tolerance 
against placental antigens released by the fetus. The fetal and maternal tissue are not in direct contact, 
but the placenta functions as an important intermediary for maternal-fetal immune system communi-
cation [35]. This bi-directional communication is critical to a healthy pregnancy, and leaves the fetal 
immune system vulnerable to environmental disruptions and exposures in the maternal system [36]. 
Psychosocial stress during pregnancy can lead to immune dysregulation in the maternal environment, 
which in turn may alter brain development and immune function in the child [12, 37].

Research on the impact of prenatal maternal stress on maternal and child immune function, and the 
potentially complicating role of diet and nutrition, is just beginning. This line of research has the impor-
tant disadvantage that there is a less well-developed animal model, and the animal data reported may be 
a less than adequate guide. That is, although there are many studies of prenatal stress and the immune 
system in the mouse, [38], humans and rodents are born at different points in ontogeny and at differing 
points in immune development [39]. Non-human primates provide a more suitable model system with 
findings likely to be more relevant to human health, but that research base is more limited. Nonetheless, 
studies have shown that, for example, pregnant rhesus macaques who are stressed during the second or 
third trimester have offspring who displayed blunted immune responses to antigens. Compared to con-
trols, these prenatally stressed infants demonstrated a blunted IL-6 and TNF-alpha response following 
lipopolysaccharide stimulation [40], as well as reduced T-cell response to antigens [41].

In women, stress during pregnancy is associated with elevated levels of pro-inflammatory cyto-
kines [42]. Alterations in maternal cytokine levels have, in turn, been associated with higher risk of 
allergies in infants [43]. Prenatal anxiety and stress have also been linked to illness and antibiotic use 

E.S. Barrett et al.
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in infancy [44]. It is also worth considering that some of the other infant outcomes linked to maternal 
stress, such as somatic illnesses [45], and higher BMI and obesity prevalence [46], may well be 
immune-mediated rather than strictly HPA axis mediated, as is often assumed. The potential effects 
of maternal stress on the child’s immune system may continue throughout adulthood. A recent study 
found that that young women whose mothers experienced major negative life events during their 
pregnancy demonstrated over-production of IL-4, IL-6 and IL-10, a cytokine profile consistent with 
asthma and autoimmune disorders [47]. Furthermore, these women were also found to have higher 
BMIs, percentage body fat, and primary insulin resistance [48]. In a recent, large-scale Danish cohort 
study, young men whose mothers had experienced a major life stressor (death of a close relative) dur-
ing pregnancy were more likely to be overweight and obese in adulthood [49]. Collectively, these 
findings suggest reliable associations between  – and confounds among  – prenatal maternal stress 
physiology, immunology, and diet and nutrition that may predict child health outcomes.

�Prenatal Maternal Stress and Child Neurodevelopment

One of the most commonly studied areas of research related to prenatal diet and nutrition is child 
cognitive and neurodevelopment. There is an equally well-developed literature examining prenatal 
maternal stress as the exposure of interest. Dozens of studies in various animal models have linked 
prenatal stressors to neurodevelopmental outcomes spanning many domains, including memory, cog-
nition, and social behavior. That the offspring of stressed dams show concomitant anatomical and 
cellular changes in key brain regions offers further support for a programming model [50]. Not sur-
prisingly, studying these phenomena in humans once again presents a challenge for many reasons. 
One major complications is the potential for confounding by socioeconomic factors and parenting 
behaviors as well as postnatal maternal stress and depression.

Nevertheless, even after adjusting for these confounding factors, there is robust evidence that 
maternal stress is associated with neurodevelopmental changes in children that are evident at birth. 
Maternal anxiety during pregnancy is associated with changes in orientation, self-regulation, and 
reactivity among neonates [51]. Temperamental changes have been reported later in infancy. Prenatal 
stress and anxiety have been linked to a “difficult” infant temperament (according to maternal report), 
and heightened fearfulness in a structured experimental setting [52, 53]. Furthermore, motor and 
mental development may be delayed in such infants [52, 54].

Biological evidence further supports this behavioral and observational data and mirrors results 
from animal models. Ultrasound and heart rate data during pregnancy suggest relative developmental 
immaturity among fetuses carried by stressed mothers, with particularly acute delays among female 
fetuses [55]. Postnally, children of mothers who exhibited depressed symptoms during pregnancy also 
have different patterns of brain activity as measured by electroencephalogram starting as early as 
1 week of age and extending into later infancy [56]. Finally, functional magnetic resonance imaging 
shows further changes in the brains of prenatally stressed children, including changes in functional 
connectivity (particularly in the amygdala) and brain volumes of key regions such as the hippocampus 
[57, 58].

To further underscore the impact of maternal prenatal stress on resulting child development, it is 
worth noting that like many other aspects of fetal programming, effects may be long-lasting. Stress-
related neurodevelopmental changes in the brain and neuroendocrine systems may be still apparent in 
behavior and cognition in mid-to-late childhood. For example, anxiety during pregnancy predicts 
poorer executive function (including working memory, inhibitory control, and externalizing problems) 
at age 6–9 [59, 60]. As teenagers, the offspring of women who suffered from perinatal anxiety and/or 
depression are at increased risk of themselves developing anxiety disorders and more likely to have 
academic problems [61, 62].

1  Prenatal Maternal Stress in Context…
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It will again be evident that the above findings connecting prenatal maternal stress and child neu-
rodevelopment resemble what has been reported for prenatal nutrition and child outcomes. There is, 
for example, a sizable literature linking prenatal obesity and child neurodevelopment [63, 64]. A focus 
on child neurodevelopment therefore provides a further illustration of the confounded and parallel 
literatures on prenatal stress and prenatal nutrition for child health and development.

�Conclusions

In summary, although they are typically studied individually, prenatal stress and dietary factors often 
covary, may act upon the same developing body systems, and predict parallel and overlapping child 
outcomes. Adopting a multidisciplinary model, incorporating both exposures in relation to infant 
outcomes, is needed before deriving clear conclusions about the effects of either type of exposure. Of 
course that would not resolve the matter completely because of the myriad concurrent other exposures 
that may be relevant for child health and development also including, but not limited to: physical 
activity, environmental exposures, and medication use. Nevertheless, by integrating concurrent assess-
ments of diet and stress (through standardized questionnaires or biospecimens) into study designs, we 
can improve our current understanding of how these exposures affect infant development. This 
approach will allow us to move away from overly simplified “main effects” models to interaction 
models that may more accurately approximate the complex and confounded patterns of prenatal expo-
sures relevant for child health.

�Future Directions

There remain a number of unanswered questions regarding prenatal stress and infant development. 
Additional directions that warrant future research include: (1) further elucidating the biological and 
molecular mechanisms by which maternal stress is transmitted to the fetus, including the role of the 
placenta and immune pathways; (2) examining the extent to which male and female fetuses respond 
differently to maternal stress, as has been suggested by several lines of research in this field; (3) iden-
tifying critical windows of exposure during pregnancy; (4) exploring whether developmental changes 
in the offspring of stressed mothers may sometimes represent adaptations to prepare for a harsh post-
natal environment, rather than pathologies; and (5) developing interventions to reduce prenatal stress 
in order to improve infant health and developmental trajectories, particularly in at-risk populations.
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Key Points

•	 The early environment programs adult brain and behavior during sensitive/critical periods via 
epigenetic mechanisms

•	 Stress-related brain regions that underlie adult coping behavior are programmed during development 
by maternal stress

•	 Many of the same brain regions are affected in offspring of mothers exposed to stress during 
pregnancy and those that are obese during pregnancy

•	 Stress-related neuropsychiatric disorders, such as anxiety and depression are increased by maternal 
stress, providing a solid foundation for examining the effects of maternal diet

•	 Gestational under-nutrition, over-nutrition, and high-fat consumption alter development of the 
fetus, including stress-related brain regions

•	 Neuropsychiatric disorders, included those related to stress, are associated with maternal obesity

Keywords  Maternal diet • Paternal diet • HPA axis • Stress • Mood disorders • Neurodevelopment

Abbreviations

ACTH	 Adrenocorticotrophin hormone
AVP	 Arginine-vasopressin
BDNF	 Brain-derived neurotrophic factor
BMI	 Body mass index
CPT	 Cold pressor test
CRH	 Corticotrophin-releasing hormone
DNMTs	 DNA methyltransferases
GCs	 Glucocorticoids
GR	 Glucocorticoid receptors
GWG	 Gestational weight gain
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HFD	 High fat diet
HPA	 Hypothalamic-pituitary-adrenal
KO	 Knock-out
MR	 Mineralocorticoid receptors
NPY	 Neuropeptide Y
NSFT	 Novelty-suppressed feeding test
PS	 Prenatal stress
PVN	 Hypothalamic paraventricular nucleus
TSST	 Trier social stress test

�Introduction

In this chapter, we review the latest studies reporting on developmental programming of stress 
responding by parental diet. We discuss this literature within the broader context of developmental 
programming, particularly of adult stress responding by early life adversity. It appears that many of 
the same brain regions are affected in offspring of mothers exposed to stress during pregnancy and 
those that are obese during pregnancy. The incidence of the same neuropsychiatric disorders is 
increased by stress and obesity during pregnancy, likely being mediated by similar mechanisms.

Much of the work on the effects of maternal diet has focused on the gestational period, but more 
recent work has shown the importance of pre-pregnancy metabolic markers as well as the postnatal 
period for shaping offspring stress-related programming. While we focus here on the maternal envi-
ronment, we include reference to the importance of the father’s diet also.

Throughout the chapter, inclusion of non-human animal studies serves to provide evidence for 
cause and effect relationships between parental diet and offspring outcomes. This work complements 
the correlational evidence provided by human studies for these relationships.

Finally, whenever possible, differences in outcomes for male and female offspring are discussed. 
Sex differences in effects of maternal stress on offspring are well-characterized. However, the reports 
of effects of maternal obesity are fewer and most do not include separate reference to male and female 
offspring. This will hopefully change as the field matures.

�The Role of the Early Environment in Shaping Adult Brain and Behavior

Neurodevelopment is orchestrated by both genetic and environmental influences, and for the fetus, the 
environment is dictated by maternal factors. Events that occur during the prenatal and early postnatal 
periods exert strong programming effects on the mammalian brain and resulting behavior. During 
critical periods in development, environmental events can produce stable alterations in brain and 
behavior that manifest throughout life. In this way, transgenerational transmission of traits can occur. 
Indeed, modifications to regulatory DNA sequences provide the mechanism by which environmental 
events affect the brain, and since some of these modifications are permanent, a molecular means for 
passing on those events to future generations (see Fig. 2.1; [1]).

Epigenetic changes are critical to development, guiding cellular phenotypes via heritable and per-
sistent changes in gene expression without altering DNA sequence. Three key molecular events have 
been identified which appear to drive these changes in gene expression. First, DNA methylation is the 
process by which methyl groups are attached to the DNA at CpG islands (i.e., regions of the DNA 
containing higher than normal levels of the base pairs, cytosine (C) – guanine (G), held together by a 
phosphodiester (p) bond). The process is mediated by enzymes known as DNA methyltransferases 
(DNMTs), generally resulting in a downregulation of gene expression. Second, chromatin modification 
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is the repackaging or folding of the DNA around the histones, proteins responsible for arranging DNA 
into chromatin. Histones can be modified in various ways, allowing for both upregulation (acetylation) 
and downregulation (deacetylation) of gene transcription. Finally, non-coding RNA (ncRNA) are tran-
scribed from DNA but not translated into proteins. Instead, they act to regulate gene expression at the 
transcriptional and post-transcriptional level. Short ncRNAs (<30 nts) include microRNAs (miRNAs), 
short inhibitory RNAs (shRNAs), and piwi-interacting RNAs (piRNAs). These are usually responsible 
for downregulation of gene expression. Long ncRNAs (>200 nts) are crucial during development and 
have been associated with adipogenesis [1].

It is becoming evident from both human and animal research that these mechanisms are involved 
in the development of HPA-axis dysfunction, obesity, and diabetes (for review [1]).

�Overview of Stress Responding and Stress-Related Behavior

The effects associated with prenatal stress (PS) have been studied widely and provide a useful com-
parison for the effects of prenatal diet. Thus, for the purposes of this chapter, we will summarize the 
effects of PS on stress related outcomes (particularly, behavioral) to provide context for our main goal 
of reviewing the effects of prenatal diet on these same endpoints.

The limbic system is involved in regulating motivational/emotional behavior. It is a set of inte-
grated brain structures that allow an organism to engage in motivated behavior, such as feeding, 
mating, and predator avoidance. The hypothalamic-pituitary-adrenal (HPA) axis (see Fig. 2.2) is the 
main system in mammals involved in coordination of the physiological and behavioral responses 
needed to deal with stimuli that pose a threat to homeostasis. As such, it is widely conserved across 
vertebrate species, but amenable to environmental programming [2]; also see section “Effects of PS 
on Adult Stress Responding and Stress-Related Disease”).

Fig. 2.1  Summary of three distinct but interrelated epigenetic mechanisms (Adapted from: Fig. 2 from Desai et al. [1])
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Upon perception of a stressor (real or only perceived), activation of the HPA axis results in 
increased circulating corticotrophin-releasing hormone (CRH) and arginine-vasopressin (AVP), adre-
nocorticotrophin hormone (ACTH), glucocorticoids (GCs), as well as other neurosteroids and pep-
tides (reviewed in [3]). While activation of this system is necessary for adaptive responses to the 
stressor, including orchestrating effective behavioral strategies, the damaging effects of prolonged 
and/or heightened exposure to GCs such as corticosterone or cortisol are well known. GCs typically 
bind to one of two cytoplasmic receptor proteins: type I mineralocorticoid (MR), and type 2 glucocor-
ticoid (GR) receptors. Both MR and GR are ligand-gated transcriptional regulators, and are expressed 
in various regions of brain including the hippocampus, amygdala, medial prefrontal cortex, hypotha-
lamic paraventricular nucleus (PVN), and others (reviewed in [3, 4]).

HPA activation is very useful in the short-term under conditions of acute stress. However, elevated 
and prolonged GC exposure may alter later HPA axis regulation through cell loss in key areas, 
permanent sensitization of regulatory structures to one or more of the stress hormones, and by altered 
cortical and limbic neurobiology [5]. The strong relationship between stress (and excess GC release) 
and circulatory/immune-related diseases (ex. heart disease, high blood pressure) and the development 
of affective disorders, such as anxiety and depression (as reviewed in [6]) exact a huge financial and 
social toll.

Fig. 2.2  Simplified depiction of the hypothalamic-pituitary-adrenal (HPA) axis. Plus signs indicate positive feedfor-
ward, while minus signs indicate negative feedback, between individual brain regions (Reprinted with permission from 
Hiller-Sturmhöfel [50])
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In humans, acute stress is typically measured via behavioral and molecular endpoints. The effects 
of laboratory manipulations, such as the Trier social stress test (TSST) or the cold pressor test (CPT), 
can be monitored with salivary or blood assays for cortisol and self-report stress questionnaires. 
Studies of naturalistic stress are inherently more difficult in humans, but can offer insights into the 
long-term effects that chronic stress has on development. One ongoing series of studies is measuring 
the long-term impact of a severe ice storm that resulted in power outages for many days, leading to 
profound levels of stress. By enlisting pregnant women that survived this experience, as well as age/
gestation-matched controls, the researchers are able to test and observe the effects of natural prenatal 
maternal stress on development. To date, they have identified effects of maternal stress on birth out-
comes, infant temperament, motor function, cognitive and linguistic function, body composition, eat-
ing disorders, autism traits, as well as identifying DNA methylation patterns on specific genes, 
elucidating the mechanism for the diverse set of physical/behavioral symptoms [7–9].

�Effects of PS on Adult Stress Responding and Stress-Related Disease

Although the stress response shows characteristic features across individuals, such as release of GCs, 
it is highly individualistic in terms of precipitation factors and the magnitude of the response. In fact, 
we know that adult stress responding is shaped during prenatal, postnatal, through to adolescent, peri-
ods of development. Individuality in stress responding is due, in part, to the nature in which maternal 
events influence the neurodevelopment of key brain structures such as the hippocampus and prefrontal 
cortex [10–13] compromising the regulation of the HPA axis across the lifespan, and increasing devel-
opment of mood disorders such as anxiety and depression (as reviewed in [14]). Figure 2.3 illustrates 
some of the negative effects of early life stress with respect to HPA programming. While adverse events 
during early life, such as trauma or abuse, generally increase susceptibility of those affected to develop 
stress-related disorders [15], a moderate amount of stress during development can actually lead to 
inoculation to stress later in life, resulting in coping and resilience to future stressors [16]. Thus, the 
relationship between early life stress and future stress responding is an inverted U-shaped function.

While anything that affects the mother (e.g., drug use, malnutrition, metabolic conditions) can have 
effects on offspring neurodevelopment, stress exposure is somewhat unique, because it is ubiquitous, 
prevalent, and intrinsic to adaptation and survival. Both animal and human studies have shown that 
maternal stress has a significant effect on neurological and general development [5, 6]; see Fig. 2.4). 
Human epidemiological evidence clearly associates maternal distress during pregnancy with prenatally 

Fig. 2.3  Some general effects of early life stress on offspring that result from using a model such as that depicted on 
the left, in which pregnant rats are exposed repeatedly during the last week of gestation to a predatory threat (Adapted 
from: Korgan et al. [51])

2  The Effects of Parental Diet on Fetal Programming of Stress-Related Brain Regions and Behaviours…



20

stressed infants that have an increased predisposition to develop psychopathologies such as anxiety and 
depression [14, 17]. These findings are complemented by results from animal research showing long-
term behavioral and associated neurobiological effects of PS (as reviewed in [15]).

The concept of a developmental origin for various chronic illnesses (e.g., type II diabetes, cardio-
metabolic disease, obesity), and importantly, affective disorders (reviewed in [6]) is now well-accepted, 
although the exact mechanisms are complex and not fully known. What has become clear is that these 
mechanisms involve environmentally induced epigenetic modulation of gene expression (see section 
“The Role of the Early Environment in Shaping Adult Brain and Behavior”; [18]). Epigenetic modifi-
cations, such as DNA methylation, are well described in neuronal development and in association with 
altered HPA axis functioning as a result of early life events [18]. Thus, environmental influences on 
fetal programming of brain development may be facilitated through epigenetic modulation of specific 
targets and determining these targets may lead to new treatment/intervention strategies for affective 
disorders. One potential target is the neurotrophin, brain-derived neurotrophic factor (BDNF), which is 
affected by stress in an age-, sex-, and stressor type-dependent manner (as reviewed in [19]) and is criti-
cal for normal regulation and development of neural circuits. Altered BDNF promoter methylation has 
been noted in patients suffering from major depressive disorder [20], but more importantly for the pres-
ent review, maternal diet programs BDNF levels in offspring brain, and through this mechanism, sig-
nificantly influences adult offspring cerebrovascular health [21].

�Developmental Programming of Limbic System Function by Prenatal Diet

Developmental programming of the limbic system, and in particular the HPA axis, underlies meta-
bolic homeostasis, as well as future responses to stressors in offspring.

Similar to the U-shaped function that describes the relationship between early life stress and adult 
brain function, both under-nutrition and over-nutrition during gestation produce adverse outcomes 
with respect to metabolic and stress-related markers in adult offspring (reviewed in [22]). For exam-
ple, imbalances in maternal nutrition program hyperphagia in offspring, no matter whether the imbal-
ance is too much or too little (see Fig. 2.5).

Fig. 2.4  Mean birth weight as a function of perceived maternal stress (dotted line = low stress, dashed/dotted line = 
medium stress, solid line = high stress) experienced during early, mid-, and late gestation (Reprinted with permission 
from Dancause et al. [9])
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�The Effects of Gestational Under-Nutrition

Epidemiological studies have consistently demonstrated a robust connection between the early nutri-
tional environment and adult metabolic outcomes. For example, low birthweight predisposes indi-
viduals to a host of adverse health conditions, including obesity, hypertension, and diabetes. This was 
first documented in adult offspring of mothers that had been exposed to famine conditions during the 
last 2 months of pregnancy at the end of the World War II [23, 24]. These offspring grew up to be 
obese and the hypothesis was generated that the lack of nutrition during gestation and resulting low 
birth weight resulted in a situation of ‘catch-up’ growth once offspring became adults living in non-
famine conditions.

Mechanisms are best gleaned with animal models in which gestational diet can be manipulated. 
Female sheep fed a 50% nutrient-restricted diet for the first third of pregnancy gave birth to lambs that 
showed higher ACTH and cortisol levels in response to CRH challenge at 2 months of age and higher 
basal cortisol levels at 5.5 months [25], both suggesting altered hypothalamic function. In rats, under-
nutrition of mothers resulted in increased basal corticosterone levels, but lower levels relative to con-
trol offspring in response to challenge with the synthetic GC, dexamethasone. The authors speculate 
that the low sensitivity of the HPA axis may be due to low expression of GC receptors in hypothala-
mus and/or pituitary gland [26]. More recent examinations indicate that protein restriction in rats 
during pregnancy interferes with normal molecular development of nutrient sensing cells in offspring 
hypothalamus [27], specifically by delaying the maturation of the Katp inhibitory response in orexi-
genic neuropeptide Y (NPY) neurons [28]. When provided with a high-fat diet, male and female off-
spring from even a moderately calorie restricted (20%) mom showed an altered amount of NPY 
mRNA, and female offspring also showed lower leptin receptor mRNA in hypothalamus [29]. This 
study shows the potential for different outcomes in male and female offspring.

Interestingly, effects of under-nutrition on leptin and other metabolic markers can be reversed by 
cross-fostering pups to normal weight dams after birth [30], demonstrating the importance of hor-
mones in milk and/or maternal behavior during lactation.

Fig. 2.5  A U-shaped function describes the relationship between maternal nutrition and various offspring outcomes, 
such as development of metabolic syndrome
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�The Effects of Gestational Over-Nutrition and High-Fat Consumption

The prevalence of obesity has grown rapidly in the last 20 years, especially in developed nations. 
While this epidemic has deleterious effects on the population as a whole, for the developing fetus 
it has the potential to be devastating. According to the Canadian Institute for Health Information 
and the Public Health Agency of Canada, costs associated with obesity were between $4.6 and 
$7.1 billion dollars in 2011. One-third of women in the US, one-fifth in the UK (reviewed in [1]) 
and one quarter in Canada are obese [31] and pregnancy obesity has doubled since 1993. Obesity 
has become commonplace during pregnancy and this has led to significant health risks for the 
developing fetus. Maternal obesity is associated with a suboptimal intrauterine environment for 
both the mother and the fetus. Pre-pregnancy obesity is a risk factor for diabetes mellitus, hyper-
tension, thromboembolic disease and asthma, and relative to normal weight mothers, obese moth-
ers are more likely to suffer hemorrhage and infection at delivery, and less likely to breastfeed 
(reviewed in [32]). A recent review demonstrated that infants born to obese mothers suffered more 
frequently from neurodevelopmental disorders such as spina bifida, neural tube defects, and 
hydrocephaly [32]. While such severe brain development disorders are troubling and make mater-
nal obesity worthy of further study, the impact of maternal diet on more general neural develop-
mental processes is equally compelling, having implications for offspring stress-related mood 
disorders, cognitive disorders, and even psychotic disorders. A multitude of brain regions are 
likely affected in such disorders; however, the core circuitry of the HPA axis is undoubtedly 
affected and will be our focus below.

�Non-human Animal Models of High Fat Diet (HFD)

Non-human animal studies have been used to gain insight into the mechanisms by which gestational 
diet programs key brain structures that are at the intersection for stress responding and feeding, such 
as the hypothalamus. In rats, gestational HFD stimulated the proliferation and differentiation of 
hypothalamic neuronal precursor cells, resulting in a greater proportion of these new neurons 
expressing orexigenic peptides [33]. Such a basic alteration, that shifts the balance of appetite more 
toward stimulation, and away from suppression, may be involved in programming obesity in 
offspring.

In addition to programming obesity in offspring, maternal diet can program hypothalamic responses 
to stressors. In ewes, maternal over-nutrition and obesity, before and during gestation, affected HPA 
axis sensitivity of offspring, but did not affect HPA responses to an acute stressor [34]. This is in con-
trast to work using rats, in which it was shown that maternal HFD throughout pregnancy and lactation 
resulted in attenuated HPA axis habituation in response to both acute [35] and repeated stressors [36] 
in adult offspring. Basal levels of GCs were found to be lower in adult offspring exposed to maternal 
HFD, and sex-specific alterations in GC receptors and inflammatory markers were noted [35]. More 
work is needed to resolve species differences, enabling more concrete conclusions, but it is clear that 
maternal HFD sets the stage for altered development of hypothalamic and stress-related circuitry, hav-
ing implications for adult stress responding in offspring.

Importantly, alterations in markers of the HPA axis were accompanied by increased stress-
induced depressive behavior [36] as well as increased anxiety-related behavior [35] in adult off-
spring that were exposed to maternal HFD. Interestingly, the effects of maternal HFD on adolescent 
offspring were opposite with respect to anxiety-related behavior, with HFD-offspring showing less 
anxiety than controls [37]. Clearly, more studies are needed that track changes across postnatal 
development.
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�Genetic Models of HFD

The mechanisms of early programming by HFD can be explored at a molecular level by utilizing 
genetic knockout (KO) models. These models allow for the homo- or heterozygous deletion of spe-
cific genes involved in development, stress responding, and/or metabolism. The classic example of a 
KO is the ob/ob mouse, which carries a recessive stop codon for the leptin gene. A heterozygous ob/
ob mouse is mildly obese, while the homozygous genotype presents a classic obese phenotype. These 
phenotypes are related to the reduced quantity of circulating leptin, compared to wildtype animals 
[38]. Other genetic models of metabolic effects provide evidence that both maternal and postnatal diet 
are critical for developmental programming. For example, p66Shc gene is involved in metabolism and 
oxidative stress. A KO model reveals a HFD resistance and increased lifespan. However, administra-
tion of HFD to pregnant p66Shc−/− females produces differences in offspring weight, development, 
metabolic function, and emotionality, particularly in male offspring [39]. While these models are use-
ful for identifying molecular pathways, they are less practical for translational science/medicine as the 
number of loss-of-function mutations in humans is relatively uncommon (for review [38]).

�The Importance of Maternal Care

While effects of maternal diet during gestation can have profound effects on offspring metabolism, post-
natal maternal care is equally critical for shaping the developing metabolic and stress pathways [40].

HFD fed dams display reductions in overall activity, which is associated with decreased pup sur-
vival [41]. However, despite showing reduced licking and grooming behavior toward offspring, the 
offspring of HFD fed dams show metabolic effects independent of maternal care behavior, at least in 
the first generation [42]. Thus, altered maternal behavior is likely driven by differences in circulating 
reproductive hormones, such as progestins, estrogens, and prolactin, in addition to altered GC levels. 
In studies of gestational stress, maternal GC levels are increased which, in turn, have a deleterious 
effect on maternal care [43]. However, in maternal HFD models, GC levels are maintained (compared 
to controls), indicating a divergent mechanism driving differences in maternal care behavior [42]. 
Though specific mechanisms have yet to be described, it is important to note that, in humans, both 
early maternal stress [9] and diet [44] have the potential to disrupt maternal care and impact the devel-
opment of obesity in children.

�Paternal Transmission of HPA-Axis and Metabolic Disruption

The father’s role in offspring development, adaptability, and survival has received significantly less 
attention than maternal effects. However, recent advances in understanding and application of epigen-
etic techniques have inspired investigation into the potential for non-genomic influences of the male 
germline. Animal models have shown an impact on offspring following preconception changes in 
paternal stress, age, obesity, and environmental exposure [45].

Rodent models suggest that paternal obesity is a risk factor for offspring development. Similar to 
studies of maternal stress and nutritional disruption, first-generation offspring develop metabolic syn-
drome. However, in this model penetrance to the second generation is sex-dependent [46]. Decreased 
penetrance of inherited phenotypes has also been described in humans, though a theoretical model 
suggests that societal factors prevent the decreasing penetrance seen in animal models [47].

Multi-generational human studies have also found paternal nutrition effects in offspring and grand-
offspring. As previously mentioned, the Dutch famine studies provided rare insight into the transgen-
erational inheritance of metabolic phenotypes. Veenendaal et  al. [48] recently showed that 
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grand-offspring of fathers that where in utero during the famine had higher BMI. These studies further 
demonstrate the importance of understanding transgenerational epigenetic inheritance, especially as 
it pertains to potential treatments.

�Prenatal Diet Programming of Neuropsychiatric Disorders

The inability to manage the duration and/or amount of stress in one’s life, accompanied (or not) by 
inadequate coping behaviors in the face of stress, can be precipitating factors in the development of a 
host of neuropsychiatric disorders. As discussed throughout this review, a healthy stress response 
system in adults begins in the womb, where programming of various aspects of the HPA axis, and 
accompanying limbic circuitry begins. The increased levels of hormones (e.g., leptin, insulin) and 
nutrients (e.g., glucose, fatty acids), among other things, that a fetus of an obese mother is exposed to 
permanently alter development of neural circuits that are critical in the regulation of stress-related 
behavior, which directly increases the risk of stress-related mental health disorders, such as anxiety 
and depression. Moreover, there is evidence that the increased hormones, excess nutrients, and ele-
vated inflammatory and metabolic markers that the fetus of an obese woman is exposed to have direct 
programming effects on the developing brain, altering underlying circuitry, and increasing the risk for 
disorders such as ADHD, ASD, and schizophrenia.

An excellent recent review summarizes the work showing a relationship between maternal obesity 
and mental health disorders [49]. Here, we will summarize the findings and refer readers to Rivera 
et al. (2015) for details.

�Cognitive Impairments Associated with Maternal Obesity

Pre-pregnancy BMI has been associated with an increased risk of cognitive impairments in six sepa-
rate studies using varied designs [49]. The results of earlier studies linking maternal obesity and IQ 
are somewhat suspect as sampling was highly selective, there was little control for maternal or pater-
nal IQ or SES, and retrospective maternal self-report of weight was used. A more recent study, one in 
which maternal, family, and child factors were controlled, confirmed an association between maternal 
obesity and reduced reading and math scores on standardized tests. However, this finding has not been 
consistently reported, with other studies failing to find relationships between maternal obesity and 
cognitive deficits, despite finding reduced language skills in 8-year old children of obese mothers.

More work is definitely warranted to investigate the relationship between maternal obesity and 
cognitive deficits. Work from non-human animal models supports the idea that maternal obesity is 
linked to cognitive deficits as offspring of mothers exposed to HFD showed reduced spatial learning 
[49]. Cognitive deficits in rat offspring of HFD mothers would be consistent with the finding discussed 
in section “Effects of PS on Adult Stress Responding and Stress-Related Disease”, in which BDNF 
levels in hippocampus are reduced in these offspring [36].

�ADHD and ASD Associated with Maternal Obesity

The strongest evidence for a link between maternal obesity and neurodevelopmental disorders comes 
from the studies on ADHD symptomology and risk, and ASD risk and severity of symptoms. Increased 
pre-pregnancy BMI and GWG have been associated with ADHD and ASD in nine separate studies 
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since 2008 (reviewed in Rivera et al. [49]). In ASD in particular, maternal complications such as dia-
betes, hypertension or pre-eclampsia were also positively associated with diagnosis, making it diffi-
cult without further study to tease apart BMI, GWG, and complications as causal factors.

Non-human animal studies generally support the idea that maternal HFD increases hyperactivity 
and decreases sociality in offspring [49].

�Anxiety and Depression Associated with Maternal Obesity

Anxiety and depression are among the most commonly diagnosed neuropsychiatric disorders, not 
only in adults, but also in children and adolescents. Maternal pre-pregnancy BMI has been associated 
with an increased risk for disrupted emotions (i.e., fear and sadness) and increased behaviors associ-
ated with withdrawal and depression in children [49]. This finding has been supported by other, less 
direct work, but has also been shown to exhibit sexual dimorphism, with the association being stron-
ger in females than males. This may not be that surprising, given the higher incidence of anxiety and 
depression in women relative to men.

As alluded to above (particularly, section “Non-human Animal Models of High Fat Diet (HFD)”), 
evidence exists from studies using non-human animal models to suggest that maternal HFD increases 
emotionality, and alters anxiety and depressive-like behaviors in offspring. A review of the available 
studies [49] indicates that, although not a lot of work has been performed to date, it is consistent with 
the human literature in suggesting that maternal HFD increases anxiety-like behavior in rats. 
Unfortunately, most of this work has been performed only in males, despite the sex differences found 
in incidence of these disorders in humans, and the findings of sexual dimorphism in the link between 
obesity and anxiety. Studies that have used both sexes have produced inconsistent results [49], indicat-
ing a critical need for more work in this area.

Pilot data from our lab examining anxiety behavior in rats using the novelty-suppressed feeding 
test (NSFT) revealed that an increased number of center crosses (i.e., lower anxiety) was negatively 
correlated with adrenal weight in maternal HFD offspring (r = −0.526, p = 0.036), but not control 
offspring (see Fig. 2.6). In other words, in HFD offspring, heavier adrenal glands (associated with 
higher stress) were associated with higher anxiety behavior. This association was not observed in 
offspring from moms fed a normal diet, suggesting that the HFD altered the relationship between 
physiology and behavior with respect to stress.

Fig. 2.6  Scatterplot depicting the negative correlation between adrenal gland weight and center crosses (increased 
center crosses = lower anxiety). This correlation was significant only in the offspring from HFD-fed moms, not in off-
spring from control diet-fed moms
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�Psychosis Associated with Maternal Obesity

The prevalence of the neurodevelopmental disorder, schizophrenia, is on the rise, and in Western 
countries, obesity is believed to impact the risk [49]. As first discussed in section “The Effects of 
Gestational Under-Nutrition”, malnutrition can have similar effects as too many nutrients during ges-
tation. The link between schizophrenia and the nutritional environment during development first came 
to light with an increased incidence of the disorder in those who had suffered during the Dutch 
Hunger Winter. To date, six human studies have demonstrated an association between maternal obe-
sity and schizophrenia. The most compelling was a case-controlled study that showed a 24% increase 
in schizophrenia risk for every BMI unit increase during early pregnancy, that dropping to 19% during 
later gestation [49].

�Concluding Remarks

Developed nations face a number of challenges in the years to come. Significant health risks are asso-
ciated with being overweight and obese; yet, the incidence of both continues to rise. Unfortunately, 
the problem is compounded by the transgenerational nature of obesity, as we have discussed in this 
chapter. Gestational, and even pre-pregnancy, obesity alters development of the brain regions involved 
in feeding and stress responding, perpetuating a number of health risks, including diabetes, hyperten-
sion, and a number of neuropsychiatric disorders. Dedicated research into the mechanisms underlying 
this altered developmental programming is essential to provide possibilities for intervention and treat-
ment to break the cycle.
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Key Points

•	 Cognition refers to the mental ability to process and retrieve new information using functions 
which include attention, memory, thinking, learning and perception

•	 The neural basis for cognition is largely unknown, however cognition is associated with brain 
maturation and the efficiency and connectivity of synapses in the neural circuit

•	 During the third trimester of pregnancy until the first years of life the brain is vulnerable epigenetic 
modifications which are a predictor of long-term brain function

•	 Epigenetics refers to the processes that occur ‘on top of genetics’ and encompasses the changes 
that occur to the genome that do not alter the DNA sequence

•	 DNA methylation is an epigenetic mechanism in which dietary nutrients (folate, methionine, vita-
min B2, B6, B12, choline and betaine) transfer methyl groups to DNA nucleotide bases and regulate 
gene transcription

•	 Epigenetic mechanisms can modify brain structure and function by the following mechanisms: (1) 
changing brain growth and development; (2) disturbing cell signalling molecules; and (3) increas-
ing the toxic effects of neurotoxins

Keywords  Child • Brain • Cognition • Development • DNA methylation • Epigenetics • Infant • 
Nutrition • Pregnancy • Supplement
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Abbreviations

5-MTHF	 5-methyltetrahydrofolate
5,10-MeTH	 Methylenetetrahydrofolate
ACh	 Acetylcholine
ATP	 Adenosine triphosphate
BER	 Base excision repair
CHT	 Choline transporter
DHF	 Dihydrofolate
DHFR	 Dihydrofolate reductase
DTI	 Diffusion tensor imaging
DMG	 Dimethylglycine
Dnmts	 DNA methyltransferase
g	 Grams
HDAC	 Histone deacetylase complexes
HM	 High methionine
HM/LF	 High methionine/low folate
IAP	 Intracisternal A-type particle
IGF-2	 Insulin-like growth factor-2
Kg	 Kilograms
LF	 Low folate
MECPs	 Methyl-CpG-binding proteins
mg	 Milligrams
MRI	 Magnetic resonance imaging
mmol/l	 Millimoles per litre
MTHF	 Methyltetrahydrofolate
MTHFR	 Methyltetrahydrofolate reductase
SAH	 S-adenosylhomocysteine
SAM	 S-adenosylmethionine
SNPs	 Single nucleotide polymorphisms
THF	 Tetrahydrofolate
μg	 Micrograms

�Introduction

Adequate nutrition during early life is essential for optimal foetal brain development. The prenatal 
and postnatal periods are characterised by rapid changes in neuronal organisation, this is a critical 
period in which the nutrition environment can have a profound influence on the long-term function 
of the brain [1]. Increasing evidence suggests that nutrient-gene interactions, a process called epi-
genetics, can modify the genetic programming required for brain development [2–4]. DNA methyla-
tion is an epigenetic mechanism that requires dietary nutrients to allow the donation of methyl groups 
to DNA nucleotides and modify gene structure or gene expression. DNA methylation has been cor-
related with brain plasticity which is important for cognitive function including memory and learn-
ing [5]. This chapter focuses largely on the methyl donors and cofactors involved in DNA methylation, 
as a potential pathway for nutrition to affect cognition. The key points of this chapter are summarised 
in Table 3.1.
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�Optimising Cognitive Development

Suboptimal cognition has major long-term consequences for individuals and societies. Grantham-
McGregor et al. [6] estimated that more than 200 million children under the age of 5 years in develop-
ing countries fail to reach their cognitive potential due to many factors including nutrition. Children 
with suboptimal cognition are less likely to lead productive adult lives due to fewer years of schooling 
and less learning per school year [6]. Data from 51 developing countries demonstrates that each year 
of schooling increased annual income by 9.7% [7]. Suboptimal cognition during childhood has been 
associated with an increased risk for adolescent delinquency leading to adult violent criminality [8–
12]. Strategies that aim to maximise child cognition are important for public health and optimising 
nutrition during pregnancy and infancy is a good place to start.

�Brain Development

The development of the brain follows a series of lifelong neurological processes (Fig. 3.1). The human 
brain originates from the fertilized ovum that undergoes cell division, resulting in a cluster of prolif-
erating cells, called a blastocyst [13]. The cells of the blastocyst then differentiate into the trophoblast 
and also a three-layer structure, called the embryonic disk, of which the outer layer or the ectoderm 
gives rise to the central nervous system [13]. Strategies (including nutrition) that aim to optimise brain 
development are essential given that neuroanatomical maturation is correlated with cognitive devel-
opment [14–16].

Cognition refers to the mental ability to process and retrieve new information using functions which 
include attention, memory, thinking, learning and perception [18]. The neural mechanisms that under-
lie cognition remain largely unknown, however the prefrontal cortex is thought to play a prominent 
[19–21]. Evidence from adults and primates has shown that prefrontal lesions are associated with 
impairments in cognitive functions [22, 23]. In addition, frontal lobe maturation (decrease in grey mat-
ter) was associated with increased verbal memory functioning in healthy children aged 7–16 years [16].

Emerging evidence suggests that cognitive function requires integrated brain systems rather the 
prefrontal cortex in isolation [24, 25]. One neuroimaging study demonstrated that the maturation of 
the prefrontal cortex is associated with the development of the uncinate fasciculus and superior longi-
tudinal fasciculus, responsible for establishing connectivity between frontal and limbic structures 
(including amygdala and hippocampus) that regulate mood and emotions (Fig. 3.2) [26]. Nagy et al. 

Table 3.1  Key points of early life nutrition and cognition

1.	 Cognition refers to the mental ability to process and retrieve new information using functions which include 
attention, memory, thinking, learning and perception

2.	 The neural basis for cognition is largely unknown, however cognition is associated with brain maturation and the 
efficiency and connectivity of synapses in the neural circuit

3.	 During the third trimester of pregnancy until the first years of life the brain is vulnerable epigenetic modifications 
which are a predictor of long-term brain function

4.	 Epigenetics refers to the processes that occur ‘on top of genetics’ and encompasses the changes that occur to the 
genome that do not alter the DNA sequence

5.	 DNA methylation is an epigenetic mechanism in which dietary nutrients (folate, methionine, vitamin B2, B6, B12, 
choline and betaine) transfer methyl groups to DNA nucleotide bases and regulate gene transcription

6.	 Epigenetic mechanisms can modify brain structure and function by the following mechanisms: (1) changing 
brain growth and development; (2) disturbing cell signalling molecules; and (3) increasing the toxic effects of 
neurotoxins
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[27] used diffusion tensor imaging (DTI) in children aged 8–18 years and found that the prefrontal-
parietal connectivity is associated with memory capacity. Liston and colleagues [28] demonstrated 
that DTI-based connectivity in frontostriatal and posterior fibres was associated with age but also 
working memory capacity, measured using the Go/No Go task which requires subjects to press the go 
or no-go button in response to a different set of stimuli. These findings highlight that the underlying 
connectivity of the prefrontal cortex is more important for cognition compared to region specific 

Fig. 3.1  A timeline of the neurological processes required for human brain development during fetal and postnatal life. 
Neurulation: formation of neural tube. Neural proliferation: production of neurons and glial cells. Neuronal migration: 
neurons migrate to specific brain regions. Synaptogenesis: neurons form synapses. Apoptosis: programmed cell death. 
Myelination: myelin surround neuron axons. Peak neurological activity is indicated in red and low or medium activity 
is indicated in grey. The arrows indicate that synaptogenesis, apoptosis and myelination are lifelong processes (Adapted 
from Linderkamp et al. [17])

Fig. 3.2  Frontal lobe connectivity with limbic structures is mediated in the uncinate fasciculus and superior longitudi-
nal fasciculus which matures during childhood and adolescence (Reprinted with permission from McNamara et al. [26])

R.M. Taylor et al.



33

maturation. Further evidence also suggests that cognitive development during childhood coincides 
with the gradual elimination of synapses which strengthens the connectivity and communication of 
the neural circuit [14, 16, 29].

Child cognitive function is influenced by genetic, biomedical, nutrition, social and environmental 
factors. Recent evidence suggests that 50% of individual variation in cognitive ability is attributed to 
genetic factors, including the expression of specific genes, single nucleotide polymorphisms (SNPs) 
and inheritable phenotypes [30]. Biomedical risk factors that contribute to child cognition include 
time of birth, maternal age, gravidity, maternal physical condition, intrauterine growth and prematu-
rity [31]. Suboptimal cognition is associated with a shorter childhood stature and lower weight for age 
related to postnatal nutritional status [32, 33]. Parental social position, parental education, maternal 
intelligence and home environment are all considered to be significant predictors of child cognitive 
function [34, 35].

�Nutrition and Brain Development

Lipids, protein, carbohydrates, vitamins and minerals are required for the structural composition of 
the developing foetal brain. The composition of the brain (Table 3.2) changes throughout life due to 
ongoing neurological processes including neural differentiation, apoptosis, synaptogenesis and 
myelination. Lipids are highly prevalent in the structural matrix of cell membranes, as well as myelin 
[36]. Protein is required for neurotransmitters, enzymes, cell membranes and myelin [36]. A constant 
supply of glucose is required to support the energy demand of the brain.

The human brain is vulnerable to nutritional insults during periods of rapid growth, particularly 
during the third trimester of pregnancy and the first 2 years of infant life [39]. This is a critical period 
for nutrient-gene interactions to affect the expression of multiple genes involved in cell development, 
signalling and function [40–42] in the brain. Although nutrient-gene interactions continue to occur 
across the lifespan, the potential for nutrition to influence brain function is much greater during early 
life than in adulthood [43].

�Epigenetics

Epigenetics refers to the processes that occur ‘on top of genetics’ and encompasses the changes that 
occur to the genome that do not alter the DNA sequence [44]. The major processes involved in epi-
genetics are DNA methylation, histone modification and noncoding RNA. Most studies that have 
examined the effects of nutrition on epigenetics have focused on DNA methylation [44].

Table 3.2  Composition of the human brain during development

Pregnancy 13–14 weeks Pregnancy 20–22 weeks Birth Adult

Brain weight (g) 4.65 34 365 1438
Water (ml) 914 922 897 774
Lipids (%) total brain weight a a 4 12
Proteins (%) total brain weight a a 6 11
Carbohydrates (%) total brain weight a a a 1

Adapted from: Widdowson et al. [37] and Turner et al. [38]
aUnquantified value
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DNA methylation involves the transfer of methyl groups between substrates via the methionine/
homocysteine metabolic pathway (Fig. 3.3). Methyl groups are obtained from dietary nutrients includ-
ing, folate, methionine, vitamin B2, B6, B12, choline and betaine. The methionine/homocysteine 
metabolic pathway is facilitated by the folate dependent cycle; 5,10 methylenetetrahydrofolate (5,10-
MeTHF) is reduced to 5-methyltetrahydrofolate (5-MTHF) by methyltetrahydrofolate reductase 
(MTHFR) with vitamin B2 serving as a cofactor [45]. 5-methyltetrahydrofolate (MTHF) serves as the 
methyl donor in the conversion of the amino acid, homocysteine to methionine [45]. This reaction 
is catalyzed by methionine synthase (methyltetrahydrofolate-homocysteine methyltransferase) and 
vitamin B12 serves as a cofactor. Alternatively, betaine (derived from choline) converts homocyste-
ine to dimethylglycine (DMG) and methionine, via the methionine cycle [46]. Methionine is acti-
vated by the addition of an adenosyl group from adenosine triphosphate (ATP) to form 
S-adenosylmethionine (SAM), which serves as a methyl donor to form S-adenosylhomocysteine 
(SAH) [47]. Through the removal of the adenosine group, SAH is converted to homocysteine by 
S-adenosylhomocysteine hydrolase [47]. A family of enzymes called DNA methyltransferase 
(Dnmts) catalyses the transfer of methyl groups from SAM to DNA cytosine bases that are followed 
by a guanosine (5′-CpG-3′ sites) [46].

Most CpG sites in the human genome are methylated (90–98%) [49] however, there are CpG-rich 
areas (or CpG islands) located at the 5′ end of the regulatory region of genes that are not methylated 
[50]. When CpG islands are methylated, gene expression is usually repressed [50, 51]. The mecha-
nisms that underlie the repression of transcription by DNA methylation are not well understood, 
however several mechanisms have been hypothesised [52]. Firstly, methylated cytosines interfere 
with the binding of RNA polymerase and transcriptions factors required for DNA transcription. 
However DNA methylation does not inhibit the binding of all transcription factors and not every 
methylated DNA site will contain a CpG dinucleotide, therefore regulation by this mechanism is rare 
[52]. DNA methylation can also repress gene expression via methyl-CpG-binding proteins (MECPs) 

Fig. 3.3  Methionine/homocysteine metabolic pathway (Adapted from Refsum et al. [48])
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which interact with histone modification mechanisms (Fig. 3.4) [53]. MECP forms a complex with 
histone deacetylase complexes (HDAC), which induces histone deacetylation and catalyses the meth-
ylation of specific lysine residues [54]. These modifications prevent the binding of transcription 
factors and RNA polymerase to the DNA which silences gene expression [55]. This process highlights 
that interactions can occur between DNA methylation and histone modification mechanisms to pre-
vent DNA transcription.

�Maternal Diet and Epigenetics

The Agouti mouse model [57–59] is the most widely cited example of the effects of maternal nutrition 
on the epigenome of the offspring. Supplementing the maternal diet with methyl donor nutrients 
increased DNA methylation of an intracisternal A-type particle (IAP) retrotransposon inserted near 
the agouti gene and shifted the offspring’s coat colour from yellow to brown (pseudoagouti) (Fig. 3.5) 
[57, 60]. The agouti phenotype, associated with a yellow coat colour [57, 60], predisposes mice to 
overeating, obesity, diabetes, tumorigenesis and reduced longevity [59, 61, 62]. The findings demon-
strate that maternal nutrition can be associated with epigenetic modifications, which have long-term 
consequences for the health of the offspring.

A recent human study in The Gambia found that maternal diet related to the season of conception 
can produce differences in the methylation of metastable epialleles (loci) [64]. This study demon-
strated that children who were conceived during the nutritionally disadvantageous, ‘hungry’, rainy 
season had increased DNA methylation at these loci, compared to children who were conceived dur-
ing the nutritionally advantageous dry season. These findings illustrate that subtle dietary changes 
during conception can result in significant epigenetic modifications in the offspring.

�Epigenetics and Brain Development

Epigenetic mechanisms are known to modify brain structure and function by at least three mecha-
nisms: (1) changing brain growth and development; (2) disturbing cell signalling molecules; (3) 
increasing the toxic effects of neurotoxins [65–67] . The following section reviews the literature on 
the effects of maternal nutrition on epigenetics in the brain of the offspring.

Fig. 3.4  DNA methylation and histone modification mechanisms interact in synergy to repress gene transcription. 
Methyl-CpG-binding proteins (MECPs) and histone deacetylase (HDAC) complexes are recruited to methylated DNA 
and induce histone deacetylation. These complexes catalyse the methylation of specific lysine residues on the histones 
and represses transcription (Adapted from Li et al. [56])
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�Methyl Donor Nutrients and Brain Development

�Folate

Dietary folate is the most extensively studied micronutrient in DNA methylation research. A major 
driver of this interest is the strong evidence from a randomised control trial that demonstrated that 
taking folic acid supplementation taken before and during early pregnancy could prevent 72% of 
neural tube defect affected pregnancies [68]. Since this publication 70 countries have introduced man-
datory food fortification with folate added into grain or flour and women are advised to consume 
400 μg folic acid supplement from preconception until the end of the first trimester [69]. Folic acid is 
the form of vitamin provided from food fortification and supplements, whereas folate is predomi-
nantly the form of vitamin that naturally occurs in food. The utilisation of folic acid in the methionine/
homocysteine pathway differs from that of dietary folate primarily because the synthetic form needs 
be reduced to tetrahydrofolate (THF) via dihydrofolate (DHF) by DHF reductase (DHFR) [70].

The epigenetic effects of folic acid on cell signalling pathways via the growth hormone, insulin-
like growth factor-2 (IGF-2) have been analysed in three human studies [71–73]. Growth hormones 
are believed to affect cognitive function via their actions on the excitatory circuits involved in synaptic 
plasticity [74]. Steegers-Theunissen et  al. [71] found that maternal folic acid supplementation 
(400 mg/day) was associated with a 4.5% increase in IGF-2 methylation (49.5% vs. 47.4%) in their 
children (n = 120) at 18 months, as measured by bisulphite sequencing using whole blood samples. 
However a cross-sectional study did not support these findings, as IGF-2 methylation patterns in the 
cord blood of their offspring (n = 99) was not associated with maternal serum folate [72]. Although 
these findings may not be externally valid considering that none of the women took folic acid 
supplements before or during pregnancy and serum folate concentrations were comparable to popula-
tions without access to fortified foods. Hoyo et  al. [73] also demonstrated that maternal folic acid 
supplementation (400 mg/day) was associated with lower methylated levels within the IGF-2 promoter 

Fig. 3.5  Genetically identical 3-months-old Avy mice representing the five coat colour phenotypes. Yellow mice are 
hypomethylated at the transposable element upstream of the Agouti gene allowing maximal ectopic expression, whereas 
hypermethylation of this site silences ectopic Agouti expression in the pseudoagouti animals (Reprinted with permis-
sion from Cropley et al. [63])
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of blood leukocytes located in the umbilical cord [73]. The heterogeneity of the methodologies used in 
these studies may account for the varied findings. For example, DNA methylation patterns are tissue 
specific, therefore maternal whole blood samples versus cord blood samples are likely to vary in their 
methylation profile. Due to the lack of comparability between these studies it is difficult to determine 
the real effects of dietary folate on methylation patterns of IGF-2 and cognitive function.

Folate is responsible for donating a methyl group to the nucleobase uracil to form thymine, which 
is required for of DNA maintenance and repair [75]. A folate deficiency may result in the misincorpo-
ration of uracil in the place of thymine [75] which can cause DNA instability [76, 77] and neurologi-
cal disorders. Langie et al. [78] tested the effect of maternal folate depletion in mice during pregnancy 
and lactation and high-fat feeding from weaning on DNA methylation and the expression of selected 
base excision repair (BER) related genes [79]. The analysis of DNA methylation using pyrosequenc-
ing of bisulfite-converted DNA revealed that maternal folate depletion increased BER activity in the 
offspring at weaning [79]. High-fat feeding from weaning as well as folate depletion was associated 
with a significant decrease in BER activity in the cortex, cerebellum, hippocampus and subcortical 
regions in the offspring at 6 months [79]. The expression of BER related genes was also correlated 
with a decrease in BER activity [79]. This evidence an animal model indicates that folate deficiencies 
during both pregnancy and lactation compromises DNA repair mechanisms which may predispose the 
brain to nutritional insults and neurological disorders.

�Choline and Betaine

Choline is a major source of methyl groups in the diet, the nutrient can be oxidised to betaine in the 
methionine/homocysteine pathway [80]. Foods rich in choline include beef and chicken liver, eggs, 
wheat germ, bacon, dried soybeans and pork [80]. During pregnancy the synthesis of choline is upreg-
ulated, however due to the high demand for this nutrient, the maternal choline stores become depleted 
[81, 82]. Therefore, an adequate intake of choline during pregnancy is essential to meet the high 
physiological demands for this nutrient.

Choline is a precursor of the neurotransmitter acetylcholine (ACh) which is required for cell sig-
nalling pathways which are known to be important for cognitive processes. There is convincing evi-
dence that cortical cholinergic transmission is essential for mediating attention functions and capacities 
[82, 83]. Previous studies have shown that the maternal choline status influences the mechanisms that 
control ACh synthesis. Prenatally choline-supplemented rats are known to derived a high proportion 
of choline for ACh synthesis from phosphatidylcholine [84, 85], whereas choline deficient rats are 
reliant on the upregulation of choline transport by the high-affinity choline transporter (CHT) [84]. 
Evidence suggests that epigenetic mechanisms trigger the over-expression of the CHT gene which 
causes the upregulation of the choline transport [86]. This evidence highlights that the epigenome is 
responsive to changes in the availability of prenatal choline, however it is unclear how long this 
mechanism will compensate for a choline deficiency.

Recent studies have analysed whether epigenetic mechanisms are involved in release of synthe-
sised ACh [86–88]. It is known that the IGF-2 receptor is involved in the release of ACh in response 
to the binding of IGF-2 in the hippocampus [88]. Given this knowledge, Mellot et al. [86] found that 
prenatal choline supplementation (35.6 mmol/kg) in rodents, increased the expression of the IGF-2 
receptor gene in the frontal cortex of the offspring at embryonic day 18, as analysed using oligonucleotide 
microarrays. Another study of newborn piglets confirmed that IGF-2 receptor gene was upregulated 
following prenatal betaine supplementation [89]. Napoli et al. [87] extended on the findings on the 
previous studies demonstrating that IGF-2/depolarization-evoked ACh release from hippocampal 
slices and frontal cortex was enhanced by prenatal choline supplementation [87]. These early findings 
emphasise that choline availability affects the synthesis and release of ACh via epigenetic modifica-
tions which is important for attention functions and capacities.
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�Vitamins B2, B6 and B12

Vitamins B2, B6 and B12 are important for catalysing the reactions involved in the methionine/homo-
cysteine metabolic pathway. The epigenetic effects of these nutrients on brain development has not 
been well explored in the literature. Most studies have investigated the effects of administrating folic 
acid supplements alone or in combination with other B-vitamins during pregnancy. This is a concern 
considering that biochemical pathways of vitamin B2, B6 and B12 are interrelated in the one-carbon 
metabolism, therefore increasing the level of one vitamin could mask the effects of another vitamin 
deficiency. For example, Morris et al. [90] demonstrated that a low vitamin B12 status was associated 
with significant cognitive decline over an 8 year period and this effect was exacerbated in those taking 
folate supplements. In addition, Min et al. [91] analysed the effects of folate supplementation on one-
carbon metabolism in vitamin B12 deficient rats with elevated plasma homocysteine. This study found 
that folate supplementation did normalise plasma homocysteine but also changed SAM and SAH 
concentrations in the brain which may affect DNA methylation levels. Based on this evidence it is 
important that future studies focus on understanding the effects of vitamin B2, B6 and B12 in isolation 
and combination. This knowledge will be important for understanding the synergistic effects of 
B-vitamins on DNA methylation and brain development.

�Methionine

Methionine is an essential amino acid acquired from dietary protein and is required for homocyste-
ine metabolism. Excess dietary methionine will disrupt DNA methylation by inhibiting remethyl-
ation of homocysteine which is expected to cause hyperhomocysteinemia [92]. It is known that high 
levels of homocysteine are neurotoxic causing oxidative stress, the inhibition of methylation reac-
tions, DNA damage and apoptosis [93]. The effects of hyperhomocysteinemia on the brain in the 
aging population has been extensively studied [94–96]. However, few studies have examined the 
effects in the developing brain. Devlin et  al. [97] compared brain SAM, SAH and genome-wide 
DNA methylation in wildtype and heterozygous methylenetetrahydrofolate reductase knockout mice 
(hyperhomocysteinemia). The mice of different genotypes were fed one of four diets: control, high 
methionine (HM), low folate (LF) or high methionine/low folate (HM/LF), starting at weaning for 
7–15  weeks. This study reported that methionine supplementation significantly reduced the 
SAM:SAH ratio in the brain of the heterozygous methylenetetrahydrofolate reductase knockout 
mice, the SAM:SAH ratio was further reduced in both phenotypes that were fed the LF or LF/HM 
diet [97]. Methionine supplementation did not significantly affect the brain genome-wide DNA 
methylation [97]. Further evidence is required to clarify if any epigenetic changes occurred at a 
gene-specific level. Based on the limited evidence available it is yet to be determined how excessive 
dietary methionine affects the epigenome and brain function.

�Conclusion

Early life is a critical window for establishing epigenetic marks that modify brain structure and function 
by altering neuroanatomical development, disturbing cell signalling molecules and increasing neuro-
toxins, these key events may be modified by variations in maternal and child nutrition. Considerable 
more research is needed in this area to determine the effects of methyl donor nutrients during the pre 
and postnatal period on brain function and cognition. This evidence will be important for informing 
dietary recommendations for pregnant women in order to optimise foetal brain development and 
long-term cognitive function and child outcomes.
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Key Points

•	 Moderate intensity physical activity is recommended and safe in low-risk pregnancy
•	 Physical activity interventions during pregnancy slightly reduce infant birth weight without 

increasing the risk of delivering a small infant, but the influence of exercise on fetal growth in high-
risk pregnancy remains unknown

•	 Physical activity volume and intensity modulate the influence of maternal physical activity on fetal 
growth, with high levels of physical activity associated with a decreased birth weight and adiposity

•	 Although some observational studies have found long-lasting benefits of maternal exercise during 
pregnancy on the child’s obesity risk, more studies are needed before definitive conclusions regard-
ing the child’s long term health can be drawn

•	 The mechanisms responsible for the effect of maternal physical activity on infant birth weight 
remain partly understood but are thought to include the modulation of blood flow, nutrients and 
oxygen delivery to the fetus, placental adaptations, epigenetic modifications and gestational weight 
gain regulation

Keywords  Birth weight • Exercise • Fitness • Neonatal body composition • Physical activity • 
Pregnancy
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�Introduction

Physical activity and cardiorespiratory fitness both produce significant cardiovascular health benefits 
[1]. During pregnancy, regular physical activity has been shown to help maintain physical fitness [2], 
decrease gestational weight gain [3] and reduce the risk of developing gestational diabetes [4] and 
potentially preeclampsia [5].

Regarding the child, birth weight is a marker of fetal growth and an important determinant of later 
body composition [6], fitness [7, 8], cardiovascular disease risk and metabolic disturbances [9, 10], 
and also appears to be influenced by maternal physical activity during pregnancy. Several mechanisms 
have been proposed, including the modulation of nutrient availability and blood flow [11], and a 
reduced weight gain during pregnancy. In response to physical activity interventions during preg-
nancy, infant birth weight has been shown to be slightly reduced, as suggested by the results of a 
recent meta-analysis [3]. Yet, discrepant findings have been observed between individual studies, sug-
gesting that physical activity type, intensity, volume and timing during pregnancy, in addition to 
maternal characteristics, might exert different fetal growth adaptations [11].

The present chapter will review evidence regarding the influence of maternal physical activity and 
fitness on infant birth weight and other markers of fetal growth, with a specific focus on the different 
growth responses elicited by different physical activity stimuli. Implications of such effects on later 
child growth and development will also be discussed.

�Physical Activity Recommendations

Given the recognized benefits and safety of moderate intensity physical activity, numerous medical 
associations including the American Congress of Obstetricians and Gynecologists, the Society of 
Obstetricians and Gynaecologists of Canada and the Royal College of Obstetricians and Gynaecologists 
encourage pregnant women with a low-risk, uncomplicated pregnancy to engage regularly in such 
activity [12–14]. Some conditions constitute absolute (e.g. ruptured membranes, preeclampsia) or 
relative (e.g. history of spontaneous abortion/premature labour, anemia, eating disorder) contraindica-
tions to physical activity during pregnancy [15]. Historically, women with these conditions were 
excluded from physical activity studies and accordingly, the impact of exercise on such conditions and 
on perinatal outcomes remains to be established [13]. While women with absolute contraindications 
should refrain from doing physical activity, those with a relative contraindication could be allowed to 
exercise following medical evaluation.

According to the exercise guidelines, previously inactive women should begin physical activity 
progressively, with a goal of achieving eventually 30 min of moderate intensity physical activity on 
most days of the week. As for previously active women, they are encouraged to pursue an active life-
style during pregnancy, while adapting their exercise practice in order to aim for a good conditioning 
level without focusing on reaching high performances [13, 14].

�Physical Fitness and Birth Weight

Physical fitness refers to “a set of attributes that people have or achieve that relates to the ability to 
perform physical activity” [16]. While individual responses exist regarding gains in cardiorespiratory 
fitness following regular physical activity practice [17], most evidence suggests that pregnant women 
can maintain or improve their cardiorespiratory fitness through exercise during pregnancy [2]. 
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However, physical activity levels usually tend to decline throughout pregnancy [18, 19], which could 
hamper cardiorespiratory fitness benefits.

Only a few studies have directly evaluated the association between maternal physical fitness and 
infant birth weight, with most of them being performed more than 40 years ago. Using a cycling exer-
cise test, Pomerance et al. found no association between maternal fitness score in late pregnancy and 
birth weight [20]. Similarly, Erkkola found no difference in birth weight between women with various 
physical work capacities [21]. However, the proportion of infants with a birth weight >3500 g was 
higher in women with a work capacity above 100% of the predicted value, based on reference values 
obtained from non-pregnant women of similar age and weight [21]. In a randomised trial, Erkkola and 
Mäkelä found no difference in birth weight between infants of women following an exercise regimen 
throughout pregnancy, resulting in improved fitness, compared with women of the control group [22]. 
More recently, our group found a positive association between maternal muscular fitness, as assessed 
by handgrip strength, and infant birth weight (Fig. 4.1). This association was independent of maternal 
body mass index (BMI), age, smoking status, gestational age at delivery, gestational weight gain, par-
ity and infant sex [18]. As seen in previous studies, we did not find a significant association between 
maternal cardiorespiratory fitness and infant birth weight.

As fitness is not only dependent upon physical activity levels but also upon genetic and nutritional 
factors [23], measuring the association between physical activity and birth weight might be more 
relevant regarding public health recommendations. The next section will thus specifically review stud-
ies evaluating the impact of physical activity levels on infant birth weight.

�Physical Activity and Birth Weight

Numerous observational and randomized studies have evaluated the association between maternal 
physical activity practice and infant birth weight. In 2015, Wiebe and colleagues have summarized 
results from randomized physical activity trials including direct exercise supervision in a 

Fig. 4.1  Correlation between infant birth weight and maternal handgrip strength measured in early second trimester of 
pregnancy. Legend: r = 0.34, P = 0.007 (Reproduced with permission from Bisson et al. [18])
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meta-analysis [3]. Compared with standard care, physical activity interventions resulted in a mean 
reduction in infant birth weight of 31 g (95% CI −57, −4, 27 trials, 5214 women). However, indi-
vidual study results were somehow heterogeneous and often no significant difference was found 
between the exercise and control groups, as depicted in Fig. 4.2. This could be partly explained by the 
differences in physical activity prescription and adherence between studies, as the type (cardiovascu-
lar, muscular, combination), volume (frequency and duration), intensity and length of the intervention 
varied substantially between studies. Indeed, these physical activity characteristics, in addition to 
maternal characteristics such as obesity and fitness, might influence fetal growth differentially, as sug-
gested by Clapp and colleagues’ early work [11].

Fig. 4.2  Effect of prenatal exercise interventions on mean birth weight. Legend: Difference in mean birth weight 
between women randomised to prenatal exercise compared with standard care. SD standard deviation, GDM gestational 
diabetes mellitus, heterog heterogeneity, MD mean difference, CI confidence interval (Reproduced with permission 
from Wiebe et al. [3])
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In an attempt to unravel the specific association between various physical activity exposures during 
pregnancy and infant birth weight, our group recently published a systematic review and meta-analysis 
of observational studies investigating the association between maternal physical activity and neonatal 
growth measures [24]. Due to important heterogeneity between studies, we were only able to evaluate 
the impact of physical activity volume, including intensity, on infant birth weight. High physical 
activity levels were defined by vigorous intensity physical activity and/or participation in at least three 
weekly exercise sessions lasting at least 30 min, or by the most active group in studies reporting analy-
ses with more than two physical activity level categories. Moderate physical activity levels were 
below the high level criteria, but still included a minimum physical activity level above the sedentary 
or least active category (the lowest activity level). We then compared (1) women classified as having 
high levels of physical activity to women with lower physical activity volumes (“high vs low”), and 
(2) women with moderate levels of physical activity to women with lower physical activity volumes 
(“moderate vs low”). A total of 15 studies were included in both analyses, as illustrated in Figs. 4.3 
and 4.4. When comparing infant birth weight of women with high and low levels of physical activity, 
we found that high physical activity levels were associated with a 70 g reduction in birth weight 
(Fig. 4.3). In contrast, infants born to women with moderate physical activity levels had a birth weight 
increased by 61  g compared with infants of women with low physical activity levels (Fig.  4.4). 

Fig. 4.3  Association between maternal physical activity during pregnancy and infant’s birth weight – high levels of 
physical activity. Legend: (a) Results from studies providing crude results only, based on activity volume. (b) Results 
from studies providing adjusted results, based on activity volume. (c) Results from studies based on duration. (d) 
Results from studies based on intensity. (a) Significant difference between groups (nonsignificant here due to estimated 
equal sample size per quartile). (b) This study reported only time spent swimming. (c) This study compared high inten-
sity exercise with moderate-intensity exercise. BW birth weight, PA physical activity (Reproduced with permission from 
Bisson et al. [24])
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Altogether, these findings suggest that a certain volume and intensity of exercise are required before 
birth weight is reduced. This could explain why the combination of results from randomized trials 
yield only a small difference in birth weight. Although not investigated in the previously cited meta-
analyses, studies evaluating the impact of maternal exercise on infant length found no evidence of a 
decreased length with maternal exercise [25–29]. Accordingly, although growth in weight can be 
altered with maternal exercise, such stimulus does not seem to impede growth in length.

Another important issue regarding fetal growth relates to the specific moment during pregnancy 
when physical activity is performed. Indeed, results from previous studies suggest that physical activ-
ity in early pregnancy could decrease fetal growth and birth weight [30, 31]. Although early preg-
nancy appears as a sensitive period for the programming of fetal growth, other studies also suggest 
that physical activity in mid- or late pregnancy could also influence birth weight [32, 33]. In addition, 
reducing physical activity volume in mid-pregnancy has been associated with an increased infant birth 
weight and adiposity, compared with maintaining or increasing physical activity volume during the 
same period [34].

Finally, the association between maternal physical activity and infant birth weight might also 
depend on particular maternal characteristics. For instance, most physical activity studies found no 
difference in infant birth weight between overweight or obese pregnant women engaged in physical 
activity and those pursuing a sedentary pregnancy [3, 27, 30, 35]. In addition, a lifestyle intervention 
for obese women during pregnancy, including dietary guidance and exercise training, resulted in 
a  larger infant birth weight in the intervention group despite a significant reduction in gestational 
weight gain [36]. Compliance issues with the exercise program were however noted in this study. 

Fig. 4.4  Association between maternal physical activity during pregnancy and infant’s birth weight – moderate levels 
of physical activity. Legend: (a) Results from studies providing crude results only, based on activity volume. (b) Results 
from studies providing adjusted results, based on activity volume. (c) Results from studies based on intensity. (a) This 
study mentioned nonsignificant adjusted results without providing estimates. (b) This study compared light intensity 
activity with no activity. BW birth weight, PA physical activity (Reproduced with permission from Bisson et al. [24])
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Whether the physical activity levels achieved by overweight and obese women are insufficient to 
positively influence birth weight or whether the beneficial effects of physical activity cannot counter-
balance the deleterious effects of maternal obesity [37] remains to be established.

�Physical Activity and Risk of Birth Weight Extremes

Despite a relatively small effect on birth weight, most studies investigating the impact of maternal 
exercise on the risk of high birth weight or large weight for gestational age found a decreased risk with 
maternal exercise. Indeed, Wiebe and colleagues found that women participating in a supervised exer-
cise program during pregnancy had a 31% reduction in the risk of delivering a large infant, compared 
with controls (OR 0.69, 95% CI 0.55, 0.86, 18 studies, 3982 women) [3]. Importantly, the risk of low 
birth weight or small weight for gestational age did not seem to be increased with maternal exercise 
(OR 1.02, 95% CI 0.72, 1.46, 11 studies, 2183 women) [3], although some observational studies in 
highly active women suggested otherwise [38, 39].

�Physical Activity and Infant Body Composition

Theoretically, a change in birth weight can be the consequence of a change in lean mass, fat mass, 
and/or bone mass in various proportions. Accordingly, changes in these tissues could imply differen-
tial long term health consequences for the child. Although neonatal body composition, and in particu-
lar neonatal adiposity, has been shown to be highly sensitive to the prenatal environment [40, 41], only 
a few studies have evaluated the effect of maternal exercise these specific outcomes. In previously 
inactive women, Clapp and colleagues found that beginning a moderate intensity exercise program in 
early pregnancy resulted in a proportional increase in neonatal lean and fat masses, compared with no 
exercise [26]. On the contrary, Hopkins and colleagues found that a moderate intensity exercise pro-
gram starting in mid-pregnancy reduced proportionally neonatal fat and lean masses, compared with 
no exercise [25]. In previously active women, reducing exercise practice in mid-pregnancy has also 
been found to increase neonatal lean mass, fat mass and fat percentage, compared with maintaining or 
increasing exercise practice from mid-pregnancy until delivery [34].

Two observational studies also evaluated the association between maternal exercise and infant 
body composition, and both found that vigorous exercise and/or a high volume of physical activity 
was associated with a reduction in neonatal adiposity [33, 42]. Recent data from our group also sug-
gest that maternal vigorous exercise measured by accelerometry in the first half of pregnancy is asso-
ciated with an important decrease in neonatal fat mass and fat percentage (−122.6 g or −2.3% fat in 
newborns of women doing vigorous exercise vs not doing vigorous exercise) [43]. In contrast, time 
spent in moderate intensity exercise in late pregnancy was associated with an increased lean mass 
(2.0 g increase for each minute spent doing moderate intensity exercise). Finally, the combination of 
a high volume of moderate intensity physical activity with vigorous intensity physical activity was 
also associated with a decrease in birth weight (~ −300 g for newborns of women doing vigorous 
exercise and high levels of moderate exercise vs not doing vigorous exercise) and neonatal bone min-
eral content (BMC, −5.4  g for newborns of women doing vigorous exercise and high levels of 
moderate exercise vs not doing vigorous exercise), without changes in bone mineral density (BMD). 
However, this association was not independent from linear growth. Two previous observational stud-
ies have also found evidence for a decrease in neonatal BMC and/or BMD with maternal exercise in 
late pregnancy [44, 45], but the only randomised trial evaluating these outcomes found no significant 
differences between the exercise and control groups [25].
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As for infant birth weight, the impact of maternal exercise on body composition appears to be 
modulated by exercise intensity, volume and timing during pregnancy. In addition, as most studies 
were conducted in healthy, normal weight and low-risk pregnant women, the impact of maternal 
physical activity on infant birth weight and body composition in other populations remains to be 
established.

�Long-Term Impact of Maternal Physical Activity on Child Growth

An important question that needs to be addressed regards the long term impact of maternal physical 
activity on child growth and health, as it is not known whether the changes observed at birth in birth 
weight and body composition persist over time and whether other effects not obvious at birth become 
apparent later in life.

A few observational studies attempted to answer these questions. Clapp initially investigated 
whether children of women who were regularly active during pregnancy remained lighter and leaner 
at 5 years of age, compared with children from a group of matched sedentary women. Interestingly, 
offspring of active women were still lighter and leaner compared with offspring of sedentary women 
at this age, and also exhibited higher language skills and intellectual quotient [46]. On the contrary, 
the same group found neither significant difference in anthropometric measures nor neurodevelop-
ment in 1-year old children of active women compared with those of sedentary women, although 
children of active women were lighter and leaner at birth [47].

In a follow-up study of a lifestyle intervention for obese pregnant women, children of the interven-
tion and control group did not differ in terms of weight, BMI or adiposity at age 2.8  years [48]. 
However, as children from the intervention group were initially heavier at birth [36], this absence of 
difference between groups could perhaps be seen as an improvement over time. Children from both 
groups were also similar with respect to plasma glucose, insulin, triglyceride and HDL cholesterol 
levels as well as blood pressure [49].

Finally, in children aged 7–8, one large (n = 40,280) observational study found no association 
between maternal self-reported physical activity practice during pregnancy and child’s BMI or obe-
sity risk [50], while another one (n = 5125) found decreased odds of obesity in children form active 
mothers (OR 0.77, 95% CI 0.65, 0.91). Clearly, more follow-up studies are needed before definitive 
conclusions can be drawn regarding the long term benefits of maternal physical activity on child’s 
growth and development.

�Biological Mechanisms Proposed to Explain the Impact of Maternal 
Exercise on Infant Birth Weight

Numerous mechanisms have been proposed to explain the variation in infant birth weight and body 
composition with maternal exercise. First, exercise is thought to modulate fetal nutrients, especially 
glucose, and oxygen availability, which is dependent upon blood flow to the fetus and the amount of 
substrates in maternal blood [11]. As active muscles require more energy substrates during exercise, 
blood flow is redistributed to accommodate their needs, which results in a transient reduction in blood 
supply to the fetus [51, 52]. Glucose utilization by active muscles [53] also reduces glucose availability 
for the fetus, and maternal exercise can improve insulin sensitivity [54]. However, the type of dietary 
carbohydrates (either of low or high glycemic index) consumed by the mother also influences both 
glucose and insulin response to exercise [55], which can in turn modify fetal growth [11]. Maternal 
physical activity could also indirectly influence birth weight through an effect on gestational weight 
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gain, as exercise has been shown to reduce this parameter [3] which highly influences birth weight [56]. 
Altogether, these mechanisms could explain the decreased birth weight observed with maternal physi-
cal activity in meta-analyses. However, as most of these effects appear to be intensity and time-depen-
dent [51, 52, 57, 58], and as birth weight seems to be reduced primarily with high volumes of vigorous 
exercise [24], some other mechanisms must counterbalance these effects when physical activity is 
lower in volume and intensity. Indeed, it has been proposed that maternal cardiac output, blood volume 
and placental volume were increased in regularly active women [11], which could mitigate the birth 
weight-lowering effect of transient bouts of exercise and explain why some studies found no difference 
or even an increased birth weight with maternal physical activity. Indeed, placental function and vol-
ume have been shown to be enhanced by regular moderate intensity starting in early pregnancy [26], 
while increasing exercise volume in mid-pregnancy reduces placental growth [34].

Recent studies also suggest that maternal exercise could modulate the placental nutrient transport 
capacity [59, 60], which could modulate fetal growth and birth weight. Finally, epigenetic modifica-
tions resulting from maternal exercise could also be responsible for changes in birth weight. Indeed, 
McCullough and colleagues have shown that total energy expenditure in early pregnancy is associated 
with a reduced DNA methylation of the PLAGL1 gene in cord blood, a gene whose methylation level 
is positively associated with maternal obesity and fetal growth [31]. Since the association between 
maternal physical activity and birth weight association was attenuated after adjustment for the meth-
ylation levels of this gene, it is thought to be partly responsible for the effect of physical activity on 
birth weight.

�Conclusions

In summary, maternal physical activity clearly appears to influence fetal growth, although the precise 
mechanisms remain to be elucidated. Physical activity parameters such as type, intensity and volume 
undoubtedly modulate the impact on infant birth weight and body composition, with high volume and 
intensity of physical activity associated with a reduced birth weight and adiposity. The moment when 
physical activity is performed, as well as the maternal characteristics, might also influence fetal growth 
adaptations to maternal exercise. Importantly, current physical activity recommendations for pregnant 
women appear safe for mother and child in low risk pregnancy, with no evidence of an increased risk 
of small weight for gestational age. More work is nevertheless required in order to assess the long term 
impact of maternal physical activity on child health, and to adequately counsel pregnant women with a 
higher risk pregnancy regarding safe physical activity levels throughout pregnancy.
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Key Points

•	 A reduction of nutrient supply and oxygenation is the final common pathway in FGR.
•	 Impaired placental function is mainly the final step leading to decreased nutrient and oxygen 

transfer to the fetus.
•	 Impaired maternal nutrition and nutrient absorption and maternal state of health can represent a 

risk factor affecting placental function.
•	 Maternal characteristics such as body mass index and lifestyle, can also influence both systemic 

and local oxidative stress and inflammation, potentially conditioning fetal growth.
•	 Maternal diet and environmental factors may cause epigenetic modifications, leading to alterations 

of oxygenation and nutrient supply to the fetus and finally to FGR.
•	 Growing evidence suggests a sexual dimorphism in the placental response to maternal 

environment.
•	 A cross-talk between mother-placenta-fetus compartments, further complicates the identification 

of the initial origin of fetal growth deficiency.
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�Introduction

Fetal growth restriction (FGR) affects up to 10% of live-born infants representing a major cause of 
neonatal morbidity and mortality worldwide. Using global norms, approximately 10% of term infants 
in developed countries are small for gestational age (SGA) compared to 23% of term infants in devel-
oping countries [1]. Normal fetal growth is a multifactorial process, strictly dependent on genetic back-
ground, endocrine milieu and appropriate placental function [2]. Despite the clinical heterogeneity of 
definitions and causes, FGR is defined as the failure of a fetus to reach its growth potential according 
to gestational age and fetal gender [3]. The American College of Obstetricians and Gynecologists 
quantified the growth restriction as an estimated fetal weight below the 10th percentile for gestational 
age [4], warning to take into account the individualized growth potential of each fetus and avoiding to 
fail in this way the identification of larger fetuses that may be at risk of adverse outcome.

Constitutionally small infants (SGA babies) show by definition a birth weight below 10th percen-
tile due to constitutional factors including maternal height, weight, ethnicity, and parity, without an 
increased risk for perinatal mortality or morbidity. Conversely, in FGR the nutrient supply to the fetus 
is compromised and the fetus, as an adaptive mechanism, responds by reducing its overall size and fat 
mass, preserving brain growth, accelerating lung maturation, and increasing red blood cell production 
[5]. Therefore, the risk of mortality and morbidity is increased in infants with FGR because of the 
compromised growth and reduced energy reserves that increase the vulnerability of these infants dur-
ing the stressful perinatal period with the transition from intrauterine to extrauterine life.

Moreover, a new concept developed in the last decades: optimal intrauterine fetal growth repre-
sents the necessary starting point not only for good pregnancy outcome and neonatal wellbeing, but 
also for favorable health outcomes in childhood and adult life of the offspring. Developmental trajec-
tories in early life have been associated with the response of the individual to later exposures, through 
mechanisms involving one-carbon metabolism and molecular biological processes, such as epigenetic 
programming, that can permanently modify the subsequent development of an individual [6]. In this 
scenario, FGR appears to be a significant risk factor for hypertension, hyperlipidemia, coronary heart 
disease, and diabetes mellitus in the adult (Barker hypothesis). This gives a new central role to intra-
uterine early life also in order to implement global health and wellbeing.

�Assessment and Determinants of Fetal Growth

Fetal growth is currently assessed with reasonable accuracy by comparing the ultrasound measure-
ments of fetal size parameters with reference population-based growth charts derived from populations 
of fetuses with assumed normal growth. When a small fetus is detected, it can be challenging to distin-
guish between a fetus that is constitutionally small versus growth restricted. Making the correct diag-
nosis is prognostically important for estimating perinatal morbidity and mortality and the risk for 
recurrence. In order to improve the sensitivity of in utero diagnosis and to reduce dangerous misclas-
sification, the development of customized growth curves based on individual maternal characteristics 
(i.e. race, age, parity, height, weight) [7] and the use of ultrasound markers, including feto-placental 
Doppler velocimetry, growth velocity and fetal body composition, have been proposed (Table 5.1) [8]. 
In particular, reduced subcutaneous fat mass has been shown in FGR and the reduction is more signifi-
cant when fat is normalized for body size [9]. Customized growth curves account for non-pathologic 
maternal factors including mother’s height, pregestational weight, parity, and ethnicity, representing all 
strong contributors to birth weight. This allows the interpretation of estimated fetal weight in the con-
text of the individual fetus’ growth potential, rather than against a population-based birth weight distri-
bution. Despite a higher reliability of this approach, routine clinical use of customized growth curves 
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remains controversial since clear evidence of benefit has not been demonstrated and its use has implica-
tions on resource allocation [10]. On the other hand, the assessment of the feto-placental circulation by 
Doppler ultrasound is employed to assist the prediction of hypoxemia and acidemia representing the 
most important surveillance test able to improve fetal outcome in this high-risk population [11]. Since 
a specific placental phenotype with increased uterine impedance leading to reduced nutrient transfer, 
placental respiratory failure and fetal hypoxemia, represents the most frequent pathophysiology of 
FGR, a temporal sequence of hemodynamic alterations has been described, involving changes in flow 
velocity waveforms suggesting organ-sparing effects at various levels of fetal compromise [12].

Determinants of fetal growth involve a strict cross-talk between the three compartments of mother, 
placenta and fetus (Fig. 5.1). Normal fetal growth reflects the interaction of the fetal genetically pre-
determined growth potential and its modulation by the health of fetus, placenta and mother. Firstly, an 
optimal maternal nutrient and oxygen supply has a critical role in feto-placental growth and 
development. The placenta represents the interface between maternal and fetal circulations and has a 

Table 5.1  Ultrasound evaluation of FGR

Diagnosis Reference population-based growth charts
Estimated fetal weight below the 10th percentile for gestational age

Customized growth 
curves

Use of individual maternal characteristics impacting birth weight (anthropometric 
measures, ethnicity)

Feto-placental Doppler 
velocimetry

Evaluation of feto-placental perfusion and compensatory mechanisms (i.e. brain sparing)
Evaluation of blood flow in major vessels mainly including the uterine arteries, umbilical 
artery, ductus venosus, and middle cerebral artery

Growth trajectories 
assessment

Serial ultrasound scan assessing growth velocity

Fetal body composition Evaluation of fetal subcutaneous tissue thickness (mid-thigh, mid-arm, abdominal fat 
mass, subscapular fat mass), eventually normalized for body size

Major Determinants of Fetal Nutrition

environment

maternal nutrition and
nutrient absorption

maternal metabolism
and state of health

placental metabolism and transport

umbilical uptake

fetal metabolism

tissue deposition (growth) oxydation (energy)

Fig. 5.1  Major determinants of fetal nutrition. Determinants of fetal growth involve a strict cross-talk between the three 
compartments of mother, placenta and fetus

5  Maternal Characteristics Predisposing to Fetal Growth Restriction



58

critical and active role on nutrients and oxygen delivery, depending on its size, morphology, blood 
supply, transporter expression and metabolic and endocrine function. Finally, fetal genetic and meta-
bolic factors and uptake are constantly involved in the response to environmental factors and in energy 
production. The process of fetal growth comprises three consecutive and overlapping phases. The first 
phase consists of cellular hyperplasia and encompasses the first 16 weeks of gestation. Derangements 
in this phase are more likely to lead to symmetric FGR where fetal organs and size parameters are all 
decreased proportionally. The second phase, with concomitant hyperplasia and hypertrophy, occurs 
between 16 and 32 weeks and involves increases in cell size and number. The third and final phase, 
called the phase of cellular hypertrophy, occurs after the 32nd week and is characterized by a rapid 
increase in cell size. Quantitatively, normal singleton fetal growth increases from approximately 5 g/
day at 14–15 weeks of gestation to 10 g/day at 20 weeks and 30–35 g/day at 32–34 weeks, after which 
the growth rate decreases.

Intrauterine growth trajectories have always been thought to be modifiable from the second trimes-
ter onwards, when maternal metabolism switches to a catabolic state, fetal growth starts to be expo-
nential and fetal fat tissue deposition strongly depends on the endocrine, maternal and placental 
milieu. All these events are strongly dependent on external intervention and maternal exposures. 
Conversely, prior to the widespread use of ultrasound in early pregnancy, first trimester growth was 
thought to be uniform and under genetic control. However, these beliefs were challenged after the 
analysis of data from thousands of first trimester ultrasound examinations [13, 14]. Early delay in fetal 
growth has been documented in pregnancies with precise gestational age dating, and appears to be 
predictive of subsequent adverse perinatal outcomes. It is now known that maternal factors, such as 
age, alcohol consumption, smoking, diastolic blood pressure and diet, strongly modify embryonic 
growth trajectories even so early in pregnancy. Moreover, first trimester embryonic growth has been 
strongly related to subsequent fetal growth in the second and third trimester of pregnancy, as well as 
to adverse pregnancy outcome including preterm delivery and SGA babies [13, 14]. Since prospective 
studies showed that parental periconceptional characteristics, nutrition and lifestyle, strongly modify 
the developmental competence of gametes, pre-implantation embryo and fetus, with long-term health 
consequences in the offspring and a germline-dependent transmission across generations (transgen-
erational effect), the adequate planning of pregnancy and the modification of wrong exposures need 
to be part of a positive and necessary intervention as early as the preconceptional period (Fig. 5.2) [6].

�Maternal Determinants of FGR

Although the etiology of FGR can be various and broadly categorized into maternal, fetal, and placen-
tal causes, a suboptimal nutrient supply and oxygenation of the feto-placental unit represents the final 
common pathway in FGR pathogenesis. The mechanisms leading to this can be heterogeneous and 
overlapping, depending on both external (maternal diet, lifestyle, environment and exposures) and 
internal (maternal/placental/fetal altered metabolism, molecular mechanisms) factors (Fig.  5.1). 
Impaired placental function is mainly the final step leading to decreased nutrient and oxygen transfer 
to the fetus. Indeed, the placenta operates as a nutrient sensor matching fetal growth rate to the ability 
of the mother to deliver nutrients by modifying placental transport functions.

Maternal risk factors for FGR comprise: socio-demographic factors, including race, extreme 
maternal age (less than 16 years and more than 35 years) and low socioeconomic status; chronic 
comorbidities, particularly if associated with vascular and endothelial dysfunction (i.e. hypertensive, 
renal and autoimmune disorders); nutritional status, including inadequate energy, micro- and macro-
nutrients intake, inadequate gestational weight gain and extreme pregestational body mass index 
(BMI); assisted reproductive technology (ART) conception; lifestyle habits, including smoking, 
alcohol consumption and substance abuse [15]. Table 5.2 summarizes maternal risk factors for FGR.
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Environmental
and maternal

insults

Fig. 5.2  In utero and transgenerational effect of periconceptional maternal environment. Periconceptional maternal 
nutrition and lifestyle may affect the development of gametes, embryo and fetus with long-term implications for health 
and non-communicable diseases of the offspring. A transgenerational effect could be explained by the epigenetic pro-
gramming of fetal gametes

Table 5.2  Maternal risk factors for fetal growth restriction (FGR)

Maternal determinants of FGR
Socio-economic factors Socio-economic status

Age
Ethnicity

Exposures Environmental (i.e. pollutants)
Substance abuse
Alcohol consumption
Tobacco use
Altitude

Comorbidities Medication use
Pre-existing medical conditions
Associated pregnancy complications (i.e. preeclampsia)
Maternal infections

Obstetric history Previous FGR
Parity
Inter-pregnancy interval
ART conception

Nutritional status Pregestational BMI
Gestational weight gain
Diet
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Maternal metabolism and health status may represent a risk factor affecting placental function 
and utero-placental blood flow. For example, vascular and endothelial dysfunction associated with 
systemic pathologies including diabetes, renal and autoimmune diseases and preexisting hyperten-
sive disorders, may compromise placental vascular development, oxygenation and transport systems 
leading to reduced placental perfusion and FGR [16]. Furthermore, the delivery of a very SGA new-
born has been associated with an increased risk of maternal hospitalization and death (odds ratio 
(OR) 1.6) in a multi-adjusted model, suggesting that maternal cardiovascular factors can affect 
utero-placental perfusion and fetal growth even before maternal disease becomes clinically overt 
[17]. Even hematological disorders (i.e. sickle cell disease) and some autoimmune diseases such as 
antiphospholipid syndrome may cause chronic villitis, placental vasculopathy and thrombosis, lead-
ing to fetal undernutrition and hypoxia as possible sequelae. On the contrary, the role of maternal 
inherited thrombophilia is controversial and not consistent as a cause of FGR. Chronic maternal 
hypoxemia due to pulmonary or cardiac disease or to severe anemia can lead to a reduction in oxy-
gen supply and FGR. Even residing at high altitude results in maternal chronic hypoxemia and lower 
birth weight, reporting an average birth weight decline of 65 g for every additional 500 m in altitude 
above 2000 mt [18].

Impaired maternal nutrition and nutrient absorption represent worldwide one of the most important 
factor leading to FGR altering nutrient placental availability and supply to the fetus. In particular, 
maternal nutrition affects fetal growth either directly by determining the amount of nutrients avail-
able, and indirectly by affecting the fetal endocrine system, and epigenetically by modulating gene 
activity. In particular, maternal birth weight, prepregnancy BMI and weight gain during pregnancy are 
responsible for about 10% of the variance in fetal weight.

During the Dutch famine, severe maternal starvation has been strongly associated with FGR when 
it occurred in the second half of pregnancy. Maternal undernutrition, in fact, may alter fetal growth 
trajectory by modulating hormone production in the maternal, placental, or fetal compartments and by 
modifying placental weight, surface and nutrient transfer capacity. The resulting changes in placental 
and fetal growth depend both on the severity of the nutritional challenge and on the timing of depriva-
tion, leading to a compensatory increase in placental mass, surface and transport when undernutrition 
realizes in the first part of gestation and to a decrease of the same parameters, resulting in FGR, if it 
realizes in the last part [19]. Modest degrees of nutritional deficiency and maternal malabsorption of 
nutrients (i.e. celiac disease) also have an effect on birth weight. Conversely, maternal overnutrition 
(i.e. obesity) may lead to FGR probably through mechanisms involving malnutrition and consequent 
micronutrients imbalance, vascular alteration, metabolic derangements and altered oocytes quality, 
but results are controversial [20, 21]. Conversely, recent studies underline the positive and strong 
association between dietary-caused inflammation and infant birth weight [22].

Maternal use of alcohol, cigarettes and illicit drugs may cause FGR by a direct cytotoxic effect or 
indirectly from related variables such as malnutrition and vascular dysfunction. Smoking during 
pregnancy has been independently associated with a twofold increased risk of adverse outcomes, 
including FGR. It has been estimated that about 3% of women smokes tobacco during the 3 months 
before conception, and about 54% quit during pregnancy [23]. The strongest association between 
smoking and FGR occurs in the third trimester of pregnancy showing a dose-response association. 
As expected, for women who quit smoking in pregnancy, the adjusted OR for FGR is strongly related 
to the trimester, reporting the highest OR when the woman quit in the third trimester compared to the 
first trimester [23].

In conclusion, a cross-talk between mother-placenta-fetus compartments further complicates the 
identification of the possible origin of fetal growth deficiency. Any insult deriving from the environ-
ment or from one of these three compartments, may also affect the entire system, possibly leading to 
FGR. These insults mainly result in both systemic and local status of oxidative stress and inflammation, 
and in epigenetic modifications, leading to alterations of placental gene expression, thus modifying 
placental function.
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�Molecular Mechanisms Undergoing Alterations of Oxygenation 
and Nutrients Supply

�Oxidative Stress and Inflammation

Oxidative stress and inflammation have been reported in maternal, placental and fetal tissues of FGR 
pregnancies over the past years, both in humans and in animal models [24–26].

Maternal characteristics such as BMI and lifestyle, including oral care and maternal exercise, can 
influence both systemic and local oxidative stress and inflammation, potentially conditioning fetal 
growth (Fig. 5.3) [15, 27, 28].

Oxidative stress results from the imbalance between the generation of oxidant species and antioxi-
dant defenses in the cell, mainly resulting in over-production of reactive oxygen species in mitochon-
dria. Altered mitochondrial content, a marker of oxidative stress, has been reported both in FGR 
maternal blood and in the placenta [24, 29]. In mouse embryo, impaired mitochondrial function 
affects subsequent fetal and placental growth [30], and conversely, maternal undernutrition in rats 
induces impaired placental mitochondrial function in fetal and placental growth restriction [31]. 
In humans, altered mitochondrial function in the placenta has also been shown, with increased placen-
tal oxygen consumption, possibly representing a limiting step in FGR, preventing adequate oxygen 
delivery to the fetus [24]. Moreover, cord blood oxidative stress biomarkers have been shown to vary 
with the severity of FGR and of vascular disease in the twin pregnancy model in which both fetuses 
share the same maternal environment [25]. Oxidative stress was also recently reported as a common 
trait of endothelial dysfunction in chorionic arteries from fetuses with FGR [32].

Oxidative stress can stimulate an inflammatory response and, conversely an inflammatory response 
induces oxidative stress, generating a positive feedback system. One or more pro-inflammatory factors 
released from the syncytial surface of the placenta into the maternal circulation may be involved in this 
scenario. Several markers of systemic inflammation have been demonstrated to increase in FGR 
mother-child couple compared to normal pregnancies, as well as in FGR placentas and in the kidney of 
piglets [33, 34]. This might also be due to uneven adipose deposition in FGR, which is often accompa-
nied by the release of pro-inflammatory signaling molecules, as recently reported in male rats [35].

Maternal characteristics, nutrition and lifestyle

Placental and systemic
inflammation

Impaired placental and fetal
mithocondrial function

Altered fetal growth and development

Fetal sex-specific responses

Oxidative
stress

Fig. 5.3  Associations among maternal environment, oxidative stress and inflammation, potentially conditioning fetal 
growth. Maternal characteristics and exposures can influence both systemic and placental oxidative stress and inflam-
mation, potentially conditioning fetal growth by modifying oxygen and nutrient delivery to the fetus
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Interestingly, growing evidence suggests that fetal sex also affects fetal growth responses to the 
intrauterine and maternal environment [20, 36]. Sexually dimorphic differences in growth and sur-
vival of the fetus are likely mediated by the sex specific function of the human placenta, with male and 
female fetuses establishing different strategies to cope with the same adverse maternal environment 
[36]. In a rat model, adult females from undernourished mothers during perinatal life were lately 
reported to develop a better global antioxidant status, possibly contributing to their protection against 
hypertension programming. Moreover, a proteomic analysis of adipose tissue in rats showed that 
although FGR affected pathways of substrate and energy metabolism in both males and females, 
important gender differences were evident, with FGR males predisposing to later development of 
obesity, while females showing established obesity [37].

There is emerging knowledge on the relationship between the effect of maternal nutrition or meta-
bolic status on placental function and the risk of non-communicable diseases later in life, with a spe-
cific impact of sexual dimorphism and epigenetic mechanisms [38].

�Epigenetic Modifications

Maternal diet and environmental factors, such as pollution, smoking or psychosocial stress, are very 
important causes of epigenetic modifications in FGR, with sexual dimorphism in the placental 
response to the maternal environment (Fig. 5.4) [20, 38–40]. Indeed, epigenetic variation in the pla-
centa is now emerging as a candidate mediator of the environmental influence on placental function-
ing and a key regulator of pregnancy outcome. A growing body of evidence based on epigenome-wide 

Maternal nutrition and lifestyle
(i.e. smoking, alcohol use, coffee consumption, pollution)

Modulation of gene expression and protein
translation

Impaired fetal growth

Adult diseases

Permanent changes in
metabolic responses to
postnatal environment

Fetal over/ under-nutrition

(DNA methylation, histone acetylation)
Epigenetic modifications

Derangements in one-carbon
metabolism

Fig. 5.4  Epigenetic changes linking maternal diet and environmental factors to fetal growth restriction (FGR) and adult 
diseases. Maternal exposures during critical stages of intrauterine development can influence the adult phenotype of the 
offspring by permanently modify gene expression and protein translation through epigenetic perturbations
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association studies suggests that early life adverse environmental events may trigger widespread and 
persistent alterations in transcriptional profiling, which lead to the risk of development and progres-
sion of a variety of human chronic diseases [39]. Over the past years, epigenetic modifications have 
been extensively associated with FGR. DNA methylation is the most intensively studied epigenetic 
feature. Several studies associate altered DNA methylation profiles of key gene regulation and tran-
scription pathways in umbilical cord blood [41] and placenta of FGR pregnancies. Evidence for an 
involvement of imprinted genes in FGR and placenta-associated complications has been extensively 
shown [42]. Loss of imprinting and aberrant methylation of insulin-like growth factor 2 (IGF), as well 
as decreased methylation in the H19 gene promoter, with a consequent increased H19 transcription, 
have been reported in FGR placentas [43]. The genome-wide differential DNA methylation of all 
known imprinted genes in normal and FGR placentas has been analyzed, suggesting that differential 
methylation changes occur in FGR throughout the genomic regions, including genes actively expressed 
in the placenta [44]. Analyses of genome-wide methylation patterns in normal, SGA and FGR human 
placentas shows that methylation patterns are associated with infant growth, suggesting that methyla-
tion status in the human term placenta may be a marker for the intrauterine environment, potentially 
playing a critical functional role in fetal development. Recently, placental DNA methylation gene 
levels of IGF2, AHRR, HSD11B2 and WNT2 were confirmed to associate with FGR [45]. Moreover, 
a correlation has been established between disrupted DNA methylation of a few genes previously 
shown altered in the term placenta and altered maternal serum levels of the corresponding protein, 
indicating that DNA methylation might be a useful tool to identify novel biomarkers for adverse preg-
nancy outcomes [46].

The timing of insult likely influences the degree of epigenetic alterations. Early gestation has 
recently been identified as a critical time-period for adult DNA methylation changes in whole blood 
after prenatal exposure to Dutch famine [19].

Histone modifications have also been reported in animal models. In a rat model of FGR, low-
protein diet-derived offspring presented permanent repressive posttranslational histone modifications 
at the promoter of Cyp7a1, leading to increased blood cholesterol [47]. Prenatal caffeine ingestion 
induced aberrant DNA methylation and histone acetylation of the SF-1 promoter in the rat fetal adre-
nal, leading to the production of corticosterone during fetal development [48].

Finally, maternal circulating microRNAs (miRNAs) expression has been investigated over the past 
years in FGR, gaining increasing interest for their potential role as pathology biomarkers and potential 
therapeutic tools [49]. miRNAs are short non-coding RNAs that regulate gene expression at the post-
transcriptional level. Pregnancy is associated with increased maternal plasma levels of several 
placenta-specific miRNAs compared to non-pregnant controls, which possibly mediate crosstalk 
between the feto-placental unit and the mother during pregnancy. FGR has been associated with 
increased circulating miRNAs regulated by hypoxia. Indeed, circulating miRNAs might also serve as 
biomarkers for placental function during pregnancy. Moreover, a significant increase of extracellular 
placental miRNAs levels in the first trimester maternal serum has been observed in pregnancies with 
later onset of preeclampsia and/or FGR [50].

�Conclusions

Fetal growth is dependent from appropriate oxygen and nutrient supply and utilization. There are 
many maternal factors that may decrease fetal growth mainly affecting placental function and transfer 
capabilities. The interplay between mother, placenta and fetus is always involved, as fetal growth is 
likely matched to nutrient and oxygen availability. Any insult deriving from the environment or from 
one of these three compartments, seems to act at the placental level, altering mitochondrial function 
and oxygen consumption, possibly leading to FGR.
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Epigenetic mechanisms are found to be likely involved in linking environmental exposures, such 
as lifestyle and nutritional inadequacies, to alterations in placental function and fetal growth. Different 
epigenetic responses have been described depending on fetal sex, thus leading to interesting hypoth-
esis about sexual dimorphism occurring during intrauterine life.

These new findings may lead to interventions during preconception as well as pregnancy, with the 
potential to reduce the negative effects of environmental, nutritional and lifestyle exposures on fetal 
growth and on future health outcomes.
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Key Points

•	 The adult human brain is an insulin-sensitive organ
•	 Central nervous insulin resistance affects peripheral glucose metabolism in adults
•	 Maternal metabolism influences different aspects of fetal development
•	 Maternal insulin sensitivity influences fetal postprandial brain activity
•	 Central nervous insulin resistance may be programmed already in utero
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IR	 Insulin resistance
IS	 Insulin sensitivity
NGT	 Normal glucose tolerant
OGTT	 Oral glucose tolerance test
SQUIDs	 Superconducting quantum interference devices

While it has been shown that children of mothers with metabolic disturbances have an increased risk 
of becoming obese or developing diabetes in later life [1–4], little is known about the mechanisms 
behind this metabolic programming. Until recently it has been assumed that changes in maternal 
metabolism, especially insulin sensitivity (see Table 6.1), mainly influence peripheral processes in the 
fetus. However, several studies showed that maternal insulin resistance leads to functional and ana-
tomical changes in the fetal brain mainly in rodents and that the human brain is insulin sensitive. 
These studies were the basis for the first studies investigating the influence of maternal metabolism on 
the fetal brain in humans.

�Insulin Sensitivity in the Adult Human Brain

The human brain is an insulin sensitive organ. Several studies have shown that peripheral insulin can pass 
the blood brain barrier and act in a large number of different brain areas like hypothalamus, fusiform 
gyrus, prefrontal areas and hippocampus [5], thereby affecting many behavioral, metabolic or cognitive 
processes [6, 7]. However, similarly to the periphery, brain insulin sensitivity is altered by metabolic 
changes and it is possible that the normal insulin is attenuated or even absent, this is called brain insulin 
resistance. It has been suggested that brain insulin resistance does not solely result from metabolic changes 
in the periphery, but could actively contribute to the development of metabolic diseases [8].

An early magnetoencephalographic study on the effects of insulin on spontaneous and evoked 
human brain activity showed diminished insulin action in the brain of obese as compared to lean 
adults. They used a stepwise euglycaemic–hyperinsulinaemic clamp, during which insulin was 
infused continuously and simultaneously glucose was infused to prevent hypoglycemia [9, 10]. As the 
peripheral insulin infusion can not exclude interactions between other insulin sensitive organs and the 
brain, in later studies, insulin was administered intranasally as a spray. After intranasal application, 
insulin is transported directly along olfactory nerves into the central nervous system, thereby almost 
completely avoiding the blood transport [8, 11]. Using a combination of both stepwise clamp and 
nasal insulin, a strong relationship between peripheral insulin resistance and insulin resistance of the 
human brain was found [12, 13]. Many studies delivered evidence that insulin action in the human 
brain may affect the peripheral metabolism. During a lifestyle intervention, obese subjects with higher 
brain insulin sensitivity lost more weight than obese subjects with brain  insulin resistance [9]. 
Intranasal insulin administration could not improve insulin sensitivity in obese men, but it did in lean 
men [14]. The underlying mechanisms of central insulin action and insulin resistance of the human 
brain are not completely resolved. Better knowledge on brain insulin action seems to be essential in 
order to understand the pathogenesis of obesity and type 2 diabetes mellitus.

Table 6.1  What is insulin sensitivity?

Insulin sensitivity describes the degree to which cells respond to normal insulin action, as opposed to insulin 
resistance, which describes a state in which the cells cease to respond to insulin. In insulin sensitive subjects, a 
small amount of insulin is necessary for glucose metabolism in cells, in insulin resistant subjects large amounts of 
insulin are necessary to allow for glucose metabolism
Insulin sensitivity can be assessed via blood samples, either in a fasting state (HOMA-IR, [15]) or during a glucose 
challenge (oral glucose tolerance test, OGTT, see Box 6.1, [16]
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�Developmental Programming of Brain Insulin Sensitivity in Animals

Animal studies have repeatedly shown that maternal diet and metabolism can not only have disruptive 
effects on weight and metabolic diseases in offspring [17–19], but excessive nutrient supply during 
gestation or in early postnatal periods can directly influence fetal brain development [20–22].

In mice, maternal high-fat diet feeding during lactation (a period in rodent development which 
has been described as analogous to the human last fetal trimester) can predispose the offspring for 
obesity and impaired glucose homeostasis. The effect on the neonatal mouse brain development 
showed itself in abnormal insulin signaling and was associated with an impairment in circuit forma-
tion in insulin-sensitive hypothalamic areas [20]. Early postnatal overfeeding by decreasing litter 
size can have similar effects: Overfed rats gained more weight during the lactation period and were 
overweight later in life. They also showed differences in neurochemical plasticity compared to rats 
that grew up in normal-sized litters: Answers to anorexigenic and orexigenic neuropetides in hypo-
thalamic neurons were altered [21].

Gupta et al. [22] investigated fetal brain development in rats (analogous to the first two trimesters 
of human gestation). Term fetuses of mothers that had been fed on high-fat diets before and during 
pregnancy showed altered leptin and insulin signaling and upregulation of orexigenic neuropeptides 
in the hypothalamus.

Sanguinetti et al. [23] showed an effect on fetal brain insulin sensitivity in minipigs: At birth, 
offspring of mothers that had been fed high-fat diets during gestation, as opposed to offspring of 
mothers on low-fat diets, showed higher brain glucose metabolism and more brain insulin receptors. 
The overexposure to glucose during the fetal phase led to a subsequent attenuated brain glucose 
metabolism during further development under normal feeding conditions. This indicates a change in 
fetal brain insulin sensitivity in response to differences in maternal diets during gestation.

This research in animals shows that changes in maternal metabolism can program a variety of 
changes in the fetus, and most interestingly, in the fetal brain. Studied developmental periods have 
been discussed as models for the second trimester (fetal period in rodents) and the third trimester 
(lactation period in rodents) of human gestation. The effects of human maternal metabolism on the 
fetal brain can be studied with specific brain imaging methods.

�Fetal Magnetoencephalography: Accessing Fetal Brain Activity 
Noninvasively

Fetal Magnetoencephalography (fMEG) is a non-invasive technique which enables a direct measure-
ment of fetal neuronal activity in utero (see Table 6.2 and Fig. 6.1).

FMEG allows the investigation of fetal heart dynamics [35, 36], spontaneous fetal brain activity 
[37, 38], fetal evoked brain activity to visual stimuli [26, 32] and auditory stimuli [28, 29, 39], mainly 
in the last trimester of pregnancy. Fetal evoked responses (ER) usually consist of one component, 
which can be described by its amplitude and latency. Amplitudes depend on fetal position and dis-
tance to the sensors, but latencies can be directly compared between different subjects. For a data 
example of a fetal ER, see Fig. 6.2.

Fetuses not only show evoked brain activity to a variety of tones, like different frequencies of pure 
tones and white noise [40], but also show discriminative responses to changes in stimulation, in 
so-called oddball paradigms. In this paradigm, one stimulus (or stimulation sequence, the standard) is 
frequently presented, interspersed with one or more infrequent stimuli (the deviant or oddball stimuli). 
In addition to responses evoked by the stimuli themselves, mismatch responses are elicited by the change 
from the standard to the deviant stimulation, if the change is perceived and the memory trace of the original 
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pattern persists [41]. Mismatch responses in fetuses have been shown to changes in pure tone frequencies 
[42, 43] and changes in the number of tones in a sequence [44]. Since there is evidence that fetal ERs 
habituate with repeated stimulation, with decreasing amplitudes of ERs [45, 46], oddball paradigms are 
also employed to avoid habituation to the stimulation of interest by interrupting the repeated presentation 
of a frequent standard stimulus with an infrequent deviant stimulus, to ensure that the amplitude of the 
ER doesn’t decrease with repeated stimulation. The outcome measure of interest is the fetal response 
latency. It has been shown to decrease during the course of gestation and is assumed to be an indicator 
of cortex maturation [24, 39, 47]. In this context, delayed brain maturation has also been studied: Visual 
ERs have been shown to be delayed in growth-restricted fetuses with placental insufficiency but not in 
fetuses that were merely small for their gestational age [48, 49]. ER latency appears to be an indicator 

Table 6.2  Method: fetal magnetoencephalography (fMEG)

FMEG allows the direct non-invasive measurement of fetal neuronal activity. As opposed to electrical activity 
recorded in electroencephalographic measurements, magnetic signals recorded in magnetoencephalographic 
measurements are not distorted by passing through layers of biological tissue. Due to its high temporal resolution, 
fMEG is especially suitable to evaluate the time course of fetal neuronal activity [24]
While adult brain activity has been measured and studied with magnetoencephalography (MEG) extensively, fetal 
brain activity has been more elusive. Human fetal research was limited to behavioral and physiological measures 
based on ultrasound and electrocardiographic recordings. In the 1980s first fetal magnetoencephalography 
measurements have been conducted by Blum et al. [25] with a single-channel MEG system. In the following years, 
detection methods of fMEG signals have advanced [26–29], as have data acquisition methods, with the development 
of dedicated fMEG systems shaped to fit the maternal abdomen
In dedicated fMEG systems, as in MEG systems used in adults, highly sensitive sensors, so-called superconducting 
Quantum Interference Devices (SQUIDs), are installed. They can measure even weak magnetic fields in the femto 
Tesla (fT, 10−15 T) to pico Tesla (pT, 10−12 T) range, which includes the field strength of fetal brain activity. To reach 
superconductivity the sensors are cooled down with liquid helium to about 4°K in a temperature-isolated container 
[30]. Systems are operated in magnetically shielded rooms to shield from environmental noise (10−7 T)
FMEG systems do not directly provide fetal anatomical information. To determine fetal position, ultrasound 
measurements are conducted before and after fMEG measurements [24]
Activity recorded besides fetal brain activity include maternal heart activity (up to 100pT), fetal heart activity (up 
to 10pT), uterine muscle activity, and muscle activity due to maternal movement [31]. To analyze fetal brain data, 
environmental noise is cancelled, and maternal and fetal heart activity is removed [32–34]. After stimulus-locked 
averaging, visual analysis of evoked responses is possible [27, 28]

Fig. 6.1  The fMEG system installed in Tübingen. (a) Woman seated on the fMEG system during auditory stimulation. 
(b) Schematic of the fMEG system (The pictures were reproduced with permission of the University Hospital Tübingen, 
Germany (a, b) University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA)
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of brain maturation over gestational age and perturbed brain development on a group level, but recent 
studies have also shown it to be respondent to short-term changes in fetal environment, namely changes 
in maternal metabolism.

�Studies Showing Effects of Maternal Insulin Sensitivity and Maternal 
Metabolism on Fetal Brain Activity in Humans

To investigate whether maternal metabolic changes influence fetal brain activity, fMEG measurements 
were conducted during the course of a maternal oral glucose tolerance test (OGTT, see Box 6.1).

Fig. 6.2  Fetal evoked response (ER)  to an auditory stimulus. (a) Magnetic field response in five channels over time. 
Auditory stimulation starts at 0.0 s. The time from beginning of stimulation to the peak of the ER is called ER latency. 
(b) Distribution of magnetic field activity over maternal abdomen

Box 6.1 Oral Glucose Tolerance Test (OGTT)

During an OGTT, blood samples are taken during fasting state and after a glucose challenge. 
Oral glucose tolerance tests are routinely performed in German pregnancy care between 24 and 
28 weeks of gestation, to check for gestational diabetes mellitus. Maternal blood glucose levels 
are measured in the fasting state, then women drink a 75 mg glucose drink and maternal blood 
glucose levels are again measured 1 and 2 h, respectively, after ingesting the glucose drink. 
Gestational diabetes is diagnosed if one of the three blood glucose measures exceeds a threshold 
value (92, 180, 153  mg/dl, Deutsche Praxisleitlinie Gestationsdiabetes Stand 2015 [50]). 
Gestational diabetes is a state of hyperglycaemia and hyperinsulinaemia during gestation, in 
which pregnant woman are insulin resistant. Based on the blood glucose and insulin values 
obtained during the OGTT, maternal insulin sensitivity index can be determined [51]
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Linder et al. [52, 53] investigated fetal evoked brain activity in relation to maternal insulin sensitivity 
(see Table 6.1) in normal glucose tolerant (NGT) pregnant woman and pregnant woman with gesta-
tional diabetes mellitus (GDM). Women with gestational diabetes have elevated blood glucose levels 
during pregnancy and lower insulin sensitivity than NGT pregnant women.

Participants underwent an oral glucose tolerance test (OGTT, see Box 6.1), during which blood 
samples were taken at three main timepoints: 0, 60 and 120 min. Insulin sensitivity was determined 
by glucose and insulin measurements at 0, 60 and 120 min, based on a formula proposed by Stumvoll 
et al. [51]. Before each taking of a blood sample, fMEG measurements were performed, during which 
auditory stimulation was presented to the fetuses in an oddball paradigm, containing frequent 500 Hz 
tone bursts, interspersed with infrequent 750 Hz tone bursts to avoid habituation. Response latencies 
of fetal auditory evoked fields were determined [52, 53]. The timing of procedures during the studies 
is depicted in Fig. 6.3.

Maternal blood values of NGT and GDM subjects over the course of an OGTT are depicted in 
Fig. 6.4. Maternal insulin and glucose levels increased from fasting level to 60 min and decreased 
again at 120 min. Maternal free fatty acid (FFA) levels decreased at 60 min and further decreased at 
120 min [53].

Over the same time period, fetal auditory ER latencies in the NGT group decreased from baseline 
to the postprandial measurement at 60 min and did not change significantly again after 120 min [53].

The timepoint of interest was the postprandial state: In fetuses in the NGT group, ER latencies 
were faster after 60 min than at baseline, at a timepoint where maternal blood values showed large 
changes relative to baseline: Increased insulin and glucose levels and decreased FFA levels. While no 
effect of maternal blood FFA on ER latencies was found, both maternal blood glucose and insulin 
levels showed a significant influence on fetal postprandial ER latency. This indicates a short-term 
effect of maternal metabolism on fetal brain activity. However, this postprandial effect disappeared in 
the GDM sample, in which fetuses did not show a change in ER latency in the postprandial state [53], 
see Fig. 6.4, panel D.

Maternal insulin sensitivity correlated negatively with fetal ER latencies: NGT mothers were sepa-
rated into two groups based on the median of the insulin sensitivity value. Fetuses of NGT mothers 
with higher insulin sensitivity showed shorter postprandial ER latencies than fetuses of NGT mothers 
with lower insulin sensitivity and fetuses of GDM mothers showed longer ER latencies than fetuses 
of mother with NGT. Postprandial ER latency in the fetuses decreased with increasing insulin sensi-
tivity [53], see Fig. 6.5.

These findings indicate that there might be a direct effect of maternal metabolism on fetal brain 
activity. It is not a general effect of maternal metabolic status on fetal brain activity per se, but rather 
a dynamic effect that only appears in the postprandial state.

Fig. 6.3  Study protocol. Three fetal magnetoencephalographic recordings (fMEG) were performed. The first just 
before the ingestion of the glucose and two additional respectively 60 and 120 min after the ingestion [52, 53]
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Fig. 6.4  Maternal metabolism and fetal brain. Results of the Linder [53] study during the course of the three timepoints 
of an OGTT in normal glucose tolerant (NGT) pregnant woman and woman with gestational diabetes mellitus (GDM). 
(a) Maternal blood glucose, (b) maternal free fatty acids (FFA), (c) maternal plasma insulin, (d) fetal auditory evoked 
response latencies. Values shown are mean ± SEM (Reproduced with permission from Linder [53])

Fig. 6.5  Comparison of fetal postprandial evoked response (ER) latency between three maternal groups with different 
insulin sensitivity (IS). Mothers in the gestational diabetes mellitus (GDM, n = 12) group, with at least one blood glu-
cose value above the diagnostic threshold (see Box 6.1) have the lowest IS; normal glucose tolerant (NGT) mothers were 
split into two groups based on the median of the IS value, into a group with lower IS and a group with higher IS (each 
n = 14). Postprandial ER latency in the fetuses decreased with increasing IS (Adapted from Linder [53])
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�Possible Underlying Mechanisms: How Could Maternal Insulin Sensitivity 
Actually Influence the Fetus?

There are several possible mechanisms that could explain the association between the amount of 
change in postprandial response latency in the fetal brain and the insulin sensitivity of the mother.

One speculation concerning the mechanism can be based on the Pedersen Hypothesis. Pederson 
postulated back in 1952, that, as glucose passes the placenta (and insulin does not), increased glucose 
levels in the mother lead to increased glucose levels in the fetus, and thereby induce hyperinsulinae-
mia in the fetus [54]. In mothers, insulin levels are higher in the postprandial state. These temporarily 
higher levels of insulin in mothers are assumed to correspond with temporary hyperinsulinemia in 
fetuses. It is possible that variations in insulin levels are important for an appropriate fetal brain matu-
ration, but chronic hyperinsulinemia may lead to onset of fetal brain insulin resistance (see Fig. 6.6).

Alternatively maternal insulin resistance may cause a variety of other metabolic changes, which in 
turn might lead to the observed difference in the fetal brain response. Tschritter et al. [55] could show 
that elevated levels of saturated nonesterified fatty acids (FFA) reduce insulin action at the level of 
cerebrocortical activity in the adult brain. Already in the early 1970s, Szabo et al. [56], proposed that 
FFA are transferred from mother to fetus and contribute to fetal macrosomia in a diabetic environment. 

Fig. 6.6  Possible pathogenesis and consequences of fetal brain insulin resistance. In mothers with normal glucose 
tolerance (NGT), postprandially increased insulin improves brain function of the fetus. In mothers with GDM, 
hyperglycemia-induced insulin resistance evolves in the mother and, in parallel, in the fetal brain, which leads to impair-
ment of fetal postprandial brain reaction because of brain insulin resistance and increases risk for obesity and type 2 
diabetes in their later life (Reproduced with permission from Linder [53])
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And although these first fetal brain activity studies [52, 53] didn’t find any association between 
maternal FFA and fetal brain responses to auditory stimulation, it is still possible that specific FFA 
patterns play a role in this process.

In addition to FFAs, other factors have also been considered as potentially affecting brain insulin 
sensitivity. One of the best examined is the “satiety hormone” leptin. Leptin concentrations are higher 
in obese humans and a molecular crosstalk could be demonstrated between leptin and insulin signal-
ing in some brain regions in rodents [57, 58]. Cetin et al. [59] investigated the relationship between 
intrauterine growth and fetal leptin levels in fetuses of healthy mothers and mothers with GDM. 
Significantly higher leptin levels were found in fetuses of GDM mothers and this correlated with 
abdominal fat mass as estimated via ultrasound. The impact of leptin (which was measurable as early 
as 19 weeks of gestation [59]) on the development of the human brain remains still undiscovered.

Also, reduced insulin transport into the fetal brain induced by maternal insulin resistance can be 
discussed as a possible mechanism [53].

As it is not possible to non-invasively measure fetal metabolic changes directly, speculation on 
detailed mechanisms is largely based on results from adult and animal studies. Of course, a wide 
range of further maternal hormonal metabolic changes may affect the fetal brain action and fetal brain 
development.

�Conclusion

Insulin resistance of human brain is associated with obesity, age, visceral fat and FFA and can impair 
the peripheral metabolism in adults. As understanding the mechanism of the development of human 
brain insulin resistance may be crucial in the prevention and therapy of obesity and type 2 diabetes 
mellitus, further studies substantiating this phenomenon and providing the underlying mechanism are 
still needed. Research on the developmental trajectory of insulin sensitivity in the brain is still in a 
very early stage. Initial studies in human fetuses indicate that there might be fetal programming of 
central nervous insulin sensitivity. Brain insulin resistance might already be developed in utero, and 
might contribute to later metabolic diseases. This could mean that it is necessary to start preventive 
steps very early or even preconceptional. However, this remains speculation at present. There are no 
data on whether the postprandial differences in fetal brain activity that have been shown actually have 
long-term effects – longitudinal data in relation to this question are still missing. If the effects persist, 
it would be of interest whether they are reversible, at which stage, and how.
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Key Points

•	 Undernutrition in utero and the nutritional status during postnatal life have irreversible health con-
sequences in later life.

•	 Fetal growth depends on its transplacental supply of nutrient and oxygen and on its hormonal 
environments.

•	 Hormones act as maturational and nutritional signals in utero and control tissue accretion and dif-
ferentiation under the environmental conditions in the fetus. Especially, glucocorticoids have a key 
role in intrauterine programming and induce permanent changes in system.

•	 Glucocorticoids can regulate intrauterine development through a wide range of different mecha-
nism, and their actions may be mediated directly or indirectly via placental function or production 
of other hormones.

•	 During adverse conditions in pregnancy, the glucocorticoid-induced endocrine changes have 
immediate benefits to fetal survival by keeping pregnancy and modifying fetal growth.

•	 Glucocorticoids act as environmental signals that change the fetal epigenome and optimize the 
phenotype in utero. If the postnatal environment differs from those signals in utero, the 
glucocorticoid-induced changes in offspring may be maladaptive and lead to have cardiometabolic 
diseases and detrimental health in adults.

•	 Reduction in the availability of nutrients during fetal development programs, the endocrine pan-
creas and insulin-sensitive tissues and malnourished offsprings are born with a defect in their 
β-cell, and insulin-sensitive tissues will be definitely altered.

Keywords  Undernutrition • Insulin • Insulin-like growth factors • Thyroid hormones • Leptin • 
Cortisol • Glucocorticoids • Intrauterine programming
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Abbreviations

11β-HSD 2	 11β-hydroxysteroid dehydrogenase type 2
GR	 Glucocorticoid receptor
HPA	 Hypothalamic-pituitary-adrenal
IGFs	 Insulin-like growth factors
IUGR	 Intrauterine growth restriction
MR	 Mineralocorticoid receptor
POMC	 Proopiomelanocortin

�Introduction

Recent studies have shown that in addition to genetic factors and environmental factors, undernutri-
tion in utero and the nutritional status during postnatal life have irreversible health consequences in 
later life. It has been suggested that a stimulus during a critical period of development may have a 
permanent effect on body system, and these programmed effects may have an influence during fetal 
development and predispose to diseases including obesity, diabetes, metabolic syndrome, and cardio-
vascular disease in future life [1–3].

Because endocrine hormones including insulin, insulin-like growth factors (IGFs), thyroid hor-
mones, leptin, cortisol, and glucocorticoid regulate fetal growth and development, they have an 
important role in intrauterine programming. Hormones act as maturational and nutritional signals in 
utero and control tissue accretion and differentiation under the environmental conditions in the fetus 
[4]. Especially, glucocorticoids have a key role in intrauterine programming and induce permanent 
changes in system. In the mechanism of action, glucocorticoids can regulate intrauterine development 
through a wide range of different mechanism, and their actions may be mediated directly or indirectly 
via placental function or production of other hormones [4].

It has been suggested that resetting of endocrine axes controlling growth and development would 
be one pathway for the developmental programming of later health [5]. The fetal hypothalamic-
pituitary-adrenal (HPA) axis is vulnerable to changes in the intrauterine environment, and even subtle 
changes in the environment can disrupt the balance of fetal HPA development with glucocorticoid 
production, and finally alter long-term HPA activity and function [5].

In this chapter, we will review the mechanisms programming HPA axis function, hormonal pro-
files, endocrine pancreas, and how HPA axis and these hormones including glucocorticoids contribute 
to later diseases.

�Premature Fetal HPA Axis Activation by Prenatal Undernutrition

HPA regulation can be programmed by undernutrition. According to Sebaai et al. (2004), rats exposed 
to prenatal nutrient restriction showed reduced body weight, increased hippocampal mineralocorti-
coid receptor (MR):glucocorticoid receptor (GR) mRNA ratio, increased proopiomelanocortin 
(POMC), GR mRNA in the pituitary, and an increase of corticosterone levels [6]. Maternal nutrient 
restriction in the sheep resulted in reductions in pituitary and adrenal responsiveness to stimulation 
and in significant alterations in fetal adrenal enzymes [7, 8].

In the guinea pig, after maternal nutrient restriction, maternal and fetal cortisol levels were signifi-
cantly increased and also associated with elevated ACTH levels in maternal circulation [9]. This result 
means that nutrient restriction increased maternal HPA activity and resulted in an increase in placental 
transfer of maternal glucocorticoids to fetal circulation [9].
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Although maternal glucocorticoid levels are much higher than fetal levels, the presence of the 
enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD 2) in the placenta protects the fetus 
from maternal-derived glucocorticoids [10]. Maternal protein restriction in rats is associated with 
elevations of blood pressure in offspring and decreased placental 11 β-HSD 2 activity [11], and it is 
suggested that a deficiency in placental 11β-HSD 2 results an increased glucocorticoid levels in fetus 
and can program the HPA axis and postnatal endocrine dysfunction [5].

Elevated HPA axis activity in the fetus gives important implications for long-term endocrine regu-
lation and also can be influential for preterm birth and parturition [12]. Bloomfield et al. (2003) dem-
onstrated that periconceptional undernutrition in pregnant sheep showed high fetal cortisol levels and 
preterm birth [12]. These data suggested that the HPA axis programming may contribute to preterm 
birth and metabolic dysfunction in adulthood [5].

�Endocrine Programming

Hormones have an important role in regulating normal growth and development in utero, and their 
concentrations and bioactivity can change in response to environmental factors including undernutri-
tion known to cause intrauterine programming [4]. Undernutrition can alter both maternal and fetal 
concentrations of many hormones including insulin, IGFs, thyroid hormones, leptin, cortisol, and 
glucocorticoid. Because some hormones cross the placenta, the fetal endocrine response to undernu-
trition reflects the activity of both maternal and fetal endocrine glands [13].

The hormones present in the fetal circulation have four main sources including the fetal endocrine 
glands, uteroplacental tissues, transplacental diffusion from mother (steroids, thyroid hormones), and 
finally circulating precursor molecules by metabolism in the fetal or placental tissues [4]. In general, if 
fetal nutrient supply is increasing, anabolic hormones (e.g., insulin, IGF-1, thyroxine) would be increased 
and catabolic hormones (e.g., cortisol, catecholamines, growth hormones) would be decreased [4].

Insulin derived from the fetal pancreas is one of the anabolic hormones and increases the uptake of 
glucose and amino acid as well as the rates of glucose oxidation and protein synthesis by fetal tissues. 
Fetal insulin is positively related to the fetal glucose levels and body weight at birth [14], and its defi-
ciency may induce a symmetrical type of intrauterine growth restriction (IUGR) [15]. In sheep, this 
increases the transplacental glucose concentration gradient and marterno-fetal glucose transfer with-
out altering the transport of the placenta [16]. However, insulin stimulates placental uptake of glucose 
and amino acids [17]. Conversely, pancreatic agenesis and mutations in the insulin-promoting factor-1 
gene in infants are associated with hypoinsulinemia and severe IUGR [18]. Fetal insulin is a growth-
promoting hormone and acts as a signal of nutrient plenty [4].

IGFs including IGF-I and IGF-II are anabolic hormone of fetal growth and are derived from feto-
placental tissues. These hormones are involved in the control of fetal growth. In mice, deletion of IGF 
gene reduces fetal growth whereas overexpression of IGF2 gene results in fetal overgrowth [19]. In 
human, birth weight and placental weight are positively correlated with cord blood IGF levels and 
related to variations in the methylation status of the IGF2-H19 gene locus [20]. The IGFs stimulate 
fetal growth by metabolic and non-metabolic mechanisms. They act as progression factors in cell 
cycle, prevent apoptosis, and increase DNA and protein synthesis in fetal tissues [21]. IGF-I has ana-
bolic effects similar to insulin in utero and appears to be the signal of nutrient sufficiency, which regu-
lates tissue accretion [4]. However, fetal IGF-II may provide a more general stimulus to cell growth 
and regulate tissue-specific changes in cell differentiation during gestation [4].

Thyroid hormones are important for the growth, metabolism, and differentiation of fetal tissues. 
Despite the placental transfer of maternal thyroid hormones, impaired function of the fetal thyroid gland 
is associated with severe IUGR, and the concentration of free thyroxine (T4) in cord blood is related to 
birth weight [22]. Although short-term T4 infusion does not alter the body weight of fetal sheep, it 
increases fetal oxygen consumption, glucose oxidation, bone growth, cardiomyocyte differentiation, and 
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hepatic glycogen deposition [23]. Thyroid hormones control fetal adiposity by regulating leptin gene 
expression in fat [24]. It is required that thyroid hormones influence fetal growth indirectly via changes 
in IGFs and leptin bioavailability or by actions on placental nutrient transfer [23].

Leptin as a primary satiety factor is the obesity gene product, a 16-KDa protein synthesized by 
adipocytes, and this hormone suppresses food intake and increase energy expenditure [25]. In rat 
offspring from 50% food-restricted mother, Lee et al. (2013) found that the offsprings which showed 
rapid catch-up growth had significantly increased serum leptin levels and severe obesity at 6 months 
of age with gender differences [26] (Figs. 7.1 and 7.2). Although its role in intrauterine development 
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remains unclear, umbilical cord concentrations of leptin are correlated with placental weight and with 
the weight, length, and adiposity of human neonates [27]. Leptin also reduces hepatic glycogen stores 
and gluconeogenic enzyme activities and stimulates the growth, amino acid transport, and lipid 
metabolism of human trophoblast in vitro [27, 28].

Fetal growth depends on its transplacental supply of nutrient and oxygen and on its hormonal envi-
ronments [23]. The nutrients provide the carbon and nitrogen required for tissue accretion, whereas 
the fetal hormones regulate their distribution between oxidative metabolism and mass accumulation. 
Fetal hormones can change the transplacental nutrient supply by modifying fetal metabolism and 
placental phenotype [23]. In signaling nutrient availability, fetal hormones act to optimize fetal growth 
(Fig. 7.3). However, disruption of normal balance between tissue accretion and differentiation in utero 
can lead to permanent changes in tissue structure and function with consequences for the later health 
of the infant and the adult [23].

�Glucocorticoids as Regulatory Signals During Intrauterine Development

Glucocorticoids are important regulatory signals during intrauterine development, and they act as 
maturational, environmental, and programming signals that modify the developing phenotype to opti-
mize offspring viability [29]. Changes in fetal growth in adverse environments are not due only to 
downregulation of growth stimulatory hormones, and fetal concentrations of growth inhibitory hor-
mones (e.g., glucocorticoids) also increase in this environment [23]. Increasing cortisol levels switch 
fetal tissues from accretion to differentiation and slow fetal growth while maturing organ essential for 
neonatal survival (the lung, liver, gut, and kidneys) [30].

Fig. 7.3  A schematic diagram showing the interaction between maternal hormone and maternal nutrition in the control 
of intrauterine growth. IGFs Insulin-like growth factors
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Glucocorticoids have a wide range of developmental effects in normal and adverse conditions, 
especially in tissues essential for survival at birth (Table 7.1) [29]. They induce changes in tissue 
expression of proteins, receptors, transporters, ion channels, and enzymes [4], and these changes lead 
to alterations in the morphology, metabolism, hormonal change, biochemical composition in fetal 
tissues, and lastly functional consequences in organ and system levels [13, 31, 32]. Therefore, they 
activate many physiological processes such as pulmonary gas exchange, hepatic gluconeogenesis, 
gastrointestinal digestion, and thermogenesis (Table 7.1).

In the mechanism of action, glucocorticoids can regulate intrauterine development through a wide 
range of different mechanism, and their actions may be mediated directly or indirectly via placental 
function or production of other hormones [4]. In placental effects, glucocorticoids can induce alterations 
in placental morphology, transport, and metabolism that contribute to fetal growth [29]. In effects on 
other endocrine systems, they affect production of sex steroids, eicosanoids, adipokines, HPA axis, 
renin-angiotensin system, catecholamines, somatotrophic axis, and thyroid hormone axis [29]. 
The glucocorticoid-induced changes in fetal endocrine function lead to prepartum increases in the 
fetal concentrations of other hormones including triiodothyronine, IGF-I, leptin, and adrenaline, 
which have independent effects on fetal tissue growth and function [27].

During adverse conditions in pregnancy, the glucocorticoid-induced endocrine changes have 
immediate benefits to fetal survival by keeping pregnancy and modifying fetal growth. If the endo-
crine changes continue after recovery of normal conditions, they may become more detrimental to 
intrauterine development and compromise the ability of the fetus to respond to subsequent environ-
mental challenges [29]. Changes in endocrine function induced by early glucocorticoid exposure in 
utero are known to persist after birth to alter the adult endocrine environment [32]. For example, 
prenatal glucocorticoid exposure alters adult HPA function at every level of the axis from the brain to 
tissue glucocorticoid bioavailability [33]. These programmed changes in HPA function may contribute 
to metabolic disorders in adults. Therefore, the regulatory effects of glucocorticoids on intrauterine 
development involve multiple interactions between other endocrine systems, when glucocorticoids 
are acting as both maturational and environmental signals [29].

In epigenetic effects, glucocorticoids act via several different mechanisms to alter gene expression. 
They are known to alter gene expression more indirectly via epigenetic modifications of the genome 
and chromatin structure postnatally [34]. These include DNA methylation, histone modifications, and 
changes in noncoding long and microRNA [34]. However, little is known about the epigenetic effects 
of glucocorticoids in utero. Glucocorticoids may act by changing the imprint status of growth-
regulatory imprinted genes, such as IGF2, which are expressed from only one allele in a parent-of-
origin manner [29]. Whether these changes in IGF2 expression are due to altered expression of the 
H19-derived noncoding RNA or to changes in methylation at the differentially methylated region and 

Table 7.1  Summary of the developmental effects of the glucocorticoid on visceral tissues  
of fetal sheep during late gestation

Visceral tissue Effects

Lung Surfactant production, alveolar density, and wall thickness
Elastin and collagen expression, β-adrenergic receptors, angiotensin-converting enzyme activity

Liver Glycogen and gluconeogenic enzymes, IgF gene expression,
β-adrenergic, growth hormones, and angiotensin II receptors
Corticosteroid-binding globulin, angiotensinogen

Gut Acid secretion, digestive enzyme, mucosal turnover
Kidney Glomerular filtration rate, tubular sodium reabsorption, deiodinase activity, GR and MR 

receptors, renin-angiotensin II system
Adipose tissue Leptin production, UCP expression

Data are from Fowden and Forhead [29]
Abbreviations: GR glucocorticoid receptor, MR mineralocorticoid receptor, UCP uncoupling protein
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imprinted control region of the IGF2-H19 locus remains unknown [29]. Glucocorticoid exposure in 
early life, therefore, affects the developing epigenome through many different ways, with dynamic 
results for epigenetic marks through the life of the offspring.

�Programming of the Endocrine Pancreas

Animal models have demonstrated that reduction in availability of nutrients during fetal development 
programs the endocrine pancreas and insulin-sensitive tissues [35]. Whatever the type of fetal malnutri-
tion, malnourished offsprings are born with a defect in their β-cell, and insulin-sensitive tissues will be 
definitely altered [35]. Hormones during fetal life like insulin, IGFs and glucocorticoids were impli-
cated as possible factors amplifying the defect. The poor development of the endocrine pancreas after 
early malnutrition gives the offspring with deficient functional unit of pancreas [35]. Normal glucose 
tolerance with low insulin secretion has been explained by an adaptation of the peripheral tissue through 
an increased number of insulin receptors in the liver, adipose tissue, and muscle [36–38]. These adapta-
tions declined with age, and insulin resistance appeared in the adult low-protein offspring [35].

During pregnancy, the endocrine pancreas of the mother has to adapt in response to the higher 
demand of insulin required for fetal growth. Whenever the pregnant mother was the offspring of a 
protein or calorie-restricted dam, it became glucose intolerant and hyperglycemic [39, 40]. In conse-
quence, the pups whose grandmothers were protein or calorie restricted during pregnancy showed 
lower plasma insulin levels and pancreatic insulin content, as a consequence of their reduced β-cell 
mass development [41].

�Conclusion

Undernutrition in utero and the nutritional status during postnatal life have irreversible health conse-
quences in later life. Resetting of endocrine axes controlling growth and development would be one 
pathway for the developmental programming of later health. The fetal HPA axis is vulnerable to 
changes in the intrauterine environment, and even subtle changes in the environment can disrupt the 
balance of fetal HPA development with glucocorticoid production, and finally alter long-term HPA 
activity and function. Elevated HPA axis activity in the fetus gives important implications for long-
term endocrine regulation and also can be influential for preterm birth and parturition. Therefore, the 
HPA axis programming may contribute to preterm birth and metabolic dysfunction in adulthood.

Reduction in the availability of nutrients during fetal development programs, the endocrine pancreas 
and insulin-sensitive tissues and malnourished offsprings are born with a defect in their β-cell, and insu-
lin-sensitive tissues will be definitely altered. Hormones during fetal life like insulin, IGFs, and glucocor-
ticoids were implicated as possible factors amplifying the defect. The poor development of the endocrine 
pancreas after early malnutrition gives the offspring with deficient functional unit of pancreas.

Because endocrine hormones including insulin, IGFs, thyroid hormones, leptin, cortisol, and 
glucocorticoid regulate fetal growth and development, these hormones have an important role in intra-
uterine programming. Hormones act as maturational and nutritional signals in utero and control tissue 
accretion and differentiation under the environmental conditions in the fetus. Glucocorticoids are 
important regulatory signals during intrauterine development, and they act as maturational, environ-
mental, and programming signals that modify the developing phenotype to optimize offspring viability. 
Earlier in gestation, glucocorticoids act as environmental signals that change the fetal epigenome and 
optimize the phenotype in utero. If the postnatal environment differs from those signals in utero, the 
glucocorticoid-induced changes in offspring may be maladaptive and lead to have cardiometabolic 
diseases and detrimental health in adults.
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Key Points

•	 Increased prevalence of visceral obesity and associated metabolic disorders appear to be associated 
not only with intake of an unhealthy postnatal diet and lack of physical activity but also with pre-
natal malnutrition exposures during critical periods of foetal development.

•	 Maternal undernutrition during pregnancy leads to an increased prevalence of central obesity in 
offspring, both in childhood and in adult life.

•	 Prenatal undernutrition, particularly during the later stages of gestation, interferes in a differential 
manner with adipose tissues to expand by hyperplasia as compared to hypertrophy, resulting in 
reduced expandability of subcutaneous adipose tissue, which in a sheep model led to extreme 
hypertrophic expansion of visceral adipose tissues.

•	 Prenatally induced changes in intrinsic and obesity induced cellularity of adipose tissues can then 
lead to adipose tissue-derived elevated pro-inflammatory response and associated systematic meta-
bolic dysregulation.

•	 It is not clear how maternal nutritional status during pregnancy affects recruitment of mesenchy-
mal stem cells into adipose lineages, differentiation of preadipocytes into mature adipocytes or 
extracellular matrix remodelling.

Keywords  Adipocyte development • Fat distribution • Maternal undernutrition • Subcutaneous 
expandability • Visceral adiposity
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Abbreviations

ATM	 Adipose tissue macrophages
BMI	 Body mass index
CD-68	 Cluster of differentiation-68
HIF	 Hypoxia inducible factor
IL-6	 Interleukin-6
PPARγ	 Peroxisome proliferator-activated receptor γ
SGA	 Small for gestational age
SREBP-1	 Sterol regulatory binding protein-1
TLR-4	 Toll-like receptor-4
TNF-α	 Tumour necrosis factor-α
VEGF	 Vascular endothelial growth factor

�Introduction

The global epidemic of obesity and associated disorders in on the increase in the world today seri-
ously affecting the quality of human life [1]. In 2005, 33% of the world’s adult population were 
reported to be overweight or obese, and it is predicted that if the recent trend continues, 57.8% of the 
total world’s population (3.3 billion people) could be either overweight or obese by 2030 [2]. Thus, 
presently obesity is considered a serious public health issue worldwide affecting people of all ages, 
gender, ethnicities and nationalities [3].

Obesity is defined as ‘a condition of abnormal or excessive fat accumulation in adipose tissue, to the 
extent that health may be impaired’ [4], and it is well known that development of obesity and metabolic 
disorders generally is associated with high intakes of energy-rich foods [5] or sedentary lifestyles [6]. 
However, it is still not very clear why some individuals appear to be more vulnerable to development of 
obesity-associated metabolic disorders such as diabetes and cardiovascular diseases than others. It appears 
that the site of excessive fat deposition in the body rather than absolute fat deposition per se is a key factor 
for the development of obesity-induced alterations in metabolic traits [7]. Visceral obesity is considered 
to be a particular risk factor and a marker of ‘dysfunctional adipose tissue’ and associated with other 
disorders such as the metabolic syndrome, cardiovascular diseases and some types of cancers [8, 9]. Thus, 
it is crucial to understand underlying mechanisms behind the development of central or visceral obesity 
and associated disorders to limit or even inhibit a further escalation of the obesity epidemic.

Previous epidemiological and animal studies have convincingly demonstrated that obesity and 
associated metabolic disorders are not only related to genotype and/or postnatal environmental factors 
such as an unhealthy diet or lack of adequate physical activity, but it is also influenced by circum-
stances taking place during foetal life [10, 11] due to a phenomenon termed ‘foetal metabolic pro-
gramming’ [12, 13]. The foetal nutritional history appears to have a much greater role in the current 
epidemic of obesity and associated diseases than hitherto anticipated [14]. Thus, a better understand-
ing of how the early life nutrition can programme for adiposity and health outcomes later in life is 
essential to be able to design proper nutritional or other interventions to contribute to reverse the 
obesity epidemic [15]. This review aims to evaluate the impacts of intrauterine growth restriction 

•	 Maternal undernutrition is associated with permanent epigenetic regulation of key genes which are 
potentially involved in development of visceral obesity later in life, but detailed mechanisms as 
well as identification of early (epigenetic) markers to identify susceptible individuals remain a key 
challenge.

•	 Proper maternal nutrition during critical periods of foetal development is an important issue to 
counteract the increasing trend of visceral obesity and associated metabolic disorders in humans.
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(IUGR) caused by prenatal undernutrition on the development of visceral obesity after birth (Part I) 
and to discuss the potential mechanisms underlying a foetal predisposition for visceral adiposity (Part 
II). In the first part, impact of prenatal undernutrition on the manifestation of visceral obesity in young 
and adult offspring and its association with an early postnatal obesogenic diet will be discussed. 
Secondly, mechanistic insights will be provided into the relationship between foetal undernutrition 
and later visceral obesity and programming impacts based on timing of undernutrition exposure in 
utero, adipose tissue development and distribution, changes in inflammatory responses, etc.

�Part I: Association Between Prenatal Undernutrition and Later Fat 
Deposition and Distribution

�Prenatal Undernutrition and Fat Deposition Patterns in Young Offspring

Previous human epidemiological studies provided evidence that deposition of visceral fat is affected 
by foetal nutrition and consequently foetal growth. It was shown that individuals born small for ges-
tational age (SGA) have a higher percentage of body fat in infancy and childhood [16]. Furthermore, 
adolescent girls with smaller birth weight tended to store their fat in the trunk rather than limbs [17]. 
Moreover central fat deposition was found to be higher in children, who were stunted in early child-
hood and born small for gestational age [18]. We have shown that undernutrition (50% of daily energy 
and protein requirements) of twin pregnant ewes during the last trimester (last 6 weeks of gestation) 
predisposed for visceral obesity in the offspring by altering fat distribution patterns related to a 
reduced propensity for subcutaneous fat deposition [19, 20]. Early-to mid-gestation nutrient restric-
tion in sheep has also been shown to increase fat deposition in adolescent male offspring along with 
poor glucose uptake [21]. Similar findings were also revealed in a swine model, where offspring 
underfed in utero increased visceral fatness from early postnatal stages [22]. Thus, these studies 
clearly indicate across many animal models that it is possible to observe early signs of upregulated 
visceral obesity in fetally nutritionally programmed individuals.

�Prenatal Undernutrition and Fat Distribution Patterns in Adult Offspring

Several human epidemiological and experimental animal studies have demonstrated an inverse rela-
tionship between birth weight and central obesity persisting into adulthood. Interestingly this appears 
to be specifically related to abdominal visceral fat deposition but not with subcutaneous abdominal fat 
in adulthood [23]. Reduced growth during foetal life and infancy and associated increased abdominal 
obesity in adult men is evidenced by a higher waist to hip ratio [24]. During the Second World War in 
the Western Netherlands, these populations were exposed to a limited and well-defined period of extreme 
nutritional scarcity, and women who were pregnant during that time and their offspring have given rise 
to a Dutch birth cohort, in which the association between foetal nutrition and subsequent health out-
comes later in life has been examined [25]. Women, who were exposed to famine during early gestation, 
were shown to have higher incidence of abdominal obesity at the age of 50 with higher body mass index 
(BMI) and waist circumference [26]. On the other hand, prenatal exposure to famine during late gesta-
tion was associated with decreased glucose tolerance and increased plasma insulin levels, thus influ-
encing the glucose-insulin homeostasis and increasing type 2 diabetes risk [27]. Impacts of timing of 
prenatal nutrition exposure on later development of visceral adiposity will be discussed in a separate 
section below. In a study involving a Chinese adult population, it was demonstrated that birth weight 
had a U-shaped association with waist circumference and systolic blood pressure, but individuals with 
the lowest birth weight had higher fasting glucose levels and those having a combination of lowest birth 
weight and higher abdominal obesity had highest prevalence of type 2 diabetes [28].

8  Maternal Undernutrition and Visceral Adiposity
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These epidemiological studies suggest that sub optimal nutrition during pregnancy favours more 
fat deposition in visceral regions, potentially contributing to several obesity-induced metabolic disor-
ders. Such associations of poor nutrition level during pregnancy and later development of visceral 
obesity have been confirmed in several animal models. Maternal low-protein diet during the last third 
of pregnancy resulted in increased visceral fat deposition along with higher low-density lipoprotein 
cholesterol, glucose, insulin and leptin levels in adult male rat offspring [29]. A low-protein diet dur-
ing pregnancy, particularly during late or throughout pregnancy, increased more visceral and reduced 
subcutaneous fat deposition in adult male rat offspring [30]. Moreover, rat offspring exposed to a 
low-protein diet throughout pregnancy and lactation developed visceral adiposity in young adulthood 
along with upregulation of adipocyte differentiation, angiogenesis and extracellular matrix remodel-
ling [31]. Thus, epidemiological evidences in humans as well as studies in different animal species 
have shown a clear association between poor maternal nutrition during pregnancy and increased vis-
ceral adiposity in offspring in adulthood.

�Interactive Impacts of Prenatal Undernutrition with Postnatal Diet  
on Visceral Adiposity

Obesity, especially central obesity, is associated with development of a range of metabolic disorders 
[8, 32]. Human as well as animal studies have shown that foetal undernutrition will not only predis-
pose for permanent and irreversible changes in body composition, metabolism and endocrine function 
in itself but also provide an additional risk of development of metabolic disorders upon exposure to 
an obesogenic diet postnatally [13, 26, 33]. Several studies in both humans and experimental animal 
models have confirmed such an unfortunate additive or even synergistic impact of mismatching pre- 
and postnatal nutrition exposures.

Young adult Ethiopians who migrated in Israel for up to 4 years had increased prevalence of diabetes 
associated with increased intake of refined carbohydrates as compared to the Ethiopian diet [34]. In 
rats, deposition of epididymal white adipose tissue was increased in high-fat fed offspring born to dams 
that were protein restricted during pregnancy and lactation [35] and undernutrition in the third trimester 
of gestation in sheep increased preference for visceral rather than subcutaneous fat deposition, when 
they were exposed to an obesogenic diet in early postnatal life [19, 20]. Even chickens have been found 
to have higher abdominal fat deposition when ad libitum fed if their mothers had been feed restricted 
compared to offspring from normally fed hens [36]. Reduced subcutaneous adipose expandability in 
prenatally undernourished sheep has in our Copenhagen sheep model been shown to be associated with 
occurrence of a special subpopulation of very small adipocytes (<40 μm in diameter) and increased 
collagen infiltration in subcutaneous adipose tissue (Fig. 8.1) [37]. We have furthermore observed that 
prenatal undernutrition reduces intrinsic and obesity-induced hyperplasia in subcutaneous and perire-
nal fat depots, thus predisposing for visceral obesity and massive perirenal adipocyte hypertrophy dur-
ing obesity development (Khanal et al. Unpublished results; Fig. 8.2).

Increased abdominal fat accumulation has been proposed as an important risk factor for various 
renal disorders as well as cardiovascular and metabolic diseases associated with obesity-induced met-
abolic syndrome [38, 39]. Thus, implications of a mismatching pre- and postnatal nutrition exposure 
for fat deposition patterns have been suggested to explain why incidence of, e.g. cardiovascular dis-
eases, is increasing more in developing than in developed countries considering that a significant 
proportion of overweight people in the developed world are capable of maintaining an apparently 
healthy metabolic phenotype [40]. So although adaptive responses induced by undernutrition in utero 
may be important for short-term survival, this can lead to increased risk of obesity and associated 
disorders in offspring later in life if the predicted postnatal environment is not matched [41]. Therefore, 
obesity development is of particular concern in prenatally undernourished individuals, where postna-
tal dietary interventions are less likely to be effective in reversing associated adverse outcomes [42].

P. Khanal and M.O. Nielsen



Fig. 8.1  Morphology of Van Gieson stained subcutaneous adipose tissue from 6-month-old adolescent lambs and 
2-year-old adult sheep. Panel (a): larger population of very small cells in the individuals exposed to prenatal undernutri-
tion during late gestation followed by normal nutrition during postnatal life (LOW-CONV) and extensive hypertrophy 
in adipocytes from lambs fed HCHF diet postnatally. Panel (b): extensive collagen infiltration in animals exposed to 
prenatal undernutrition during late gestation (LOW). NORM, 100% of daily energy and protein requirements during the 
last 6 weeks of gestation; LOW 50% of NORM; CONV, moderate postnatal diet, HCHF postnatal obesogenic, high-
carbohydrate-high-fat diets (until 6 months after birth) (Adapted from Nielsen et al. [37])
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�Part II: Mechanisms Underlying Foetal Predisposition for Visceral Adiposity

The mechanisms underlying foetal programming are still incompletely understood. In this section, 
some of the important mechanisms known or suggested to be implicated in foetal programming leading 
to a predisposition for visceral obesity will be discussed with the main focus on timing of undernutri-
tion exposure in utero and subsequent adipose tissue development, distribution and function.

�Timing of Abnormal Nutritional Exposure During Foetal Development

The maternal nutritional environment affects foetal growth and development in a distinct manner, as 
brain and cardiovascular function are most sensitive to malnutrition during the embryonic stage, 
whereas adipose tissues are more susceptible during the foetal phase [43], where they are formed. In 
humans, the foetal adipose tissue first appears from second trimester [44], and in humans and other 
animals born precocial (such as sheep with a gestation length of around 145 days), the major part of 
foetal adipogenesis and adipose differentiation occurs during the last part of gestation [45, 46]. The 
quantitative growth of perirenal-abdominal adipose tissue thus commences at about day 70 of gesta-
tion in sheep, and fat mass increases rapidly along with a parallel increase in lipid content until 110–
120 days of gestation [47], and a marked increase in proliferation of mitochondria and development 
of nerves become visible in the perirenal fat depot during late gestation [48]. In humans, perirenal fat 
develops at the beginning of the second trimester, and complete differentiation of perirenal fat has 
been observed after 21st week of pregnancy [44]. In sheep, the growth of subcutaneous fat com-
mences 2–3 weeks later than perirenal-abdominal fat depots, but a significant regression of subcutane-
ous fat occurs about day 115, resulting in a virtual disappearance by term [47]. Also in humans, the 

Fig. 8.2  Adipocyte size as affected by late gestation prenatal undernutrition in perirenal adipose tissue in adolescent 
lambs. NORM, provided normal energy and protein requirements during late gestation; LOW, provided 50% of NORM 
(Adapted from Khanal et al. Unpublished data)
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subcutaneous fat is visually absent during the first and second trimesters [49]. Thus nutritional insults 
during pregnancy may potentially have differential impacts on development of adipose tissues and fat 
deposition patterns depending upon the timing of nutritional exposure in utero, since different organs 
have their distinct pattern of organogenesis and maturation and hence developmental stages during 
foetal life, as shown in Fig. 8.3 [14]. In precocial species, foetal development of abdominal and peri-
renal adipose tissues may be most sensitive to foetal malnutrition during mid- to late gestation and 
subcutaneous adipose tissue in late gestation, since the major growth and development of these 
respective tissues occur during those periods.

In rodents, it is not possible to detect white adipose tissue macroscopically during the embryonic 
stage or at birth [50]. Timing of adipose development relative to birth and implications of foetal nutri-
tion insults may thus be widely different from those of humans and other precocial species.

�Changes in Adipocyte Development and Growth

It is known that maternal malnutrition in utero can programme the growth and development of adipo-
cytes and hence predisposition for later obesity development [51]. However, the detailed mechanisms 
whereby adipocyte structure and function are programmed and have implications for visceral obesity 
development are still subjects of investigation. As described earlier, white adipose tissue cannot be 
detected in any substantial amounts prior to birth in rodents, in humans and in other higher mammals; 
differentiation of mesenchymal cells, adjacent formation of blood vessels and subsequent adipogen-
esis appear to initiate during the second trimester of gestation [44, 52]. During late gestation, matura-
tion of already existing adipocytes occurs, and the gradual increment in body fat after birth is mainly 
due to increased adipocyte size [52]. How maternal undernutrition regulates the commitment of mes-
enchymal stem cells to develop into different lineages, myocytes or fibrocytes, and hence subsequent 
foetal adipose and other tissues development is not yet known. Involvement of microRNA and epigen-
etic changes has been proposed as a possible mechanism [53].

Fetal weight

Lean:fat equilibrium

Embryo and fetal Postnatal

Placental weight

Rats and mice: postnatal maturation of the HPA axis

Humans, sheep and pigs: fully mature HPA axis at birth

Primordial
endocrine functions

Tissue
remodeling

Organ buds:
Organization

Embryo Fetal Postnatal

Fig. 8.3  Critical windows for foetal organogenesis and changes in placental and body weight between conception and early 
postnatal life, in a range of species; HPA axis hypothalamic–pituitary–adrenal axis (Adapted from Symonds et al. [14])
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Adipose tissue development involves the two processes: adipogenesis and lipogenesis (Fig. 8.4). 
Adipogenesis involves recruitment and proliferation of preadipocytes or adipocyte precursor cells and 
their subsequent differentiation into lipid filled mature fat cells [54]. Adipogenic transcription factors 
mainly peroxisome proliferator-activated receptor-γ (PPAR-γ) and CCAAT/enhancer binding protein-α 
(C/EBP-α) regulate the expression of genes necessary for the development of mature adipocytes [55]. 
Adipose tissue adipogenesis is also coupled to angiogenesis, and regulatory factors involved in angio-
genesis can therefore potentially affect adipose development. Vascular endothelial growth factor 
(VEGF) is one of the most critical angiogenic factors initiating the formation of immature blood ves-
sels [56]. The growth and expansion of adipose tissue, e.g. during obesity development, are governed 
by hyperplasia (increase in cell number) and hypertrophy (increase in cell size) [57]. In the obese situ-
ation, the increase in fat mass can lead to a hypoxic situation in adipose tissue, which can activate 
hypoxia-inducible factor-1 (HIF-1), which in turn inhibits preadipocyte differentiation and initiates 
adipose tissue fibrosis [58]. It is not clear whether and to what extent such developmental events in 
adipose tissue are programmed by poor nutrition in foetal life and to what extent this can account for 
the associated greater risk of obesity development in foetal programmed individuals. However, adult 
rats born by dams subjected to protein restriction throughout gestation and lactation had increased 
visceral fat (combination of mesenteric, omental and retroperitoneal fat) mass due to hyperplasia, and 
expression of a number of genes involved in adipogenesis, angiogenesis and extracellular matrix 
remodelling was upregulated in the visceral adipose tissue [31]. More specifically, mRNA expression 
of genes involved in cell proliferation and differentiation, lipogenesis, uptake of free fatty acids from 
circulation, cholesterol synthesis and angiogenesis was increased in the visceral adipose tissue studied. 
In pigs, young adult males born with a low birth weight as a result of uteroplacental insufficiency had 
increased relative weight of epididymal white adipose tissue with increased lipid content, cellular 
hypertrophy and elevated mRNA expression of genes associated with lipid synthesis and storage [59]. 
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Fig. 8.4  Sequential regulation of adipogenesis and lipogenesis (1) C/EBPδ and C/EBPβ upregulate PPARγ and C/
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fatty acid from adipocyte (Adapted from Desai and Ross [51])
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Moreover, intrauterine growth restricted male adolescent rat offspring had an increased relative amount 
of visceral (retroperitoneal) adipose tissue with increased mRNA expression of genes associated with 
lipid and energy metabolism, whereas such changes were interestingly not evident in subcutaneous 
adipose tissue [60]. Recently, we have as previously mentioned shown that late gestation undernutrition 
in sheep led to occurrence of very small adipocytes and increased collagen infiltration in subcutaneous, 
but not in perirenal adipose tissue [37]. This was associated not only with a reduced ability for obesity-
induced subcutaneous fat deposition, but it has been revealed that occurrences of such a population of 
very small adipocytes is associated with upregulated adipose inflammatory responses and impaired 
whole-body insulin sensitivity in overweight and obese humans [61, 62]. Thus, through interference 
with the normal process of adipocyte proliferation and differentiation, foetal malnutrition can lead to 
differential functional changes in adipose tissues, which will (1) reduce subcutaneous expandability, 
thereby (2) increasing fat deposition in intra-abdominal adipose tissues and (3) relying more on 
unhealthy hypertrophic rather than hyperplasic growth in this respect. Hence, prenatal events can deter-
mine fat distribution patterns in the body and associated risk of visceral obesity, since adipogenesis 
basically takes place before birth in larger mammals [63]. Future studies should clarify, whether abnor-
mal features related to adipose development can be detected already at birth and hence potentially be 
used as a much needed reliable biomarker for adverse foetal programming.

�Changes in Fat Deposition Patterns

Any disturbance in the distinct cellular events leading to adipocyte development may alter the tissue 
expandability and fat distribution patterns and increase the risk of deposition of fat in non-adipose 
tissues, also called ectopic fat accumulation. Fat deposition pattern is an important factor linking 
obesity to development of metabolic disturbances. Thus, visceral and ectopic fat deposition is associ-
ated with insulin resistance and type 2 diabetes [64]. Subcutaneous adipose tissue, however, appears 
to have unique beneficial properties related to improvement of insulin sensitivity [65], and subcutane-
ous fat accumulation is therefore considered to be a relatively healthy form of adiposity. Expandability 
of subcutaneous adipose tissue therefore becomes important to allow it to act as a ‘sink’ and prevent 
unhealthy lipid overflow for deposition in visceral adipose and non-adipose tissues [66, 67].

As already discussed, it has been acknowledged for some time that fat deposition patterns depend 
upon the nutrition supplied in utero [68], although the underlying mechanisms are not well understood. 
Thus, old English men born with a high birth weight (average: 4.23 kg) had higher body fat percentage 
and trunk-to-limb fat mass ratio and lower muscle mass than those born with a low birth weight (aver-
age: 2.76 kg) [69]. Moreover, in growth-restricted infants, subcutaneous adipose tissue, but not other 
fat depots, mass was reduced as compared to appropriate-for-gestational-age infants [70]. In adolescent 
sheep subjected to late gestation undernutrition, the reduced subcutaneous expandability resulted in 
relative preference for fat deposition in mesenteric and perirenal tissues during obesity development 
[19, 20]. A more unhealthy pattern of fat deposition in visceral and/or ectopic regions of the body will 
thereby be predisposed for, when expandability of subcutaneous adipose tissue becomes limited due to 
unfavourable nutrition exposure in utero, particularly during mid- to late gestation. Recently, we have 
found evidence in sheep to suggest that such a foetal-derived shift in fat deposition patterns is associ-
ated with intrinsic adipose cellularity and capacity to undergo hyperplasic rather than hypertrophic 
growth – not only in subcutaneous but also in perirenal and mesenteric adipose tissues. Thus in adoles-
cent sheep with a history of late gestation undernutrition, intrinsic cellularity was reduced in subcutane-
ous and mesenteric adipose tissues in the non-obese state (Khanal et al., Unpublished data; Table 8.1). 
Even more important, the ability to expand cell numbers during obesity development was also reduced 
in these two tissues and even more pronounced in perirenal adipose tissue. Thus, during obesity devel-
opment, the visceral adipocyte underwent extreme hypertrophy to store the additional flow of lipids 
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(Khanal et al., Unpublished data; Table 8.1) due to limited hyperplasic ability in general and hypertro-
phic ability of subcutaneous adipocytes. Studies in pigs have also indicated that the perirenal adipose 
tissue development can be affected by foetal nutrition, since undernutrition during pregnancy in 
sows increased perirenal adiposity in their foetuses and increased lipid locules size in the perirenal 
adipocytes [71, 72].

Thus, not only subcutaneous but also perirenal and potentially other visceral fats are targets of 
foetal programing. Increased preference for fat distribution in the visceral region in individuals 
exposed to prenatal undernutrition is likely linked to coexistence of not only poor expandability of 
subcutaneous fat but a general interference with ability of adipose tissues to undergo hyperplasic 
growth, resulting in an extreme hypertrophic expansion in visceral depots during obesity development. 
Very little knowledge is available from humans about distinct metabolic and development features of 
individual visceral adipose tissues, including the perirenal. The validity of findings from animal studies 
therefore needs to be confirmed in humans.

�Upregulated Inflammatory Responses and Epigenetic Regulation

Adipose tissue is not only a passive responder to nutrient provision and signals from different hor-
monal systems but also acts as an important endocrine organ secreting and expressing different factors 
(adipokines), which have important endocrine functions [73]. It has been hypothesized that increased 
free fatty acids and pro-inflammatory factors released from visceral fat into the portal vein towards the 
liver play an important role for insulin resistance in obese individuals [74, 75]. Visceral adipose tis-
sues and adipose-tissue resident macrophages produce more proinflammatory cytokines like tumour 
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) and less adiponectin than other adipose tissues 
[76]. Overexpansion of visceral adipocytes interferes with the normal sequestration and storage of 

Table 8.1  Effects of prenatal nutrition combined with postnatal obesity on adipocyte cross-sectional  
area and cell number index in different adipose tissues

Item LOW-HCHF LOW-CONV NORM-HCHF NORM-CONV

Subcutaneous fat

Adipocyte CSA (μm2) 6088 ± 94a 2426 ± 90b 6088 ± 139a 2107 ± 111c

CNI 51.5 ± 1.2b 27.6 ± 0.8c 62.5 ± 1.8a 48.5 ± 1.4b

Mesenteric fat

Adipocyte CSA (μm2) 8567 ± 146a 4233 ± 111c 7949 ± 207b 4251 ± 137c

CNI 53.2 ± 1.3b 34.8 ± 0.7e 84.5 ± 2.7a 46.3 ± 1.2c

Perirenal fat

Adipocyte CSA (μm2) 11,980 ± 149a 2991 ± 131d 7354 ± 214b 5338 ± 176c

CNI 57.9 ± 1.3b 32.4 ± 0.7cd 112.6 ± 3.2a 31.5 ± 0.9d

Data are presented as least square means±SEM. Effects of prenatal (LOW vs NORM) nutrition in obese or non-obese 
situation (HCHF vs CONV) were significant (P < 0.05) if the data within a row and within the respective columns are 
marked by different superscripts
CSA cross-sectional area, CNI cell number index calculated as adipocyte mass (total fat mass (kg) multiplied by the 
%’age of adipocytes in the tissue) divided by the volume of a spherical adipocyte with a radius derived from the mea-
sured mean cross-sectional area, LOW (N = 10; five males, five females; diet fed to twin-pregnant dams during the last 
trimester and fulfilling 50% of their daily energy and protein requirements), NORM (N = 6; six males, 0 female; diet fed 
to twin-pregnant dams during the last trimester and fulfilling 100% of their daily energy and protein requirements), 
HCHF (N = 13; eight males, five females; high-carbohydrate-high-fat postnatal diet fed to lambs and consisting of 
cream-milk replacer mix in a 1:1 ratio supplemented with rolled maize), and CONV (N = 13; seven males, six females; 
conventional postnatal diet fed to lambs and consisting of milk replacer and hay until 8 weeks of age and hay only 
thereafter and adjusted to achieve moderate and constant growth rates of approx. 225 g/day) (Adapted from Khanal 
et al. Unpublished data)
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lipid resulting in increased release of lipids and pro-inflammatory signals, thereby promoting systemic 
insulin resistance [77]. Various studies have provided evidence to suggest that the processes of inflam-
mation in adipose tissues could also be targets of foetal programming.

In sheep, gestational nutrient restriction resulted in overexpression in perirenal adipose tissue of 
inflammatory markers such as cluster of differentiation 68 (CD 68) and toll-like receptor (TLR4) [78]. 
Intrauterine growth restriction increased inflammation also in subcutaneous adipose tissue prior to 
onset of obesity and along with impaired glucose tolerance in male rats [79]. In insulin insensitive 
foetally undernourished adult rats, adipose explants and stromal vascular fraction cultures had 
enhanced secretion of TNFα and IL-1β, and adipose expression of several key proinflammatory genes 
and markers of macrophage infiltration were increased [80]. Adipose tissue macrophages (ATM) are 
the source of inflammatory adipokines such as TNF-α (tumour necrosis factor) and IL-6 (interleukin-
6), and rodent studies showed that ATMs may significantly contribute to development of systemic 
insulin resistance [81]. A macrophage marker (F4/80) in perigonadal, perirenal, mesenteric and sub-
cutaneous adipose tissues of mice was positively correlated with adipocyte size and body mass [82]. 
Undernutrition in utero can therefore be expected to predispose for increased macrophage infiltration, 
pro-inflammatory adipose responses and associated metabolic disorders. This is due to the above-
mentioned changes in adipose expandability traits leading to overexpansion (hypertrophic growth) of 
particularly visceral adipocytes during obesity development.

It is now widely believed that a relatively brief environmental malnutrition challenge during embry-
onic or foetal development can induce permanent imprinting of the genome, which may not manifest 
their metabolic impacts until much later in life. Prenatal exposures can induce epigenetic modifications 
such as gene promoter region methylation (i.e., the CpG sites), chromatin histone acetylation/methyla-
tion and changes expression of miRNA [83]. However, studies on how early life nutrition influence 
epigenetic regulation of key genes associated with obesity development are limited. Suggested targets 
for epigenetic modifications induced by foetal malnutrition include cell lineage determinants (transfor-
mation of stem cells to pre-adipocytes) and determinants of pre-adipocyte differentiation (during adi-
pogenesis) and adipose inflammation. The cellular mechanisms linking foetal malnutrition to epigenetic 
modifications are as yet unknown, and how epigenetic marks and the transcriptional regulation interact 
also remains to be established [84–87]. In mice, maternal undernutrition during pregnancy and lacta-
tion was shown to result in permanent removal of methyl groups at CpG sites in the promoter region of 
the leptin gene in adult offspring, which was associated with reduced leptin mRNA expression [87]. 
Although, perinatal epigenetic analysis may become a useful tool in the future for early identification 
of individuals susceptible to obesity development and associated adverse metabolic traits [88], identi-
fication of reliable epigenetic biomarkers is still a major challenge.

�Conclusion

Proper nutrition during critical periods of foetal development is important to counteract the increased 
trend of visceral obesity and associated disorders in humans, and a healthy diet postnatally appears 
particular important for individuals exposed to undernutrition prenatally. The impact of foetal nutri-
tion on adipose tissue development and function later in life depends upon timing of the exposures in 
relation to formation, differentiation and growth of the different adipose tissues. For the quantitatively 
most important adipose tissues, mid- to late gestation is the most important periods in humans and 
other precocial animal species, inducing some limitations in the use of rodent models in this respect. 
Maternal undernutrition during periods of adipose formation and development can induce alterations 
in development of stem cells into preadipocytes and differentiation of preadipocytes into mature lipid 
filled adipocytes cells. This can permanently alter the mechanisms, whereby different adipose tissues 
expand later in life. Detailed studies in sheep have shown that undernutrition during late foetal life 
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reduces the intrinsic cellularity (cell formation) in subcutaneous, perirenal and mesenteric adipose 
tissues. This will reduce expandability of subcutaneous adipose tissue and its ability to act as a ‘nutrient 
overflow sink’, since hypertrophic ability in this tissue appears to be limited. In turn, visceral and 
ectopic fat deposition is predisposed for. However, foetal undernutrition also interferes with the abil-
ity of visceral adipose tissues to form new adipocytes during obesity development in postnatal life, 
resulting in increased reliance on hypertrophic expansion with formation of very large adipocytes, 
rather than expansion by formation of a greater number of adipocytes of a more normal size. 
Hypertrophic adipose expansion with formation of very large adipocytes is associated with elevated 
adipose tissue-derived pro-inflammatory responses, which are linked to development of metabolic 
disorders such as type 2 diabetes, which are known to be associated with obesity. Much remains to be 
understood about the specific role of epigenetic changes in foetal programming of adipose tissue 
development and postnatal function.
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Key Points

•	 This chapter focuses on human and animal data linking undernutrition in utero (i.e., placental 
insufficiency, nutrient restriction, maternal low protein) with long-term hepatic dysfunction in 
postnatal life.

•	 Undernutrition in utero influences lipid homeostasis, gluconeogenesis, insulin sensitivity, drug 
metabolism, and overall growth leading to liver fibrosis and long-term symptoms of the metabolic 
syndrome.

•	 Some of the direct mechanisms linking undernutrition in perinatal life to hepatic dysfunction 
include hypoxia and epigenetic influences (i.e., DNA methylation, posttranslational histone modi-
fications, and microRNAs).

•	 Rapid postnatal catch-up growth can indirectly augment hepatic ER stress leading to impaired 
insulin signaling and alterations in microRNAs in the liver.

•	 Animal studies have indicated that intervention in perinatal life with essential nutrients, hormones, 
or modulators of nuclear receptors can rescue hepatic gene expression and may prevent the long-
term metabolic deficits associated with the undernourished liver.

Keywords  DOHaD • Epigenetics • Maternal low-protein diet • Hypoxia • Uterine ligation • Nuclear 
receptors • Posttranslational histone modifications • DNA methylation • Endoplasmic reticulum stress 
• MicroRNAs
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11β-HSD1	 11β-hydroxysteroid dehydrogenase type 1
ADP	 Adenine diphosphate
Akt1	 Protein kinase B
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CpG	 Cysteine-phosphate-guanine
CVD	 Cardiovascular disease
Cyp2c11	 Cytochrome P450 2c11
Cyp3a1	 Cytochrome P450 3a1
Cyp7a1	 Cytochrome P450 7a1
EPO	 Erythropoietin
ER stress	 Endoplasmic reticulum stress
Ex-4	 Exendin-4
G6Pase	 Glucose-6 phosphatase
GLP-1	 Glucagon-like peptide-1
GR	 Glucocorticoid receptor
HDL	 High-density lipoproteins
IGF-1	 Insulin growth factor 1
IUGR	 Intrauterine growth restriction
JMJD	 Jmj domain-containing histone demethylation protein
LDL	 Low-density lipoproteins
LP	 Low protein
LXR	 Liver X receptor
miRs	 MicroRNAs
MMP2	 Matrix metalloproteinase 2
MNR	 Maternal nutrition restriction
MPR	 Maternal protein restriction
pAkt1 (Ser473)	 Phospho Akt1 (serine 473)
Pck1	 Phosphoenolpyruvate carboxykinase 1 (soluble)
pEIF2α	 Phospho-eukaryotic translation initiation factor 2
PND	 Postnatal day
PPAR	 Peroxisome proliferator-activated receptor
SGA	 Small for gestational age
SMAD4	 SMAD family member 4
TGFB1	 Transforming growth factor β1
TUDCA	 Tauroursodeoxycholic acid
UPR	 Unfolded protein response
VEGF	 Vascular endothelial growth factor

�Introduction

The liver plays a critical role in mammals for metabolism, digestion, detoxification, storage, protein 
production, and immunity. Given the role of the liver in cholesterol, fatty acid, and glucose homeosta-
sis, it is not surprising hepatic dysfunction underlies several of the symptoms (i.e., hypercholesterol-
emia, obesity, glucose intolerance) characterizing the metabolic syndrome [1, 2]. The surge in the 
incidence of the metabolic syndrome worldwide is of great concern considering that it raises the risk 
of developing cardiovascular disease (CVD) by ~20-fold, and CVD is responsible for 1 out 2.9 deaths 
in the United States [3–6]. In addition to the metabolic syndrome, impaired liver health and function 
also can lead to liver fibrosis (and the end-stage cirrhosis), which is estimated to contribute up to 45% 
of deaths in the developed world [7, 8]. Liver fibrosis is a major predictor for diabetes, overall liver 
failure, portal hypertension, and liver cancer [9–11]. Since diet (i.e., “Western diet”) is a major con-
tributor to defects in liver function and ultimately liver fibrosis or CVD, current therapeutic strategies 
are aimed at lifestyle modifications (i.e., physical activity and healthy eating) and/or pharmaceutical 
interventions to treat the disease once manifested [12–15]. While pharmaceuticals may be effective 
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reducing the risk of CVD, the long-term dependency on them can be dangerous for the liver. For 
example, statins can reduce the risk of ischemic heart disease by up to 60%; however, the existence of 
statin-induced rhabdomyolysis and hepatitis-associated liver failure emerges in some patients [16]. 
Clearly additional studies are warranted for hepatic disease prevention versus treatment. A major 
preventative strategy is in recognizing the early origins of adult disease so that efficacious interven-
tions can be targeted to prevent long-term defects in liver function.

�Maternal Undernutrition and Impaired Hepatic Function: Clinical Evidence

Over 25 years ago, Professor David Barker revealed that adverse in utero events can permanently alter 
physiological processes leading to the metabolic syndrome [17]. The early evidence that an impair-
ment of liver size and/or function was involved came from the fact that there was a strong correlation 
between reduced abdominal circumference at birth with elevated total and LDL cholesterol in adult-
hood [18]. Secondly, intrauterine growth restriction (IUGR), caused by either placental insufficiency 
or maternal malnutrition, often results in asymmetric organ development whereby there is a reduction 
in the growth of less essential organs such as the liver, lungs, and kidneys [19, 20]. Thirdly, there is a 
strong inverse relationship between birth weight and obesity or glucose intolerance; both under the 
regulation of the liver [21–24]. It is noteworthy that the majority of these links to metabolic disease 
arose from large population-based studies whereby under nutrition in utero (i.e., due to famine) was 
the major factor leading to impaired fetal growth [21, 25–28].

Postpartum, the major factor influencing this inverse relationship between low birth weight and 
metabolic disease is nutrition-induced accelerated growth in neonatal life, which leads to an earlier 
onset of the symptoms of the metabolic syndrome [25, 29–31]. Barker explained this phenomenon with 
the “predictive adaptive response” hypothesis, which suggests that “adverse events during development 
induce adaptations suited for survival in a similar predictive environment but can become maladaptive 
if a mismatch to the predictive environment occurs, leading to a thrifty phenotype” [32, 33]. Since 
IUGR leads to major decreases in fetal liver development, it seems conceivable that the liver has the 
most to gain in growth during postnatal life [19, 20]. Animal models of IUGR support that the under-
nourished liver undergoes rapid postnatal catch-up growth leading to further metabolic dysfunction, 
but there is evidence from human studies as well [34–36]. For example, infants born small for gesta-
tional age (SGA) undergo hypersomatotropism as early as 4 days as a result of increased circulating 
insulin growth factor 1 (IGF-1) produced by the liver [37]. Elegant studies by Singhal et al. have also 
demonstrated that low birth weight infants with rapid postnatal growth (due to growth-promoting for-
mula diets) exhibited a higher LDL/HDL ratio, likely derived from impaired cholesterol homeostasis 
in the liver [38]. While future noninvasive imaging studies are warranted to tract liver development 
(i.e., liver growth, lipid composition) in IUGR infants long-term, animal models of maternal undernu-
trition have shed great light into the mechanisms underlying the fetal programming of the liver. More 
importantly, by elucidating some of the underlying mechanisms involved, new pharmaceutical and 
dietary intervention strategies can be employed to prevent these defects in liver function.

�Uterine Ligation or Ablation Model of Undernutrition and Long-Term 
Hepatic Function

As previously mentioned, IUGR can occur due to placental insufficiency which occurs in about 8% of 
pregnancies [39, 40]. Animal studies have demonstrated that placental insufficiency-induced IUGR 
leads to decreases in oxygenation and substrate availability for the fetus [41–43]. Therefore, the uter-
ine ligation or uterine ablation serves as excellent models for examining idiopathic IUGR and the 

9  Maternal Undernutrition and Long-Term Effects on Hepatic Function



110

short- and long-term effects on liver function. Both models lead to decreased birth weight and lower 
liver to body weight ratios [35, 44]. In the guinea pig, uterine ablation led to a greater incidence of 
hepatic perisinusoidal or periportal fibrosis in 5-month offspring with increased expression of profi-
brogenic markers including TGFβ1, MMP2, and SMAD4 [44]. In rats, uterine ligation leads to devel-
opment of the metabolic syndrome in the offspring including type 2 diabetes, dyslipidemia, and 
hypertriglyceridemia [45–47]. Interestingly, many of these symptoms were reciprocated into the F2 
generation [48]. These metabolic deficits exist, in part, due to altered glucose transporter expression, 
impairment of fatty acid metabolism, increased glucocorticoid activity, augmented glucose produc-
tion, and blunted insulin suppression all within the liver [45, 47, 49–51]. These offspring also exhib-
ited decreased hepatic and circulating insulin growth factor 1 (Igf-1) which is critical for insulin 
function, glucose metabolism, and growth [52]. While other models of maternal dietary-induced 
IUGR led to hypercholesterolemia in postnatal life, uterine ligation appears to have no effect on cho-
lesterol homeostasis unless the offspring were challenged with a high-fat diet in postnatal life [34, 53, 
54]. Although this animal model is physiologically relevant to idiopathic IUGR, it is distinct from 
dietary-induced undernutrition as it leads to direct decreases in both oxygen and nutrients to the fetus. 
Other exclusive dietary models are essential in understanding the contribution of maternal malnutri-
tion alone on long-term hepatic function and disease.

�Maternal Nutrient Restriction (MNR) Model of Undernutrition

Human and animal studies of food restriction during pregnancy confirm that maternal undernourish-
ment leads to IUGR depending upon the timing (pre- vs postconception) and severity of the insult [28, 
29, 55–57]. Moreover, like models of uterine ligation, fetal liver growth from MNR dams is compro-
mised at birth followed by rapid postnatal catch-up growth [36, 55, 58]. However, with models of 
MNR, the impact of a decrease in maternal and placental weight during pregnancy must also be taken 
into consideration [55, 59]. Sheep and rat studies have demonstrated that MNR leads to glucose intol-
erance and insulin insensitivity, along with greater hepatic lipid and glycogen content in the offspring 
[58, 60]. The impaired glucose tolerance in MNR sheep offspring is attributed, in part, to increased 
circulating cortisol and augmented hepatic PEPCK expression in MNR offspring [60]. In contrast to 
offspring of uterine ligation, MNR offspring with catch-up growth exhibited increases in Igf-1 which 
the authors attribute is associated with decreased longevity, but not necessarily metabolic disease [58].

�Maternal Protein Restriction (MPR) Model of Undernutrition

Placental insufficiency in humans often leads to protein (and amino acid) deficiencies in the fetus, 
which are critical for fetal growth [61, 62]. Therefore, the MPR model is a relevant model to study 
placental insufficiency-IUGR as it leads to asymmetric IUGR, without any effects on maternal weight 
gain or food intake [22, 63]. Moreover, MPR offspring have decreases in fetal liver weight at birth and, 
depending on the timing of protein restoration, display liver and whole body catch-up growth despite 
no differences in food intake [34, 64]. Remarkably, MPR offspring, more predominantly in males, 
exhibit several symptoms of the metabolic syndrome including glucose intolerance, visceral obesity, 
hypercholesterolemia, and hypertension [34, 63, 65–69]. The glucose intolerance is attributed to aug-
mented gluconeogenesis (e.g., G6Pase, 11β-HSD1), diminished glucokinase expression, decreased 
pAkt1 (Ser473), and decreased glucagon receptor in the livers of MPR offspring [64, 67, 70, 71]. With 
respect to lipids, MPR male offspring with catch-up growth show increases in circulating hepatic cho-
lesterol due to decreases in the expression of Cyp7a1, the critical enzyme in cholesterol metabolism 
[34]. Aside from alterations in glucose and cholesterol homeostasis, MPR male offspring with catch-up 
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also exhibit increases in hepatic Cyp3a and Cyp2c11 expression and activity influencing long-term drug 
metabolism (i.e., statins) in these offspring [72]. As testosterone is a major substrate for these Cyp 
enzymes, it may explain why MPR male offspring have lower circulating testosterone levels, and con-
sequentially, the long-term sexual dimorphism which exists in this model [68]. Similar to uterine-ligated 
offspring, MPR offspring with catch-up growth have decreases in hepatic Igf-1; however, the decrease 
in Igf-1 is mainly attributed to the effects of protein restriction during lactation [63]. All in all, the MPR 
model truly reinforces the main principle of Barker’s “predictive adaptive response” given that when 
there is no nutritional mismatch in postnatal life, MPR offspring do not exhibit any decreases in choles-
terol catabolism, insulin sensitivity, or drug metabolism in the liver [34, 64, 72].

�Direct Mechanisms Linking Maternal Undernutrition and Adverse 
Metabolic Outcomes

While human and animal studies have certainly established the strong links between an undernour-
ished in utero environment and metabolic deficits in the offspring, we are only just beginning to 
unravel the direct and indirect molecular events involved. Interestingly, one of the major direct drivers 
of altered hepatic gene expression and function short- and long-term is hypoxia. While it is not sur-
prising that uterine ligation directly leads to hypoxia in the liver, maternal undernutrition alone in 
guinea pigs also led to increases in the expression of markers for hypoxia (EPO, EPO receptor, VEGF) 
in the fetal liver and kidney [35, 73]. In uterine ligation studies, decreases in oxygenation reduced 
hepatic mitochondrial oxidative phosphorylation further led to oxidative stress in young rat offspring 
[35, 47]. Collectively, this explains the increased hepatic gluconeogenesis and impaired insulin sig-
naling exhibited in this young offspring.

Epigenetic forces have also been implicated to play a direct and sustaining role in the fetal program-
ming of the liver. Epigenetic mechanisms, which include direct DNA methylation, posttranslational 
histone modifications, and microRNAs (miRs), influence the long-term expression of a gene by alter-
ing the ability of the transcriptional machinery to interact with the chromatin environment. Elegant 
studies in the baboon fetus have demonstrated that 70% undernutrition during pregnancy led to aug-
mented hepatic gluconeogenesis associated with both increased Pck1 mRNA and decreases in the 
methylation of CpG dinucleotides of the Pck1 promoter [59]. Moreover, uterine ligation has been 
shown to directly increase DNA methylation in the promoter of hepatic Igf-1 at birth and that this per-
sists into the F2 generation even when F1 IUGR offspring are adequately nourished [48, 74]. 
Interestingly, in this study, supplementation of the diet in the F1 IUGR offspring with folic acid, cho-
line, betaine, vitamin B12, and other essential nutrients prevented the methylation of the Igf-1 promoter 
in the F2 generation along with symptoms of the metabolic syndrome [48]. However, caution is neces-
sary in the overall interpretation of these studies given undernutrition-induced alterations in DNA 
methylation can vary between sexes and within different CpG islands of the same promoter [74].

Posttranslational histone modifications, which include methylation, acetylation, phosphorylation, 
ubiquitination, and ADP-ribosylation of histones, serve as another epigenetic mechanism to influence 
long-term gene expression by perinatal undernutrition. This is evident when maternal dietary protein 
is restricted during pregnancy and lactation leading to long-term hypercholesterolemia as a result of 
decreased expression of hepatic Cyp7a1, the critical enzyme involved in cholesterol catabolism [34]. 
Remarkably, the histone modifications involved in MPR-induced silencing the expression of Cyp7a1 
promoter, namely, increased trimethylation and decreased acetylation of histone H3 [lysine 9, 14], are 
sustained from 3 weeks to 4 months in postnatal life [34]. The origin of these histone modifications is 
due, in part, to MPR-mediated decreased in Jmjd2a and Jmjd2c, demethylases involved in removing 
trimethyl groups of histone H3 [lysine 9]. It is noteworthy that while both male and female MPR 
offspring exhibited decreased Cyp7a1 expression at 3 weeks, female MPR offspring at 4 months are 
protected from the posttranslational histone modifications silencing the Cyp7a1 promoter. MPR has 
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also been demonstrated to lead to long-term posttranslational histone modifications (e.g., decreased 
histone H3 acetylation [lysine 9, 14] silencing the expression of the hepatic liver X receptor (LXRα) 
at 4 months (Fig. 9.1) [67]. The decrease in the expression of this repressive glucose sensor permitted 
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Fig. 9.1  The effect of maternal low-protein diet in utero on the in vivo transcriptional and epigenetic regulation of the 
LXRα transcriptional start site (−135 to +144 bp) at 4 months of age. (a) Binding of RNA polymerase II to the LXRα TSS, 
(b) trimethylation of histone H3 lysine 4, (c) acetylation of histone H3 lysine 9 and 14, and (d) trimethylation of histone 
H3 lysine 9. Primers were designed based on sequencing from Ensembl. Livers were immunoprecipitated with antibodies 
specific to RNA polymerase II, trimethylated histone H3 [K4], acetylated histone H3 [K9, 14], and trimethylated histone 
H3 [K9]. Quantification was performed using qRT-PCR (Sso-Fast EvaGreen) with primers specific to the proposed LXR 
element sites. The relative amount of immunoprecipitated genomic DNA was normalized to total genomic DNA. Data are 
represented as arbitrary values using the ∆∆Ct method. Results are expressed as the mean ± standard error (SEM). * = 
Statistically significant. n = 4–6 (Reprinted from Vo et al. [67], with permission from BioScientifica Ltd.)
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augmented expression of hepatic gluconeogenic enzymes (e.g., G6Pase and 11β-HSD1) contributing 
to glucose intolerance [67].

MiRs, which consist of short, noncoding RNA molecules of 20–25 nucleotides in length, can also 
act in an epigenetic manner to regulate gene expression by repressing the translation of proteins or 
decreasing messenger RNA (mRNA) stability. MPR during pregnancy and lactation has been demon-
strated to increase the expression of miR-29a, miR-29b, and miR-29c in the liver by 3 weeks and 
4 months of age which silences the expression of Igf-1 and decreases body weight [63]. Interestingly, 
protein restriction during lactation alone had a greater effect to augment the miR-29 family and sup-
press Igf-1, while restoration of maternal dietary proteins in MPR offspring at birth prevented miR-29 
repression of Igf-1 [63]. In the guinea pig, uterine ligation in pregnancy led to decreases in hepatic 
miR-146a expression in the 5-month offspring, concomitant with an increase in its target profibrotic 
gene, SMAD4 [44]. Further studies are warranted to investigate how the expression of miRs in the 
liver is altered by perinatal undernutrition via direct (i.e., regulation of 5′-UTR of miR promoters) and 
indirect (i.e., ER stress) mechanisms [75].

�Indirect Mechanisms Linking Maternal Undernutrition and Adverse 
Metabolic Outcomes: The Contribution of Catch-Up Growth

In several animal models of maternal undernutrition leading to metabolic disease, often the changes 
in hepatic gene expression do not occur directly at the time of the perinatal insult but manifests later 
in life [58, 64, 72]. This may be attributed to long-term global changes (e.g., epigenetic mechanisms), 
initiated by the perinatal environment, which precedes the eventual alterations in gene function. For 
example, in MPR offspring whereby increases in trimethylation of histone H3 [lysine 9] silencing the 
promoter of Cyp7a1 was present in 3 week and 4 month offspring, alterations in histone methylation 
were not yet occurring in embryonic life [34]. However, the stage was beginning to be set as MPR-
mediated decreases in the fetal expression of histone demethylases in the liver were apparent [34].

The more probable reason for indirect effects of a perinatal undernutrition and long-term altera-
tions in hepatic gene expression is rapid postnatal catch-up growth. As previously mentioned, in 
humans postnatal catch-up growth can accelerate the onset and exacerbate the symptoms of metabolic 
disease in low birth weight children [25, 29–31]. Given the undernourished neonatal liver undergoes 
major catch-up growth postpartum, it is quite conceivable that the “stress” of active hepatocyte growth 
and replication during this period of time may confer detrimental metabolic deficits which only arise 
after this window of recovery. The major mechanism likely involved in this rapid growth-triggered 
process is endoplasmic reticulum (ER) stress.

ER stress occurs when perturbation in the function or homeostasis of the ER leads to luminal accu-
mulation of misfolded or unfolded proteins. Many known triggers of ER stress include impaired 
disulfide bond formation, compromised Ca2+ homeostasis, low amino acids, hypoxia, decreased 
N-linked glycosylation, increased lipid load, and greater oxidative stress. In response to ER stress, the 
unfolded protein response (UPR) tries to restore ER homeostasis by attenuating protein translation 
(i.e., increased pEIF2α) while at the same time increasing the expression of chaperone proteins 
involved in refolding proteins to alleviate the ER. However, if ER stress persists, apoptosis is initiated 
leading to alterations in gene expression and cell function. In MPR offspring with postnatal catch-up 
growth (due to restoration of proteins at weaning), the livers at 4  months exhibit ER stress (i.e., 
increased pEIF2α) attributed to impaired insulin sensitivity (e.g., decreased pAkt1[Ser473]) despite 
the fact that the food intake is similar (Fig. 9.2, LP2) [63, 64]. Conversely, if there is no catch-up 
growth, protein translation is enhanced with higher hepatic insulin sensitivity (Fig. 9.2, LP1) [64]. 
The low-protein diet itself does not appear to be playing a direct role given alterations in the ER stress 
pathway were not detected in the fetal liver. Given oxidative stress is present in the undernourished 
liver, and that the “mismatch” in the nutritional environment likely leads to lipid overload and/or 
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impaired disulfide bond formation, it is apparent that these triggers during perinatal life, coupled with 
postnatal catch-up growth, may initiate the cascade leading to chronic ER stress [35, 47]. It is note-
worthy that in a perinatal rat model of nicotine exposure leading to postnatal catch-up growth and 
dyslipidemia, ER stress was also evident in the adipose tissue of 6-month offspring [76]. Aside from 
directly influencing hepatic gene expression and function, augmented ER stress in the liver may also 
alter epigenetic mechanisms such as miRs. For example, activation of ER stress has been demon-
strated to induce miR-29a which is known to silence Igf-1 and pAkt-1 (Ser473) [75]. It is noteworthy 
that miR-29a is increased in 4-month MPR offspring with catch-up growth and ER stress, coupled 
with decreased Igf-1 an pAkt-1 (Ser473) [63, 64]. An overview of the direct and indirect mechanism 
involved in the nutritional programming of the perinatal liver is illustrated in Fig. 9.3.

�The “Plastic Liver”: Intervening in Early Life to Prevent  
Long-Term Metabolic Dysfunction

From fetal to neonatal life, the liver undergoes extensive growth, differentiation, and remodeling cre-
ating an ideal window for intervention given its plasticity. During fetal life, the liver is considered 
mainly hematopoietic, while in postnatal life is considered more hepatocyte-like [77]. This may 
explain why certain perinatal nutritional insults altering postnatal gene expression are differentially 
altered in fetal life [67, 72]. By mid-gestation in rodents, the liver bud is formed containing progenitor 
cells that differentiate into either hepatocytes or ductal cells; however, in the last 3 days of gestation, 
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(S473), Akt1, p-eIF2α (S51), and eIF2α protein levels were determined using Western blot analysis. Total protein was 
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the liver mass triples due to extensive proliferation [78, 79]. After birth in rodents, there is a greater 
transition from fetal to adult hepatocytes accompanied by high rates of replication, neogenesis, and 
apoptosis [79]. The human liver develops in a similar pattern, although the majority of liver differen-
tiation occurs in prenatal life [80]. It is estimated that the postnatal rodent liver at 3 weeks is equiva-
lent to the human liver at the third trimester. Regardless of the species, the perinatal liver is undergoing 
extensive remodeling and is subject to alterations by environmental cues during this period. These 
cues can consist of alterations in nutrition, hormones/cell signaling, epigenetic forces, and/or by the 
actions of pharmaceuticals.

Fig. 9.3  Overview of the direct and indirect mechanisms underlying how undernutrition in utero impairs liver function 
from neonatal to adult life. Direct pathways altered by maternal undernutrition are indicated by red solid arrows, while 
indirect pathways affected by placental insufficiency and postnatal catch-up growth are indicated by red dashed arrows. 
Neonatal intervention strategies are illustrated in cyan arrows
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From a nutrition standpoint, several studies have investigated the role of vitamins, folic acid, 
and proteins to reverse the effects of undernutrition on hepatic health. In a rodent model of mater-
nal diabetes leading to IUGR and decreased liver weight, supplementation of vitamins C and E in 
pregnancy prevented decreases in fetal liver weight, but not total bodyweight [81]. The IUGR-
associated lipid peroxidation in these fetal livers was also significantly reduced due to maternal 
vitamin supplementation attributed to increases in superoxide dismutase antioxidant activity [81]. 
Given its role a methyl donor for DNA methylation, intervention studies with folic acid show 
promise in reversing some of the epigenetic mechanisms associated with the undernourished liver. 
Elegant studies by Lillycrop demonstrated that administration of folic acid during MPR pregnancy 
reversed the decreases in DNA methylation to the promoters of PPARα and GR and subsequently 
diminished the MPR increases in their fetal gene expression [82, 83]. But with respect to DNA 
methylation, the benefits of folic acid appear to be promoter specific given periconceptional intake 
of folic acid (400 μg/day) led to an increase in DNA methylation of hepatic insulin growth-like 
factor 2 and, subsequently, low birth weight [84]. As mentioned previously, introduction of a com-
bination of nutrients (i.e., folic acid, vitamin B12) to the diet of IUGR offspring has multigenera-
tional effects given the F2 generation did not exhibit impairments in hepatic and lipid homeostasis 
[48]. The use of the bile acid tauroursodeoxycholic acid (TUDCA) could be considered as a prom-
ising safe therapeutic agent in neonatal life given its ability to reduce ER stress (e.g., promote 
protein refolding) and consequentially improve liver insulin sensitivity [85]. With regard to protein 
supplementation, the beneficial effects of restoring maternal proteins also appear to be very pro-
moter specific in the liver. In rats, restoring maternal proteins at birth prevents long-term decreases 
in hepatic cholesterol metabolism (e.g., Cyp7a1) and Igf-1 but leads to greater expression of genes 
involved in gluconeogenesis (e.g., G6Pase and 11β-HSD1) [34, 63, 67]. These studies illustrate the 
complexity between the length of the nutritional insult, epigenetics, and catch-up growth on long-
term hepatic gene expression and function.

Hormones and nuclear receptors have promise in reversing the adverse effects of undernutrition on 
hepatic dysfunction. One of the best examples is with the use of the glucagon-like peptide-1 (Glp-1) 
analog, exendin-4 (Ex-4). Neonatal administration of Ex-4 to uterine-ligated IUGR offspring pre-
vented the long-term development of hepatic oxidative stress and insulin resistance [47]. It also 
exerted beneficial effects on the pancreatic β cells via increases in the expression of Pdx-1 [86]. 
Another hormone and antioxidant, melatonin, has been demonstrated to increase umbilical blood flow 
during gestation in sheep, but it did not rescue growth restriction in undernourished ewes [87]. 
Targeting nuclear receptors may have a more sustained impact given their widespread roles in 
influencing endocrine function along with glucose and lipid homeostasis. Female IUGR offspring 
treated with agonists to the lipid-sensing nuclear receptor PPARγ have long-term insulin-sensitizing 
effects, although hypoglycemia was also exhibited [88]. Given the role of the liver X receptor (LXRα) 
in regulating cholesterol, glucose, and fatty acid homeostasis, altering LXR activity in early life could 
impair several symptoms of the metabolic syndrome. A pilot study using the LXR agonist (GW3695) 
during neonatal life (PND5-15) in MPR offspring led to ameliorated total cholesterol levels concomi-
tant with increased LXRα and Cyp7a1 by 3 weeks of age [89]. An overview of the known neonatal 
interventions is summarized in Fig. 9.3.

Regardless of the success of particular intervention strategies in animal models, caution must be 
approached in assessing its overall efficacy. The intervention must be examined in the context of the 
species examined and how the timing of intervention relates to liver development (e.g., plasticity) 
between species. The impact of the intervention on epigenetic mechanisms must also be considered to 
determine its sustainability long-term but, more importantly, on the specificity (or lack thereof) to 
particular target promoters. For the time being, the safer approach may be in general dietary imple-
mentation to reduce catch-up growth and the indirect burden it exerts on hepatic development and 
function.
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�Conclusion

In response to maternal undernutrition and placental insufficiency, the fetal liver takes a huge hit with 
respect to development and growth. Consequentially, the undernourished neonatal liver has the most 
to gain in postnatal life leading to accelerated catch-up growth. However, both developmental events 
end up being detrimental to long-term liver function. The present review illustrates the direct epigen-
etic mechanisms underlying the aberrant expression of hepatic genes in malnourished offspring which 
persists into adulthood. Hypoxia in the neonatal liver also plays a role in driving some of these epi-
genetic mechanisms along with increased oxidative stress. With ensuing rapid catch-up growth in 
postnatal life, this places a burden on the normal growth trajectory of the liver leading to onset of ER 
stress. This culminates in further metabolic dysfunction such as ER-mediated insulin insensitivity in 
the liver. In this chapter, nutritional, hormonal, and pharmaceutical interventions early in life are cited 
which mitigate the effects of undernutrition on hepatic gene expression and function short- and long-
term. However, further studies are warranted to address the safety, specificity, and sustainability of 
these interventions to the whole organism. Until that time, more conventional nutritional steps are 
necessary to reduce postnatal catch-up growth of IUGR offspring in the hope to reduce global effects 
(e.g., ER stress) on the recovering liver.
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Key Points

•	 Intrauterine environment, mainly maternal nutritional status, represents a predictive factor for adult 
hypertension and cardiovascular disease.

•	 Protein restriction in pregnancy is associated with intrauterine growth restriction, which implies in 
low birth weight, hypertension development, and higher cardiovascular risk in adulthood.

•	 Cardiovascular disease might be secondary to several alterations that occur due to gestational protein 
restriction such as progressive increase in blood pressure, altered hypothalamic-pituitary-adrenal 
axis, insulin resistance, and enhanced baseline sympathetic activity;

•	 Gestational protein restriction induces morphological primary changes in the heart, which might 
predispose to cardiovascular dysfunction later in life.

•	 Impaired cardiomyocyte proliferation and differentiation, with reduced cardiomyocyte number, 
altered expression of structural proteins and increased interstitial fibrosis could progressively result 
in cardiovascular dysfunction in adulthood.

Keywords  Fetal programming • Maternal protein restriction • Intrauterine growth restriction • Heart 
development • Cardiovascular disease
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�Introduction

Cardiovascular diseases (CVD) are the first cause of death in the world, and over three quarters of 
CVD deaths take place in low- and middle-income countries. In 2012, an estimated 17.5 million 
people died from CVDs, representing 31% of all global deaths [1].

It is well known that the etiology of CVD is related to genetic factors; postnatal environmental and 
behavioral risk factors such as unhealthy diet, physical inactivity, tobacco use; and harmful use of 
alcohol. However, more recently, attention has also focused on environment experienced in utero as a 
factor predictive of later hypertension and CVD [2].

It has been widely accepted that the major programming influence upon the fetus is maternal nutri-
tional status [3]. Protein restriction in pregnancy is related to low birth weight or disproportion of the 
fetus (thinness or shortness to head circumference) at birth, a marker of intrauterine growth restriction 
(IUGR) [4]. As gestational malnutrition (caloric and protein) causes IUGR, we could expect that poor 
countries were the hardest hit by the effects of fetal programming; however, the US population is 
subject to “high calorie malnutrition” by choosing more palatable food to the detriment of those with 
higher amounts of nutrients [5]. Thus, the prevalence of chronic diseases that represent risk factors for 
cardiovascular diseases such as obesity, diabetes, and hypertension is growing (Fig. 10.1). IUGR affects 
up to 7–10% of pregnancies and is the major cause of perinatal mortality and long-term morbidity, 
being a high relevant condition [6, 7].

Fig. 10.1  Structural and functional cardiovascular changes that might reflect primary programmed events during 
organogenesis. Gestational low-protein programmed offspring were termed LP, and offspring from normal protein dams 
were termed NP. At birth, cardiomyocytes number reduction was observed [30], and after 70 days (no hypertension, no 
hypercholesterolemia, and no atherosclerosis), compensatory hyperplasia and enhanced content of stromal structures 
were observed [25, 34]
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�Epidemiological Evidences

Several epidemiological studies have demonstrated the association between small size at birth and 
CVD and its biological risk factors in Europe [8], North America [9], and India [10].

Reduced growth in fetal life and small birth weight, along with accelerated growth in childhood, 
result in greater risk of coronary heart disease in adult life [10, 11]. Furthermore, it is associated with 
an increased risk of hypertension and noninsulin-dependent diabetes, two disorders closely linked to 
CVD [10–12].

The Dutch famine (1944–1945) allowed the study of gestation undernutrition effects on humans. 
People who had been exposed to famine in any stage of gestation had reduced glucose tolerance [13]. 
Conversely, people exposed to famine in early gestation had a more atherogenic lipid profile, disturbed 
blood coagulation, increased stress responsiveness, obesity [13], and a higher risk of CVD [14].

�Mechanisms of Programed Risk to CVD

Epidemiological studies are strongly supported by animal models, which attempt to investigate the 
possible change-related mechanisms in cardiac physiology of protein-restricted animals. Langley-
Evans et al. were among the first to show that prenatal nutritional environment could have a powerful 
impact on cardiovascular function in the offspring in an animal model [12]. These authors have used 
synthetic diets containing 18% or 9% of casein during rat gestation, and systolic blood pressures of 
male and female pups were significantly enhanced at the age of 4 weeks [12]. Thus, these and other 
animal models have been used to understand the possible mechanisms involved in programming.

Several possible mechanisms by which nutritional restriction during gestation might lead to CVD 
are related to reduced fetal growth followed by accelerated weight gain in childhood if exists 
incompatibility between intra- and extra-uterine supply of nutrients.

Small babies and low-protein restricted rat offspring have reduced nephron number [15, 16]. It has 
been suggested that this leads to hyperperfusion of each nephron due to the increased blood flow 
through each glomerulus, which may lead to early development of glomerulosclerosis in adult life. 
Rapid childhood growth is thought to increase hyperperfusion. Normal aging brings glomeruli loss 
and results in accelerated age-related glomeruli loss and a self-perpetuating cycle of rising blood pres-
sure and glomerular loss [17].

However, the mechanisms underlying the programming of hypertension by maternal undernutri-
tion are likely to be multifactorial and complex. In addition to the influences of intrauterine undernu-
trition on nephrogenesis, which may underlie the programming of hypertension, fetal exposure to an 
excess of glucocorticoid appears to be a critical step in programming of hypertension [18]. Furthermore, 
low birth weight and nutrient availability have been associated with numerous endocrine changes later 
in life [19, 20] and programming of the hypothalamic-pituitary-adrenal axis (HPA) [21], which them-
selves may influence cardiovascular risk.

In fact, a number of studies support that the relationship between cardiovascular risk and low birth 
weight might be explained in part by fetal metabolic programming leading to diseases associated with 
cardiovascular disease. Babies with low birth weight have reduced muscle tissue due to lower cell 
replication during intrauterine development. In case of excessive and rapid weight gain in childhood, 
these children are liable to put on fat rather than muscle, leading to a disproportionately high fat mass 
in later life. This might be associated with the development of insulin resistance [22].

Barker et al. suggest that another mechanism linking poor weight gain in gestation and infancy 
with CVD is altered liver function, which reflects on raised plasma fibrinogen and factor VII concen-
tration [23].

Furthermore, Alves et al. suggested that juvenile offspring from protein restricted dams exhibit 
enhanced baseline sympathetic activity [24]. β-adrenergic pathways are often activated to maintain an 
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appropriate cardiac output which could explain the augmented myocardial expression of β1-adrenergic 
receptor in IUGR animals [25]. Another important factor to regulate myocardial inotropy is 
Na/K-ATPase, which was also overexpressed in IUGR animals [25].

However, several studies have demonstrated that gestational protein restriction induces primary 
changes in heart, which might predispose to cardiovascular dysfunction later in life. It has been 
proposed that a suboptimal intrauterine environment results in fetal adaptations, which act to maintain 
heart growth, but which result in permanent changes to cardiac structure and function [26]. Cardiac 
myocytes rapidly proliferate during fetal life, but in the perinatal period and shortly after birth, prolif-
eration ceases and myocytes undergo an additional cycle of DNA synthesis and nuclear mitosis without 
cytokinesis that leaves most adult cardiomyocytes binucleated [27]. Fetal growth restriction retarded 
cardiomyocyte maturation and is associated with lower binucleation and enlarged cardiomyocytes 
relative to heart size [28].

However, the impact of heart growth and development on heart weight is still controversial (Table 10.1). 
In IUGR rats that were exposed to maternal protein restriction, a reduced heart weight is often found 
[29, 30]. Alternatively, an increased heart weight has also been documented [31, 32]. Otherwise, no 
changes on heart weight have also been reported [33, 34]. In human studies, these discrepancies of 
results can be from diverse etiologies and differences in severity of IUGR fetuses recruited. Similarly, in 
animal models, the differences in results may arise from several factors: differences in the strain of rats 
studied, levels of maternal dietary protein restriction, timing of dietary administration to dams, and 
postnatal differences in body growth and levels of blood pressure of the offspring [35].

Low-protein diet (LPD) influences on cardiomyocyte number are more consistent. Several authors 
have shown the reduction in cardiomyocyte number, both in humans and animals [30, 36]. Because 
cardiomyocytes in general cease proliferating soon after birth, postnatal growth of heart is predominantly 
due to cardiomyocyte hypertrophy [27]. This may lead to impaired cardiac function later in life, especially 
if the heart is stimulated to hypertrophy, such as after the induction of hypertension [30].

Table 10.1  Studies investigating the effects of administration of a maternal low-protein diet (LPD) in rats on cardiac 
weight of offspring – highlighting differences in rat strains studied, severity of dietary protein restriction, and timing of 
diet administration

Author and year of 
study

Rat strain and age 
of offspring at 
investigation Diets Diet timing

Major findings in LPD 
group

Muaku et al. 
(1997) [29]

Wistar 23-days old NP: 20% casein During pregnancy ↓ Body weight
LP: 5% casein ↓ Heart weight

Cortius et al. 
(2005) [30]

Wistar Kyoto at 
birth

NP: 20% casein 2 weeks prior to and 
during pregnancy and 
2 weeks postnatally

↓ Birth weight
↓ Heart weightLP: 8.7% casein
↓ Cardiomyocytes number
↓ Binucleated 
cardiomyocytes

Jackson et al. 
(2002) [31]

Wistar 4-weeks old NP: 18% casein ↑ Relative heart weight
LP: 9% casein

Lim et al. (2012) 
[32]

Wistar Kyoto NP: 20% casein 2 weeks prior to and 
during pregnancy and 
2 weeks postnatally

↓ Body weight at 32 weeks
32-weeks old LP: 8.7% casein ↑ Relative heart weight

Desai et al. (1996) 
[33]

Wistar NP: 200 g  
protein/kg diet

During pregnancy ↓ Birth weight
↔ Heart weight

21 days old and 11 
months old

LP: 80 g  
protein/kg diet

Menendez-Castro 
et al. (2011) [34]

Wistar NP: 17.2% casein During pregnancy ↓ Body weight
↔ Relative heart weight10-weeks old LP: 8.4% casein

Modified from Zohdi et al. [35]
NP normal protein diet, LP low-protein diet, ↑ increased, ↓ decreased, ↔ unchanged
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The analysis of cardiac tissue showed that left ventricular expression of structural proteins, asso-
ciated with pathological cardiac remodeling, was increased by maternal protein restriction.  
In 7-month-old rats exposed to undernutrition during pregnancy – the ratio of β- to α-myosin heavy 
chain protein and the expression of collagen I and III – were all increased [36]. Consistent with 
these observed changes in structural protein expression, the expression of matrix metalloproteinase 
2 was lower in 7-month-old IUGR rats [36] and the expression of tissue inhibitor of metalloprote-
ase 2 (TIMP-2) was higher in 70-day-old rats exposed to gestational protein restriction [34]. 
Therefore, in adult rats, restricting maternal protein intakes during gestation increases the number 
of cardiac fibroblasts in IUGR rats [25] and the amount of interstitial fibrosis in left ventricle [32].

Accumulation of extracellular matrix structural proteins in heart adversely affects myocardial visco-
elasticity with accumulation of fibrillary collagen, leading to cardiac dysfunction [37]. Furthermore, 
the isolation of cardiomyocyte groups by collagens can cause a reduction in gap junctions in cardiac 
muscle and lead to electrical load variations, thus triggering arrhythmias [38].

The sarcomere is a key element of heart contractility and shorter sarcomeres have less actin and 
myosin cross bridges and less contractile force and reduced range of shortening [39]. Iruretagoyena 
et al. recently showed changes in sarcomere length in human fetuses with IUGR [40]. Furthermore, 
the expression of both N2B and N2BA titin isoforms, another important component of myocardial 
sarcomeres, is increased in 70-day-old rats from LPD dams [25].

Furthermore, endothelial dysfunction, with loss of modulatory role of endothelium, may be a critical 
factor in the development of hypertension. Newborns with fetal growth restriction have an increase in 
aortic intima-media thickness [41], which supports the existence of vascular remodeling. Increased coro-
nary flow perfusion in severely growth-restricted fetuses and abnormal results on Doppler velocimetry in 
peripheral vessels were described [42]. Thus, alterations in the composition of the vascular extracellular 
matrix could possibly reduce vascular compliance, which is known to be a marker of CVD [34].

Children with fetal growth restriction have an altered cardiac geometry and shape, with less elon-
gated and more globular ventricles, which also could be seen in animal models of IUGR. Morphometric 
measurements confirmed quantitatively an overall increase in transverse cardiac diameters, which 
lead to apparent ventricular cavity dilatation [43, 44]. This different architecture is not as efficient in 
generating the normal stroke volume, which results in the need for an increased heart rate to maintain 
cardiac output [43]. Furthermore, IUGR fetuses had echocardiographic signs of cardiac dysfunction 
from early stages [45]. Cardiac dysfunction deteriorates further with the progression of fetal 
compromise, along with the appearance of biochemical signs of cell damage, such as increased levels 
of b-type natriuretic peptide [45].

Myocardial hypertrophy (i.e., higher LVMI) was observed in IUGR patients [46]. Although 
remodeled ventricles could compensate for their lower efficiency in childhood, any additional 
changes in their working conditions (e.g., hypertension) at a later age would result in an abnormally 
high increase in local wall stress and dilatation [43].

Echocardiographic analysis of IUGR fetuses showed a significant decline in cardiac systolic function 
[43]. Crispi et al. showed that fetal growth restriction was associated with systolic and diastolic 
dysfunction, with preserved ejection fraction [44]. Echocardiography in gestational protein restricted 
rats at the 70th day of life revealed significantly higher values of left ventricular end-systolic diameter 
and left ventricular end-diastolic diameter with consecutively reduced fractional shortening [25]. 
Furthermore, these animals showed decreased ejection fraction and a reduction in left ventricular 
anterolateral wall thickness, which suggested an impaired contractile function and indicated a more 
distensible myocardial structure [25].

Apart from these structural and functional cardiovascular changes in offspring born from protein-
restricted dams, the British research group of Dr. Fleming has shown the impact of maternal pericon-
ceptional protein restriction on long-term health outcomes in rodents.

To investigate the importance of periconceptional period, this research group established a rat 
model to which a maternal low-protein diet (9% casein; Emb-LPD) was administered exclusively 
during the 4 days of preimplantation development, followed by a control diet (18% casein) postnatally 
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and thereafter [47]. Emb-LPD rat and mouse presented altered blastocyst cell number and more rapid 
growth during either fetal or postnatal period and led to long-term changes in perinatal and postnatal 
growth rate [47, 48]. Although Emb-LPD both in rat and mouse models had no effect on gestational 
length and litter size, the offspring had increased mean systolic blood pressure at 4 and 11 weeks [47], 
accompanied by attenuated arterial responsiveness in vitro to acetylcholine- and isoprenaline-induced 
vasodilatation [49] and increased cardiovascular disease risk in adult offspring.

Thus, both the periconceptional and the gestational period are windows during which environmental 
factors may cause permanent changes in the pattern and characteristics of development, leading to risk 
of adult-onset disease. Epigenetics consists in an advanced explanation for long-term or later-onset 
outcomes of early life experiences. Therefore, these environmental factors, by adaptive or maladaptive 
responses, result in a permanent resetting of gene expression programs that is mediated by altered 
epigenetic marking (DNA methylation, posttranslational modifications of histones, and microRNAs 
action), which can persist long after the duration of the initiating factor [50]. In our laboratory, we are 
currently investigating the microRNA expression profile on the left ventricle of protein-restricted 
offspring rats in both 12 days and 16 weeks old. And, not surprising, we could detect two downregulated 
microRNAs and seven upregulated microRNAs in 12-day-old offspring and ten downregulated 
microRNAs and seven upregulated microRNAs in 16-week-old offspring (unpublished data).

�Catch-Up Growth

Helsinki cohort studies showed that both women and men with accelerated IUGR or “catch-up” 
growth during childhood presented increased risk of coronary heart disease [11].

Programming of metabolic disease by faster early growth is a finding seen across populations, and 
when nutrient-enriched formula is used for infants born small for gestational age at term, weight gain 
and higher diastolic blood pressure at ages 6–8 years were observed [51]. Studies suggest that there 
exist a “dose-response” association between early growth and later CVD risk [51].

In addition, experimental results have shown that catch-up growth is detrimental. Recently, Zohdi 
et al. reviewed the works in which IUGR was induced by protein restriction, and we can observe that, 
when the restriction was made only during pregnancy, the programed offspring present hypertension 
and when the restriction is during pregnancy and 2–3 weeks postnatally, the offspring is normotensive 
[35]. In our lab we observed, in the same rat model, that when protein restriction occurs only during 
pregnancy, the systolic blood pressure is enhanced from 8 to 16 weeks of age, and when protein 
restriction is maintained during lactation period, the rise occurs in the 16th week (Fig. 10.2). Thus, we 
suggest that cardiovascular function may be early adversely affected when there is a mismatch in 
prenatal and postnatal growth.

Some possible mechanisms have been proposed and a possibility is that catch-up growth is achieved 
by overgrowth of a limited cell mass reduced by fetal growth restriction that can disrupt cell function 
[52]. In addition, a large body size imposes an excessive metabolic demand on a reduced cell mass. 
Another possible link between catch-up growth and coronary heart disease is that hormonal changes 
during development can persist after birth, affecting heart disease development [53].

�Conclusions

Evidences from epidemiology and animal studies demonstrate that IUGR is a factor predictive of later 
hypertension and CVD in adulthood. The mechanisms underlying the programming of hypertension 
by maternal undernutrition are likely to be multifactorial and complex (Fig. 10.3). The incompatibility 
between intrauterine restricted diet and normal diet nutrient content after birth can be excessive for 
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economic phenotype molded for a restrict environment. This mismatch results in accelerated or 
“catch-up” growth during childhood represent an overload for systems and organs with detrimental 
metabolic and physiological consequences. The end-stage consequences are diseases as hypertension, 
diabetes, and CVD.
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Fig. 10.2  Systolic blood pressure of male offspring whose mothers received normal (17% casein) or low-protein (6% 
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Fig. 10.3  Schematic summarization of mechanisms and consequences of IUGR and catch-up growth. IUGR intrauter-
ine growth restriction, HPA hypothalamic-pituitary-adrenal axis, CVD cardiovascular disease

10  Maternal Protein Restriction and Its Effects on Heart



128

References

	 1.	Cardiovascular diseases (CVDs) [Internet]. World Health Organization. 2015 [cited 3 Jan 2016]. Available from: 
http://www.who.int/mediacentre/factsheets/fs317/en/.

	 2.	Langley-Evans S, Gardner D, Welham S. Intrauterine programming of cardiovascular disease by maternal nutritional 
status. Nutrition. 1998;14(1):39–47.

	 3.	Godfrey K, Barker D. Maternal nutrition in relation to fetal and placental growth. Eur J Obs Gynae. 1995;61(1):15–22.
	 4.	Langley-Evans SC, Langley-Evans AJ, Marchand MC. Nutritional programming of blood pressure and renal 

morphology. Arch Physiol Biochem. 2003;111(1):8–16.
	 5.	Thornburg KL. The programming of cardiovascular disease. J Dev Orig Health Dis. 2015;6(5):366–76.
	 6.	Bernstein IM, Horbar JD, Badger GJ, et al. Morbidity and mortality among very low-birthweight neonates with 

intrauterine growth restriction: the Vermont Oxford Network. Am J Obstet Gynecol. 2000;182:198–206.
	 7.	Turan S, Turan OM, Salim M, et al. Cardiovascular transition to extrauterine life in growth-restricted neonates: 

relationship with prenatal Doppler findings. Fetal Diagn Ther. 2013;33:103–9.
	 8.	Barker DJP, Osmond C, Winter PD, Margetts B, Simmonds SJ. Weight in infancy and death from ischaemic heart 

disease. Lancet. 1989;ii:577–80.
	 9.	Rich-Edwards JW, Stampfer MJ, Manson JE, et al. Birth weight and risk of cardiovascular disease in a cohort of 

women followed up since 1976. BMJ. 1997;315:396–400.
	10.	Stein CE, Fall CHD, Kumaran K, Osmond C, Cox V, Barker DJP. Fetal growth and coronary heart disease in South 

India. Lancet. 1996;348:1269–73.
	11.	Barker DJ, Eriksson JG, Forsen T, Osmond C. Fetal origins of adult disease: strength of effects and biological basis. 

Int J Epidemiol. 2002;31:1235–9.
	12.	Langley-Evans SC, Phillips GJ, Jackson AA. In utero exposure to maternal low protein diets induces hypertension 

in weanling rats, independently of maternal blood pressure changes. Clin Nutr. 1994;13:319–24.
	13.	Roseboom TJ, Rooij S, Painter R. The Dutch famine and its long-term consequences for adult health. Early Hum 

Dev. 2006;82(8):485–91.
	14.	Roseboom TJ, van der Meulen JHP, Osmond C, et al. Coronary heart disease in adults after prenatal exposure to the 

Dutch famine. Heart. 2000;84:595–8.
	15.	Merlet-Bénichou C, Leroy B, Gilbert T, Lelièvre-Pégorier M. Retard de croissance intra-utérin et déficit en néphrons. 

Médecine/Sciences. 1993;9:777–80.
	16.	Langley-Evans SC, Welham SJM, Jackson AA. Fetal exposure to maternal low protein diets impairs nephrogenesis 

and promotes hypertension in the rat. Life Sci. 1999;64:965–74.
	17.	Lucas SRR, Miraglia SM, Gil FZ, Coimbra TM. Intrauterine food restriction as a determinant of nephrosclerosis. 

Am J Kidney Dis. 2001;37:467–76.
	18.	Langley-Evans SC. Hypertension induced by foetal exposure to maternal low-protein diet in the rat is prevented by 

pharmacological blockade of maternal glucocorticoid synthesis. J Hypertens. 1997;15:537–44.
	19.	Fowden AL, Forhead AJ. Endocrine mechanisms of intrauterine programming. Reproduction. 2004;127(5):515–26.
	20.	Briffa JF, McAinch AJ, Romano T, Wlodek ME, Hryciw DH. Leptin in pregnancy and development: a contributor 

to adulthood disease? Am J Physiol Endocrinol Metab. 2015;308:E335–50.
	21.	Langley-Evans SC, Gardner DS, Jackson AA. Maternal protein restriction influences the programming of the rat 

hypothalamic-pituitary-adrenal axis. J Nutr. 1996;126:1578–85.
	22.	Lithell HO, McKeique PM, Berglund L, Mohsen R, Lithell UB, Leon DA. Relation of size at birth to non-insulin 

dependent diabetes and insulin concentrations in men aged 50–60 years. Br Med J. 1996;312:406–10.
	23.	Barker DJP, Meade TW, Fall CH, et al. Relation to fetal and infant growth to plasma fibrinogen and factor VII 

concentrations in adult life. BMJ. 1992;304:148–52.
	24.	Alves JLB, Nogueira VO, Neto MPC, et  al. Maternal protein restriction increases respiratory and sympathetic 

activities and sensitizes peripheral chemoreflex in male rat offspring. J Nutr. 2015;145:907–14.
	25.	Menendez-Castro C, Toka O, Fahlbusch F, et al. Impaired myocardial performance in a normotensive rat model of 

intrauterine growth restriction. Pediatr Res. 2014;25(6):697–706.
	26.	Thornburg KL, Louey S, Giraud GD. The role of growth in heart development. Nestle Nutr Workshop Ser Pediatr 

Program. 2008;61:39–51.
	27.	Ahuja P, Sdek P, MacLellan WR. Cardiac myocyte cell cycle control in development, disease, and regeneration. 

Physiol Rev. 2007;87:521–44.
	28.	Morrison JL, Botting KJ, Dyer JL, Williams SJ, Thornburg KL, McMilen IC. Restriction of placental function alters 

heart development in the sheep fetus. Am J Phys Regul Integr Comp Phys. 2007;293:R306–13.
	29.	Muaku SM, Thissen JP, Gerard G, Ketelslegers JM, Maiter D. Postnatal catch-up growth induced by growth hormone 

and insulin-like growth factor-I in rats with intrauterine growth retardation caused by maternal protein malnutrition. 
Pediatr Res. 1997;42:370–7.

H.B. Assalin et al.

http://www.who.int/mediacentre/factsheets/fs317/en/


129

	30.	Cortius HB, Zimanyi MA, Maka N, et al. Effect of intrauterine growth restriction on the number of cardiomyocytes 
in rat hearts. Pediatr Res. 2005;57:796–800.

	31.	Jackson AA, Dunn RL, Marchand MC, Langley-Evans SC. Increased systolic blood pressure in rats induced by a 
maternal low-protein diet is reversed by dietary supplementation with glycine. Clin Sci (Lond). 2002;103:633–9.

	32.	Lim K, Lombardo P, Schneider-Kolsky M, Black MJ. Intrauterine growth restriction coupled with hyperglycemia: 
effects on cardiac structure in adult rats. Pediatr Res. 2012;72:344–51.

	33.	Desai M, Crowther NJ, Lucas A, Hales CN. Organ-selective growth in the offspring of protein-restricted mothers. 
Br J Nutr. 1996;76:591–603.

	34.	Menendez-Castro C, Fahlbusch F, Cordasic N, et al. Early and late postnatal myocardial and vascular changes in a 
protein restriction rat model of intrauterine growth restriction. PLoS One. 2011;6(5):1–10.

	35.	Zohdi V, Lim K, Pearson JT, Black MJ. Development programming of cardiovascular disease following intrauterine 
growth restriction: findings utilizing a rat model of maternal protein restriction. Forum Nutr. 2015;7:119–52.

	36.	Xu Y, Williams SJ, O’Brien D, Davidge ST. Hypoxia or nutrient restriction during pregnancy in rats leads to progressive 
cardiac remodeling and impairs post-ischemic recovery in adult male offspring. FASEB J. 2006;20:1251–3.

	37.	Weber KT, Brilla CG, Janicki JS. Myocardial fibrosis: functional significance and regulatory factors. Cardiovasc 
Res. 1993;27:341–8.

	38.	Spach MS, Boineau JP. Microfibrosis produces electrical load variations due to loss of side-to-side cell connections: 
a major mechanism of structural heart disease arrhythmias. Pacing Clin Electrophysiol. 1997;20:397–413.

	39.	Sela G, Yadid M, Landesberg A. Theory of cardiac sarcomere contraction and the adaptive control of demands. Ann 
N Y Acad Sci. 2010;1188:222–30.

	40.	 Iruretagoyena JI, Gonzalez-Tendero A, Garcia-Canadilla P, et al. Cardiac dysfunction is associated with altered 
sarcomere ultrastructure in intrauterine growth restriction. Am J Obstet Gynecol. 2014;210:550. e1–50.e7.

	41.	Skilton MK, Evans N, Griffiths KA, Harmer JA, Celermajer D. Aortic wall thickness in newborns with intrauterine 
restriction. Lancet. 2005;23:1484–6.

	42.	Chaoui R. Coronary arteries in fetal life: physiology, malformations and the “heart-sparing effect”. Acta Paediatr 
Suppl. 2004;93:6–12.

	43.	Crispi F, Bijnens B, Figueras F, et al. Fetal growth restriction results in remodeled and less efficient hearts in children. 
Circulation. 2010;121:2427–36.

	44.	Crispi F, Bijnens B, Sepulveda-Swatson E, et al. Postsystolic shortening by myocardial deformation imaging as a sign 
of cardiac adaptation to pressure overload in fetal growth restriction. Circ Cardiovasc Imaging. 2014;7:781–7.

	45.	Crispi F, Hernandez-Andrade E, Pelsers M, et al. Cardiac dysfunction and cell damage across clinical stages of 
severity in growth-restricted fetuses. Am J Obstet Gynecol. 2008;199:254e1–4.

	46.	Leipälä JA, Boldt T, Turpeinen U, Vuolteenaho O, Fellman V. Cardiac hypertrophy and altered hemodynamic adap-
tation in growth-restricted preterm infants. Pediatr Res. 2003;53:989–93.

	47.	Kwong WY, Wild AE, Roberts P, Willis AC, Fleming TP. Maternal undernutrition during the preimplantation period 
of rat development causes blastocyst abnormalities and programming of postnatal hypertension. Development. 
2000;127:4195–202.

	48.	Watkins AJ, Ursel E, Panton R, et al. Adaptive responses by mouse early embryos to maternal diet protect fetal 
growth but predispose to adult onset disease. Biol Reprod. 2008;78:299–306.

	49.	Watkins AJ, Lucas ES, Torrens C, et al. Maternal low-protein diet during pre-implantation development induces vascu-
lar dysfunction and altered renin-angiotensin-system homeostasis in the offspring. Br J Nutr. 2010;103:1762–70.

	50.	Hochberg Z, Feil R, Constancia M, et  al. Child health, developmental plasticity, and epigenetic programming. 
Endocr Rev. 2011;32:159–224.

	51.	Singhal A. The global epidemic of noncommunicable disease: the role of early life factors. In: Black RE, Singhal 
A, Uauy R, editors. International nutrition: achieving millennium goals and beyond, vol. 78. Vevey: Nestlé Nutr Inst 
Workshop Ser; 2014. p. 123–32.

	52.	Pitts GC. Cellular aspects of growth and catch-up growth in the rat: a reevaluation. Growth. 1986;50:419–36.
	53.	Barker DJP, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal nutrition and cardiovascular 

disease in adult life. Lancet. 1993;341:938–41.

10  Maternal Protein Restriction and Its Effects on Heart



131© Springer International Publishing AG 2017 
R. Rajendram et al. (eds.), Diet, Nutrition, and Fetal Programming,  
Nutrition and Health, DOI 10.1007/978-3-319-60289-9_11

Chapter 11
Effects of Maternal Protein Restriction on Nephrogenesis 
and Adult and Aging Kidney

Patrícia Aline Boer, Ana Tereza Barufi Franco, and José Antonio Rocha Gontijo

P.A. Boer, BSc, PhD (*) • A.T.B. Franco, BSc, MSc • J.A.R. Gontijo, MD, PhD 
Department of Internal Medicine, Faculty of Medical Sciences, University of Campinas, Campinas, SP, Brazil
e-mail: alineboer@yahoo.com.br; boer@fcm.unicamp.br

Key Points

•	 Intrauterine environment, mainly maternal nutritional status, represents a predictive factor for kidney 
dysfunction and arterial hypertension in adulthood.

•	 Protein restriction in pregnancy is associated with intrauterine growth restriction resulting in low 
birth weight and subsequent arterial hypertension, development, decreased renal sodium excretion 
and glomerulosclerosis.

•	 Decreased urinary sodium fractional excretion (FENa) was accompanied by a fall in fractional 
proximal sodium excretion and occurred despite unchanged creatinine clearance.

•	 In animal models of gestational programming animal by protein restriction, the reduction in glo-
merular filtrated area and hyperflow promoted increased ultrafiltration pressure with progressive 
lesion of the nephron.

•	 Studies demonstrate that dipsogenic and natriuretic effects of intracerebroventricular (i.c.v.) angio-
tensin II (AngII) was significantly lower in low-protein (LP) offspring than in normoprotein (NP) 
rats. These results may be related to the decreased type 1 and type 2 angiotensin II receptors (AT1R/
AT2R) ratio appearing in LP offspring in neuronal areas related to water and salt balance.

•	 Low-protein (LP) offspring is associated with that pronounced reduction in cellularity and type 1 
angiotensin II receptor (AT1R) density in the solitary tract nucleus (nTS). Conversely, the reduced 
cellularity and AT1R density are reverted by diet taurine supplementation, normalizing arterial pres-
sure and urinary sodium excretion in adult offspring.

Keywords  Angiotensin receptors • Arterial hypertension • CNS • Foetal programming • Intrauterine 
growth restriction • Maternal protein restriction • RAS • Renal function
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AT1R/AT2R	 Type 1 and type 2 angiotensin receptors
CKD	 Chronic kidney disease
CNS	 Central nervous system
CVD	 Cardiovascular disease
CVO	 Circumventricular organs
DOHaD	 Developmental origins of health and disease
FENa	 Fractional urinary sodium excretion
GD	 Gestational day
HPA	 Hypothalamic-pituitary-adrenal axis
i.c.v.	 Intracerebroventricular
L	 Lactation
LP	 Low protein
LPD	 Low-protein diet
LVMI	 Left ventricular mass index
MM	 Mesenchymal metanephron
MRI	 Magnetic resonance imaging
nTS	 Medial solitary tract nucleus
NP	 Normal protein
PVN	 Paraventricular nucleus
RAS	 Renin-angiotensin system
SD	 Sprague-Dawley rats
Ub	 Ureteral bud
US	 United States
W	 Wistar rats
WKY	 Wistar Kyoto rats

�Introduction

Chronic kidney disease (CKD) is a major problem of public health worldwide, affecting more than 50 
million individuals [1, 2]. In 2006, more than one million people received renal replacement therapy, and 
even with the availability of this therapy, the absolute number of deaths was greater than that caused by 
cervical, prostate, breast and colon/rectum cancers [3]. In recent years, CKD has been regarded as a 
global epidemic and high mortality disorder, in which diagnosis and stabilization of disease progression 
are unpredictable and occur late [2, 3]. For this reason, there is a need to identify the beginning and risk 
factors for CKD progression to allow innovative and early therapy interventions [1, 2].

In low-income countries, underweight birth children are often associated with arterial hypertension 
and cardiovascular and renal diseases in adulthood. Conversely, in developed countries, malnutrition 
is well characterized by high calorie and more-palatable processed food consumption [4, 5], which is 
associated with low birthweight and higher blood pressure in adulthood. In addition, it has been 
demonstrated that arterial hypertension is associated with an early decreased nephron numbers. The 
Developmental Origins of Health and Disease (DOHaD) concept defines those gestational conditions 
that determinate changes to optimize phenotype for adaptation to postnatal environment. However, in 
many situations, the incompatibility between programmed phenotype and postnatal exposure environ-
ments may result in adult health disorders.

Studies have been shown that maternal, emotional and nutritional stresses are related to program-
ming process, and the kidney is among the structures most affected in offspring [4, 5]. Ontogeny is 
a process finely orchestrated by a number of biochemical factors whose concentration and time of 
appearance affect the final result. Thus, small changes can have an important effect on this process. 
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The conditions, to which the mother and consequently the foetus and/or embryo are exposed, such 
as psychological and/or nutritional stresses, will have predominant role during organogenesis and 
particularly during nephrogenesis. Although not fully elucidated, various mechanisms have been 
identified as directly or indirectly involved in the genesis or maintenance of renal disorders. This 
chapter aimed to present evidences of the association among maternal low-protein ingestion, low 
nephron number, arterial hypertension and kidney dysfunction in adulthood and aging.

�Gestational Protein Restriction and Reduced Nephron Number

In 1967 [6], Zeman showed that in the rat, at the first time, gestational protein restriction (LP, 6% 
casein) results in smaller kidneys when compared with control offspring, whose mothers were fed 
normal protein diet (NP, 24% casein). In gestational low-protein intake model, Zeman also found 
kidneys from pups with predominantly fewer and undifferentiated glomeruli 8 h after birth [6, 7] 
compared with control offspring. In humans, nephrogenesis is complete prior to birth, but in rats it 
occurs from approximately midgestation to 10 days after birth [8]. Though reduction of 17.5% in the 
number of glomeruli has been verified, these animals had 50% more immature glomeruli, which led 
him to suggest that a major effect of intrauterine protein malnutrition on the kidneys could be retarda-
tion in development [2]. At the same year, Hall and Zeman [9] published the results from kidney 
functional study of these animals from birth until 6  days after birth, and LP offspring presented 
reduced excretion of water and glomerular filtration rate one-quarter less than NP. Allen and Zeman 
[10] also demonstrated that an increased postnatal nutrient intake during the suckling period had no 
influence on nephron number in low-protein intake (LP) offspring. Additional study from these 
authors showed that renal response to antidiuretic hormone (ADH) was impaired in 6-day-old LP but 
not in 13-day and 22-day-old pups, and the glomerular filtration rate and tubular function were signifi-
cantly reduced [11]. For two decades, scarce studies were performed establishing the number of 
nephrons in maternal protein-restricted model. From 1994 to here, a lot of findings demonstrating the 
nephron number reduction, from 15% to 43%, were presented (Table 11.1).

This apparent reduced nephron number discrepancy may be explained by different factors such as 
decrease in rodent casein chow concentrations (from 5% to 9%), period of time to diet consumption, rodent 
lineage and animal age of glomeruli count. Thus, in studies by Langley-Evans et al. [13, 22] and Sahajpal 

Table 11.1  Works investigating kidney programming by protein restriction

Author (year)
Animal and time of diet 
exposition

NP/LP 
casein%

Age of 
counting

Nephron 
reduction%

Zeman (1968) [6, 7] SD, all GDs 24/6 8 h ♂17.5
Merlet-Benichou et al. (1994) [12] SD, 8−22°GD 22/5 2 weeks ♂30
Langley-Evans et al. (1999) [13] W, all GDs 18/9 4 weeks ♂15
Woods et al. (2001) [14] SD, all GDs 21/8.5 15 h ♂25.4
Vehascari et al. (2001) [15] SD, 12−22°GD 24/6 8 weeks ♂28/♀29
Welham et al. (2002) [16] W, all GDs 18/9/6 2 weeks ♂30/♂41
Sahajpal and Ashton (2005) [17] W, all GDs 18/9 4 weeks ♂34
Woods et al. (2004) [18] SD, all GDs 19/5 22 weeks ♂43
Makrakis et al. (2007) [19] WKY 2 weeks before, all GDs, L 20/8.7 4 weeks ♂29
Hoppe et al. (2007) [20] C57, 2 weeks before, all GDs, L 20/9 3 weeks ♂22/♀16
Hoppe et al. (2007) [21] SD, 2 weeks before, all GDs, L 20/8 19.3 weeks ♂31
Harrison and Langley-Evans (2009) [22] W, all GDs 18/9 10 weeks ♂33/♀35
Mesquita et al. (2010) [23] SD, all GDs 17/6 1.7/16 weeks ♂28/♂27

SD Sprague-Dawley, W Wistar, GD gestational day, L lactation
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and Ashton [17], in which all of these parameters are similar, the reduction of nephron number (~19%) was 
also the same. Technically, they accessed three to five sections from the full range of sections for each 
kidney, in which the glomeruli number is counted and the total number of sections multiplied the aver-
aged nephron number from each section [13]. Conversely, Sahajpal and Ashton [17] performed mechanic 
maceration and digestion of kidney tissue and counted the number of glomeruli in the suspension. Thus, 
in many studies, it raises the possibility that reduced nephron count is, at least in part, related to the 
method used for quantification of glomerular number. Bertram et al. [24] have described an unbiased 
stereological method by physical dissector-fractionator combination for glomerular quantification, also 
used in our lab, with very similar results. Welham et al. [16] findings showed 13% fewer glomeruli using 
tissue homogenate, such as Harrison and Langley-Evans [22], both showing similar results. Recently, 
Chacon-Caldera et al. [25] presented a new method for glomerular unit quantification by magnetic reso-
nance imaging in kidney labelled with cationized ferritin. These authors have acquired the glomeruli 
number by using a scanning time of 33 min and 20 s, with reproducible results described above, how-
ever, with easier and faster access compared with stereological technique.

�Mechanisms for Cessation of Nephrogenesis

Ontogenesis is a process finely orchestrated by a number of chemical factors whose concentration and 
time of appearance affect the final result. Thus, small changes can have an important effect on this 
process. The conditions, to which the mother and consequently the embryo/foetus are exposed, such 
as psychological and/or nutrient stress, will have predominant role during organogenesis and particu-
larly during nephrogenesis. In humans, nephrogenesis initiates at week 5 (it is complete between 
weeks 32 and 36) [26] and at day 9, in rats (being finalized at postnatal, between days 8 and 11) [27], 
by dual induction, when signals from the mesenchymal metanephron (MM) induce sprouting of 
ureteral bud (UB). In parallel, signals from UB lead to MM cell condensation on its top forming a 
hood called CAP. Stem cells present in this CAP lead to UB branches and in their points will be 
formed new CAPs. While at one end UB continues to grow and branching in the others, the CAP 
nephrogenic stem cells differentiate into nephrons. The developing MM is particularly vulnerable to 
gestational protein restriction, and, although not fully elucidated, various mechanisms have been sug-
gested as directly or indirectly involved in the genesis or maintenance of disorders in the renal devel-
opment. Also, the exact period in which protein restriction may induce changes is not known.

Observations by Kwong et al. [28] identified the relationship between preimplantation period and 
early changes that propagate into postnatal life. In this study, pregnant rats have been exposed to 9% 
casein intake (LP group) from 0 to 4.25 days after mating followed by analysis of 16-cell morulae, 
early and expanding blastocyst stages. Here, cell numbers at the morulae stage were not affected by 
low-protein diet; however, the blastocyst cell number in the internal cell mass and also the 
trophectoderm cell number were 15% comparatively reduced to control group (females supplied with 
18% casein diet). Additionally, isoleucine, leucine, methionine, proline, threonine and valine amino 
acids were depleted from the LP dam’s serum. These authors concluded that serum amino acid deple-
tion and/or hyperglycaemic maternal environment were important mechanisms involved in reduced 
blastocyst cell proliferation. Thus, the early-reduced stem cell number may exert long-term effects on 
maternal LP models [28].

Welham et al. [16], using gestational low-protein diet in rats, observed that, on embryonic day 13, 
the number of cells in the metanephron was not modified comparatively to control, but the number of 
apoptotic cells was 122% (using 9% casein diet) and 87% (using 6% casein diet) enhanced. At embry-
onic day 15, the number of metanephric cells was 54% and 72% reduced in embryo exposed to 9% 
and 6% casein content diet, respectively. Thus, the authors concluded that early-enhanced apoptotic 
deletion of metanephric progenitor cells is associated with reduced number of glomeruli. In cultural 
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study, we had demonstrated that embryo metanephroi extracted from LP mothers at 14.5 gestational 
days and grown for 48 h presented 28% reduced ureteral branches when compared with control 
(NP, normal protein diet) (Mesquita FF, Arena D, Ewen-McCullen L, Gontijo JA, Bertram J, Boer PA, 
Armitage J, unpublished data, Fig. 11.1).

Recently, studies in our laboratory have demonstrated that nephrogenic stem cells in the CAPs 
are 27% reduced in LP metanephroi (6% casein) embryos at 17 gestational days (unpublished obser-
vations) when compared with NP group. At 12-day-old and 16 week-old rats submitted to the same 
diets, we observed, respectively, a reduction of 28% and 27% in nephron number [23]. Different 
mechanisms can contribute to foetal programming phenotype: exposure to foetal glucocorticoid, 
alterations in RAS components, apoptosis and DNA methylation. During gestational development, 
glucocorticoids may induce early cell differentiation in detriment of proliferation, which may be 
related to reduction in kidney stem cells. An LP diet during gestation decreases the activity of placen-
tal 11ß-hydroxysteroid dehydrogenase, exposing the foetus to glucocorticoids and resetting the 
hypothalamic-pituitary-adrenal axis in the offspring [29].

�Hypertension Development as an Interaction Between Neurohumoral 
and Kidney Dysfunction

Maternal dietary protein restriction during pregnancy is associated with renal morphological and 
physiological changes. Brenner et al. [30] have postulated: “…a renal abnormality that contributes to 
essential hypertension in the general population is a reduced number of nephrons”. These authors 
have correlated this abnormality with reduced nephron number and/or decreased glomerular filtration 
area in animals with a higher propensity to glomerulosclerosis and chronic renal failure. Thus, in 
gestational programming animal models, the effective reduction of glomerular filtrated area and 
hyperflow promote increased ultrafiltration pressure with progressive lesion of nephron. Hence, pre-
mature glomerular senescence associated with low renal reserve to compensate injury can be, at least 
in part, the mechanism that contributes to developing arterial hypertension (Fig. 11.2). Otherwise, a 
number of studies suggest that reduced nephron number alone is not enough to lead to arterial hyper-
tension and renal disease [31]. It is necessary to consider that reduced nephron number is only a part 

Fig. 11.1  Ureteral branches reduction by gestational protein restriction. Ureteral branches extracted from embryo 
metanephroi of mothers that received normal protein (a) or low-protein (b) diet during gestation. Immunofluorescence 
using pan-cytokeratin
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in this multifactorial process. Thus, Brawley et al. [32] have shown that maternal protein deprivation 
in rat results in blunted vasorelaxation of small resistance arteries in male offspring, causing the 
development of cardiovascular disease in adulthood. Recently, studies have demonstrated that, in later 
life, offspring programmed by maternal low-protein diet presents exaggerated proliferative response 
to vascular injury induced by enhancement [34] of oxidative stress, inflammatory response and 
hypoxia, resulting in exaggerated vascular remodelling through the reactions to vascular injury.

The abnormal function/expression of AngII receptors during any period of life may be a cause or 
consequence of renal adaptation. Compared with controls, AT1R is upregulated on the first day after 
LP offspring birth, but this receptor appears to be downregulated by 12 days of age and thereafter. 
Otherwise, in this offspring, AT2R expression differs from controls at 1 day of age, but it is also down-
regulated thereafter, with low nephron numbers at all ages: from the foetal period, at the end of neph-
ron formation and during adulthood [23, 33]. Modulations in renal, vascular and neural renin-angiotensin 
system (RAS) have been also implicated in the genesis of gestational low-protein programmed hyper-
tension. In LP offspring, ACE inhibition and AT1 receptor antagonists significantly reduced the sys-
tolic blood pressure. Otherwise, foetal malnutrition model is associated with decreased kidney 
expression of angiotensin receptors, resulting in the inability of renal tubules to handle the hydro-
electrolyte balance, consequently implying in hypertension development. Supporting this hypothesis 
recently, it has been demonstrated that experimentally induced maternal protein restriction reduces 
renal tissue renin and angiotensin II levels and the expression of AT1 and AT2 receptors in newborn 

Fig. 11.2  The reduction on nephron number promotes glomerular injury by overload. Premature glomerular loss in low 
renal reserve individuals can contribute to development of arterial hypertension in adulthood (Modified from Shankland 
et al.  Nat Rev Nephrol. 2014;10:158–173)
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rats [23, 33]. These investigations also show an early and pronounced decrease in fractional urinary 
sodium excretion (FENa) in maternal LP offspring, in addition to 8 weeks of age when compared with 
age-matched NP. Decreased FENa was accompanied by a fall in fractional proximal sodium excretion, 
which occurred despite unchanged creatinine clearance, used to estimate glomerular filtration rate and 
enhanced fractional post-proximal sodium excretion (Fig. 11.3). In this case, fluid is reabsorbed to the 
same degree, resulting in the concentration in the end of the proximal tubule, being the same as in the 
beginning. In other words, the reabsorption in the proximal tubule is isosmotic without a change in 
plasma osmolality. These effects were associated with a significant extracellular isotonic expansion 
and supposedly enhanced arterial blood pressure in the LP group; however, the precise mechanism of 
these phenomena remains unknown.

Although the precise mechanism by which blood pressure rises in the programmed offspring kept 
being elucidated, renal control of the fluid and electrolyte balance are thought to play a dominant role 
in the long-term control of arterial blood pressure. As described above, intrauterine growth restriction 
has been associated with maternal low-protein intake (LP), and although the specific nature of this 
condition is unclear, a number of mechanisms have been proposed. Since these initial discoveries, 
most intrinsic components of RAS, including angiotensinogen, angiotensin and converting enzymes, 
have been well described and demonstrated in different areas of the central nervous system (CNS) 
[35]. However, notably most previous studies in this field have focused on peripheral angiotensin 
receptors and their roles in prenatal imprinting. The role of the CNS in the control of blood pressure 
and hydrosaline homeostasis has been demonstrated by several studies [36, 37]. The existence of an 
isolated brain RAS was proposed by the discovery of renin-like activity in the brain [38].

Conversely, the central role of RAS in the control of blood pressure and hydroelectrolytic 
homeostasis has been demonstrated by prior studies [39]. It acts specifically by activating at least two 
well-characterized transmembrane G protein-coupled receptors belonging to the seven-transmem-
brane-spanning receptor family, type 1 (AT1R) and type 2-angiotensin receptor (AT2R). Recent studies 
have shown that the CNS, during development, can be influenced by alterations in the intrauterine 
environment. Utero programming of arterial hypertension, via alteration of RAS before birth, has 
attracted great attention. Data from our laboratory, confirming prior reports, indicate that LP kidneys, 
even after higher blood pressure development, excrete a lesser amount of salt under basal conditions 
than kidneys of NP rats [23, 33]. Additionally, for the first time, our studies demonstrate that the 
dipsogenic effect of i.c.v. 4 nmol AngII was significantly lower in the LP offspring than in NP rats. 
These results may be related to the decreased AT1R/AT2R ratio appearing in LP offspring, in neuronal 
areas, related to water and salt balance [40, 41].

Fig. 11.3  Time-course effects of experimental kidney programming. We used male rats from mothers submitted to 
gestational low protein (6% casein) comparatively to normal protein (17% casein) diet [23, 33]
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The physiological regulatory role of brain-derived arginine vasopressin (AVP) and AngII in the 
control of water intake awaits further examination. Dysfunction of the foetal hypothalamus areas rich 
in AngII receptors can affect foetal tissue maturation, leading to profound consequences in postnatal 
life [23, 33]. Previous immunoblotting studies have shown a hypothalamic decreased AT1R expres-
sion in 1-day-old LP rats [42], but there is a significant enhance in AT1R at 4 weeks of age, when these 
animals are still normotensive [42]. Lima et al. [40], using 12-day-old rats, partially confirm these 
studies and demonstrate an early hypothalamic decreased AT1R expression, by western blotting 
(minus 20%), without recovery of AT1R expression in the 16-week-old LP offspring when compared 
with the NP group. This unchanged AT1R blotting in the whole hypothalamic extract of 16-week-old 
LP rats may indicate results of uneven AT1R diencephalic nuclei expression as revealed by qualitative 
immunohistochemistry of different analysed hypothalamic structures. AT1R located on circumven-
tricular organ (CVO) neurons may project for many other brain regions behind the blood-brain barrier 
[43]. The reduced AT1R expression observed in the choroid plexus and paraventricular nucleus (PVN) 
of LP offspring may indicate a reduced activation of neural receptor ends by inborn and circulating 
AngII [40], and the reduction of dipsogenic response to AngII i.c.v. administration in LP is possibly 
explained by lower hypothalamic AVP expression than observed in NP rats. In addition, it is plausible 
to consider that the association of decreasing AT1R/AT2R ratio attenuated AngII dipsogenic and 
natriuretic responses mediated by neural pathways with origin in CVO.

While circulating, AngII tends to retain sodium by a direct renal action [44] as well as through 
aldosterone release from the adrenal gland; stimulation of brain AngII receptors has been reported to 
induce natriuresis [45]. The mechanism by which central AngII induces its natriuretic effects remains 
to be elucidated. There is considerable evidence to support a role for the sympathetic nervous system 
in the control of urinary sodium excretion [36, 37]. Thus, we may state that a reduced hypothalamic 
AVP and AT1R/AT2R ratio expression could promote an attenuated urinary excretion of salt and water 
in LP offspring compared with the NP group.

Additionally, the medial solitary tract nucleus (nTS) – the central site of termination of barorecep-
tor afferents – is intimately involved in the arterial pressure control. This nucleus contains a high 
density of AngII AT1 receptors located both presynaptically, on vagal and carotid sinus afferents and 
on interneurons [46]. AngII reduces blood pressure and heart rate after injection of low doses in the 
nTS, as previously reported in several strains of rats [47]. Study from our lab evaluates changes of 
postnatal nTS angiotensin receptors by maternal protein restriction and its impact on in utero pro-
gramming of hypertension in adult life [41]. This study shows that maternal LP restriction during 
prenatal life decreases the mass and neuronal proliferation (about 21%) in this encephalic area. These 
disorders of the foetal brain areas, including the brainstem, may affect foetal neural cell maturation 
and hence have profound consequences in functional neural postnatal life. The nTS – the central site 
of termination of baroreceptor afferents – is intimately involved in the arterial pressure control. Our 
study also has shown a striking reduction of AT1 receptors in the nTS of the maternal LP offspring 
when compared with unchanged AT1R density in NP and taurine-treated LPT rats [41]. Thus, at least 
in part, the AngII-mediated hypotensive effect may result from inhibition of the sympathetic nervous 
system activity by direct connections of vagal sensory afferent fibbers with cells in the A2-catecholamine 
cell group in the ventral nTS. Study has also shown previously that the level of taurine is markedly 
reduced in the plasma of foetuses of dams fed an LP diet [48]. Additionally, taurine supplementation 
of the maternal LP intake restored to normal the foetal plasma taurine concentration [49]. The physi-
ologic function of this amino acid remains elusive. In animal experiments, including primate models, 
taurine deficiency during pregnancy and lactation is associated with growth failure, abnormal cerebel-
lar development, neurologic deficits, retinal degeneration and cardiac damage [50]. Taking into 
account the above findings, we may suppose that progressive enhanced blood pressure in addition to 
8 weeks of age in LP offspring may be associated with that pronounced reduction in cellularity and 
AT1R density in the nTS. Conversely, this finding reverted by diet taurine supplementation, normal-
izing the arterial pressure and urinary sodium excretion in adult offspring.
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�Maternal Protein Restriction Effects on the Aging Kidney

So far, studies about the effects of gestational nutrition and aging are scarce. The aging process occurs 
on a global level, which is demanding and increasing public health costs. A natural and peculiar pro-
cess in which overriding results include increased rates of chronic diseases, morbidity and conse-
quently mortality. Aging is an expected event regulated by an interaction among genetic profile and 
environmental circumstances that affect, in different proportions, the functionality of the neural, uri-
nary, gastrointestinal, cardiovascular, endocrine and immune systems. Together, such modulatory and 
effector systems maintain the homeodynamics of the milieu intérieur and its fast response to environ-
mental imbalance [51].

Take into account the kidney considerations, the expected changes on aging kidneys include 
enhanced renal vascular resistance, low plasma flow, increased filtration fraction, decreased cortical 
mass and consequently gradual function decay and increased glomerulosclerosis, interstitial fibrosis 
and tubular atrophy [52]. Such natural changes are known as “senescence”, attributed to age-
dependent factor, corresponding to gradual deterioration of function characteristic of most complex 
organs and biological system, which refer either to cellular senescence or to senescence of the whole 
organism [53]. Numerous mechanisms contribute to advance this natural aging process, in which 
include mitochondrial injury and oxidative stress, alteration of cell signalling, defects in membrane 
permeability and disorder of calcium homeostasis, promoting imbalances among cell repair, apopto-
sis and cell death [54] and culminating with early senescence. Within this scenario, the influences of 
critical events that may occur during ontogenical period in maternal protein-restricted model could 
lead to later life-course consequences and aging health. Thus, the exposure to gestational protein 
restriction in the key developmental period of nephrogenesis may be associated with alterations in 
longtime health and to emanate crucial influences on aging frailty and on prevalent age-related 
chronic diseases [55] (Fig. 11.4). Such alterations include anatomic, physiologic and histological 
changes of the kidney.

Anatomic changes from aging programmed kidney include early alterations in renal mass charac-
terized by progressive ischemic injury with loss of the remaining nephrons, which contribute to 
declining cortical volume with an increased medullar thickness. These changes are accompanied by 
tubular atrophy and interstitial fibrosis associated with renal tubular progressive dysfunction [55]. 
Such anatomical replacements are also found at the glomerular level, characterized by pericapsular 
fibrosis, sclerosis of capillary tuft, mesangial matrix expansion and glomerular basement membrane 
thickening. Furthermore, hyaline nodules emerge early within Bowman, promoting collapse of glom-
eruli; increased podocyte effacement and glomerulosclerosis are prevalent with aging [14, 18] 
(Fig. 11.2). Normally, glomerular structure changes in regular aging process. However, in programmed 
individual aging, this occurs quickly, including reduction of lobular areas, decrease in glomerular 
number, tubular atrophy and changes in glomerular basement membrane structure and function [14, 
18]. Additionally, tubulointerstitial fibrosis is frequently observed in aging process, since it is linked 
to fibroblast, an activation factor that alters the kidney diluting capacity and urine osmolality [56]. In 
fact, many glomerular alterations are observed in premature aging linked to features of renal patho-
logical conditions [55].

Vascular changes are observed during aging, including hypertrophy and arteriosclerosis, which are 
associated with sclerotic glomeruli and arterial hypertension [57]. In addition, increased activity 
of renal ACE and renal AT2R expression as deregulations of renin-angiotensin system is observed.  
It is well known that high blood pressure is an age-dependent abnormality. However, gestational mal-
nutrition causes a striking reduction in nephron number and increased tubular reabsorption of water 
and salt [23, 33], which probably accentuated and turned early the occurrence of hypertension during 
the aging process. This blood pressure elevation also occurs by resetting cardiovascular baroreflex 
effects as peculiar aggravating component in aging [58].
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Nephron loss naturally befalls; however, this decay behaviour significantly enhanced is associated 
with foetal programming [13, 23, 33]. Therefore, the remaining nephron filtration is compensated by 
kidney overload characterized by hyperflow/hyperfiltration associated with increased glomerular cap-
illary pressure, glomerular enlargement, increased mesangial matrix that promotes premature podo-
cyte senescence, accelerated proteinuria and development of glomerulosclerosis in later life, 
accompanied by decline in the glomerular filtration rate [59].

Changes in the glomerular level are widespread, as, for example, the functional lifespan of the 
metanephric kidneys depends on a big amount of nephron supply [60]. Prior researches suggest that 
low-protein intake during all gestational period may affect foetal growth and cause alterations in the 
function and morphological structure of body system and its homeostasis, programming the individ-
ual for adjustment, due to permanent changes, and it contributes to the progression of chronic kidney 
disease and severity of hypertension [61], an increased prevalence of nephrosclerosis and end-stage 
renal disease in later life [55].

Fig. 11.4  Results obtained in rat comparatively with human. We have observed that the male rat from mothers submit-
ted to gestational protein restriction present low birthweight and enhanced arterial pressure beyond tenth week of life. 
In 62-week-old rats, the functional kidney dysfunctions may be compatible with renal failure development in man 
(unpublished dates)

P.A. Boer et al.



141

�Perspectives

Current techniques for counting nephron number are applicable only in autopsy studies. Non-invasive 
methods for obtaining direct measurements of nephron number in vivo have not yet been established 
and must be developed to monitor nephron number in patients at risk of arterial hypertension and 
cardiovascular and chronic kidney diseases. Recent studies have attempted to estimate nephron unit 
number taking in account non-invasive procedures, evaluating the detailed structure of the kidneys by 
magnetic resonance imaging (MRI) [62]. This approach is based on the marked glomeruli with cat-
ionic ferritin, in vivo, allowing for whole-kidney detection of each labelled glomerulus. Although the 
total MRI-based count is lower than the stereological count, the error is near to 10%. Beeman et al. 
[63] assess glomerular number and volume in intact human kidneys using this technique. They further 
demonstrated MRI-detectable changes in glomerular and vascular morphology in the setting of renal 
vascular disease and hypertension. Thus, MRI techniques have a potential to enable direct measure-
ments of the actual nephron number in living (human and animal) subjects as well as in experimental 
and pathological situations.

The question of the potential adaptive significance of foetal programming is an important one, both 
theoretically and practically. It affects the way in which the phenomena clustered under the DOHaD 
aegis are integrated in a broader context of evolutionary biology and the practical responses and inter-
ventions that might be made to affect health outcomes. However, it is a question that is still keenly 
debated.

�Conclusion

In conclusion, maternal dietary protein restriction during pregnancy is associated with low foetal birth 
weight and leads to renal morphological and physiological changes. Different mechanisms can con-
tribute to this phenotype: exposure to foetal glucocorticoid, alterations in the components of the renin-
angiotensin system, apoptosis and DNA methylation. A low-protein diet during gestation decreases 
the activity of placental 11ß-hydroxysteroid dehydrogenase, exposing the foetus to glucocorticoids 
and resetting the hypothalamic-pituitary-adrenal axis in the offspring. The abnormal function/expres-
sion of type 1 (AT1R) or type 2 (AT2R) AngII receptors during any period of life may be the conse-
quence or cause of renal adaptation. AT1R is upregulated, compared with control, on the first day after 
birth of offspring born to low-protein diet mothers, but this protein appears to be downregulated by 
12 days of age and thereafter. In these offspring, AT2R expression differs from control at 1 day of age 
but is also downregulated thereafter, with low nephron numbers at all ages: from the foetal period, at 
the end of nephron formation and during adulthood. However, during adulthood, the glomerular filtra-
tion rate is not altered, due to glomerulus and podocyte hypertrophy. Kidney tubule transporters are 
regulated by physiological mechanisms; Na+/K+-ATPase is inhibited by AngII, and, in this model, the 
downregulated AngII receptors fail to inhibit Na+/K+-ATPase, leading to increased Na+ reabsorption, 
contributing to the hypertensive status. We also considered the modulation of pro-apoptotic and anti-
apoptotic factors during nephrogenesis, since organogenesis depends upon a tight balance between 
proliferation, differentiation and cell death.

Studies also showed changes in the postnatal hypothalamic angiotensin receptors by maternal pro-
tein restriction and its impact on in uteri programming of hypertension in adult life. In data shown in 
LP male pup by immunoblotting analysis, a significant decrease in the expression of AT1R in the entire 
hypothalamic tissue extract of LP rats at 12  days of age compared to age-matched NP offspring. 
Conversely, the expression of the AT2R in 12-day- and 16-week-old LP hypothalamus was significantly 
increased. The current data show the influence of central AngII administration on water consumption 
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in a concentration-dependent fashion but also demonstrate that the water intake response to AngII was 
strikingly attenuated in 16-week-old LP. These results may be related to decreased brain arginine vaso-
pressin (AVP) expression appearing in maternal protein-restricted offspring. Recent studies suggest 
that maternal low taurine ingestion may lead to changes in nTS cardiovascular and sympathetic nerve 
activity that are conducive to excess hydroelectrolytic tubule reabsorption and that this might potentiate 
the programming of adult hypertension. The present investigation shows an early decrease in fractional 
urinary sodium excretion in maternal protein-restricted offspring. The decreased fractional sodium 
excretion was accompanied by a fall in proximal sodium excretion and occurred despite unchanged 
creatinine clearance. These effects were associated with a significant enhancement in arterial blood 
pressure in the LP group, but the precise mechanism of these phenomena remains unknown.
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Key Points

•	 Exposure to an adverse intrauterine environment promotes intrauterine growth restriction.
•	 Nutritional changes during the fetal period result in adaptations that can permanently change the 

structure and physiology of several organs.
•	 Early postnatal dietary restrictions influence cognitive performance and can lead to behavioral 

abnormalities and disorders in memory and learning.
•	 High stimulation results in changes of glucocorticoid receptors expression in the hippocampus.
•	 Chronic exposure to glucocorticoid caused by maternal protein restriction alters the morphological 

structure of the hippocampus, and these changes have been linked to impaired learning and mem-
ory ability and with altered long-term behavior.

Keywords  Fetal programming • Behavior and memory • Maternal protein restriction • Hippocampal 
formation • Hippocampus and memory
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5HT1A	 Serotonin-specific receptors
5HT2A	 Serotonin-specific receptors
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DEX	 Dexamethasone
DOHaD	 Developmental origins of health and disease
GR	 Glucocorticoid receptor
HHPA	 Hippocampus-hypothalamic-pituitary-adrenal axis
HPA	 Hypothalamic-pituitary-adrenal axis
IUGR	 Intrauterine growth restriction
LP	 Low protein
MRs	 Mineralocorticoid receptors
MWM	 Morris water maze
NP	 Normal protein

�Introduction

The implications of events that occurred in early periods of life and its relationship to health in the 
long term are of great interest for public health in both developed and underdeveloped countries and 
have resulted in a number of studies to elucidate underlying biological mechanisms. It is well 
established that the disturbances at critical periods of fetal development may cause permanent 
changes in the physiology and morphology of organs [1]. Epidemiological evidence suggests that 
exposure to an adverse intrauterine environment promotes intrauterine growth restriction (IUGR) 
which has been associated with decreased supply of substrates for the fetus affecting their growth and 
development [2–4].

�Maternal Protein Restriction and Brain

The central nervous system (CNS) is very sensitive to modifications in the environment. Its develop-
ment is dependent on internal and external factors to the system itself. However external factors have 
been receiving increasing attention due to their influence on neuroplasticity. There is a strong associa-
tion between IUGR, low birth weight and maternal low-protein intake. Maternal low nutritional levels 
decrease the supply of nutrients to the fetus. Thus, maternal nutrition plays a critical role in the growth 
and development of offspring. Nutritional changes during the fetal period result in adaptations that 
can permanently change the structure and physiology of organs, predisposing the individual to meta-
bolic and endocrine diseases in adulthood and several cognitive disorders.

Considering the fact that the structural brain development begins in the early days of the embryonic 
period and extends to the first years of life, changes in prenatal and early postnatal development can 
be highly detrimental to the neurodevelopment [5]. The brain maturation happens through a series of 
temporally overlapping phases (Fig. 12.1). The final structure of the brain arises during ontogenesis 
phase, in which there is a migration of postmitotic cells in germinal zones, which differentiate and 
interact with other nonneural tissues nearby in a highly ordered sequence. However, the normal brain 
development is dependent not only of this exact sequence but also of many metabolic reactions that 
regulate these cellular events. These sequences are determined mainly by the genome, but the genetic 
regulation of brain development is highly influenced by environmental factors such as stress, smok-
ing, infections, and nutritional changes. Thus, protein-restricted intake during the prenatal period 
followed by the low birth weight of the offspring acts as a risk factor for the development of neuro-
logical and psychiatric diseases. Substantial evidence from studies in animals and in humans shows 
that gestational as well as early postnatal dietary restrictions influence cognitive performance and can 

lead to behavioral abnormalities and disorders in memory and learning [6–8].
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�Critical Period of the Brain Development

The life evolution is integrated, cumulative, and continuous and not episodic, static, or discrete. 
Behavioral researchers rarely forget this, but medicine doctors and biologists often do. Developmental 
biology is the one domain of the life sciences where the organism as a progressively unfolding phe-
nomenon is a central concept. The reemergence of developmental biology as a vigorous discipline, 
intersecting in important ways with genetics [9], evolution [10], and epidemiology [11–13], has 
injected new ideas into all those fields. Within epidemiology a seminal impact of this new attention to 
developmental biology has been in the formulation of the “fetal programming hypothesis,” also known 
as the fetal origins hypothesis or, more generally, as the developmental origins of health and disease 
(DOHaD). Simply put, this hypothesis suggests that conditions very early in development, even in 
utero, can leave lasting imprints of an organism’s physiology, imprints that may affect susceptibility 
to diseases with onsets that may occur many decades later [14, 15].

The concept of fetal programming is, of course, not new. Behavioral endocrinologists and neuro-
scientists, for example, have long recognized organizational effects of prenatal androgen hormones in 
programming certain aspects of reproductive axis function and reproductive behavior that emerges 
later in an animal’s life [16]. The ontogenetic critical periods, including fetal development, are famil-
iar concepts in psychology even as they are in biology. So, rather than being a radically new concept, 
the ascendancy of the fetal programming hypothesis should be seen as representing a new apprecia-
tion for these kinds of effects together with a deeper understanding of the mechanisms that produce 
them and the significance they may play for individuals and species. The question of the potential 
adaptive significance of fetal programming is an important one, both theoretically and practically. It 
affects the way in which the phenomena clustered under the DOHaD aegis are integrated in a broader 
context of evolutionary biology and the practical responses and interventions that might be made to 
affect health outcomes. It is a question that is still keenly debated, however.

As stated above, there are periods during the development in which the organism is highly vulner-
able. Such periods are known as critical period, which represents a stage of development that cannot 
be reversed or repeated later, and in which organizational processes are more easily modified. If the 
progression of morphological, physiological, and biochemical development does not occur at the 
correct time, there will be a permanent functional deficits being determined by severity of the insult 

Fig. 12.1  Rat brain growth curve showing the time of cell types differentiation. The rat brain at birth has approxi-
mately 12% of adult brain weight, while that found in humans is about 27% of the adult brain weight (Adapted from 
Morgane et al. [5])
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and the duration of the development period and which is imposed. In animals and human beings, the 
period of greatest vulnerability of the CNS occurs from the second third of pregnancy to early week 
or year of life (in humans); however, the peak of the curve brain growth occurs during pregnancy. At 
this stage occurs the genesis of glial and pyramidal neurons cells, resulting in the birth in 27% of brain 
weight. Already in rodents, this phase comprises from birth until about third week of life, when there 
is a development of the hippocampus and cerebellum. Thus, the impact on brain development of the 
fetus by maternal nutritional deficiency can be irreversible (Fig. 12.1).

�Fetal Programming of Behavioral Outcomes

The most elegant example of epigenetic modification of behavior by early environments is not strictly 
an example of fetal programming but offers clear documentation of the epigenetic processes that 
determine the effect. Meaney and his colleagues have focused on maternal behavior in rats, describing 
individual variation in the pattern of arch-backed nursing intense licking and grooming of pups [17, 
18]. Pups who receive greater degrees of maternal stimulation show less anxiety in open field tests and 
other indices as adults. Females who receive greater stimulation as pups give greater amounts of 
stimulation to their own pups, inducing the same low-anxiety behavioral phenotype in their own off-
spring. The entire effect appears to be mediated by epigenetic alterations in histone acetylation and 
methylation of the promoter region of the glucocorticoid receptor (GR) gene in the hippocampus of 
the rat pups depending on the type of maternal behavior they receive [19, 20]. High stimulation results 
in changes of glucocorticoid receptors expression in the hippocampus, which is in turn associated 
with modification in sensitivity to corticosteroid feedback, a pattern that persists into adulthood [21]. 
In hippocampus, the effect of standard glucocorticoid signaling is to suppress hypothalamic release of 
corticotrophin-releasing hormone (CRH), leading to lower pituitary release of adrenocorticotrophic 
hormone (ACTH) and lower secretion of glucocorticoid from the adrenal cortex. Adults who receive 
high levels of maternal stimulation as pups thus show relatively low HHPA axis reactivity to stress, 
while the reverse is true in those who receive less stimulation as pups. This appears to correlate with 
their behavior in open field and other tests and with the maternal style that females may display 
toward their own pups. In this way a stable difference in HPA axis sensitivity is transferred across 
generations through females based on an inherited epigenetic pattern. Interestingly, the epigenetic 
pattern is passed through first being translated into a behavioral pattern in the mothers and then back 
into an epigenetic pattern in the offspring. Prior studies have documented the effect of maternal 
behavior to similarly program reproductive axis activity through epigenetic effects on steroid receptor 
expression [22]. Although this example of rat maternal behavior is not an example of “fetal” program-
ming, it is an elegant demonstration of the potential for programming of the HHPA axis to have 
behavioral consequences [23, 24]. Furthermore, one of the most impressive studies to implicate fetal 
programming in psychiatric outcomes is the work of Susser and colleagues on the follow-up of indi-
viduals conceived during the Nazi occupation of Holland at the end of World War II [25]. The so-
called Dutch hunger winter provides a rather gruesome natural experiment in which pregnant women, 
along with the rest of the civilian population, were subject to extreme food deprivation during a rela-
tively discrete period [25]. Susser’s parents conducted seminal studies of the effects of this famine 
resulting in the recognition of the importance of folate nutrition in pregnancy in avoiding neural tube 
defects [26]. The younger Susser undertook to determine whether less debilitating effects on nervous 
system development as a consequence of famine exposure in utero might have consequences for psy-
chiatric risk after birth. He found a significant increase of risk of schizophrenia and related disorders 
among those whose mothers went through the peak of the famine during their second trimester of 
pregnancy [25, 27]. Subsequent work with individuals born during discrete famines in China has 
yielded similar results [28]. Whether the mechanisms mediating these effects are epigenetic in nature 
remains to be determined [29].
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Costello and colleagues provide a second example of prenatal influences on psychiatric outcomes 
[30]. They assessed a population-based sample of over 1400 boys and girls in North Carolina between 
at the ages of 9 and 16 for psychiatric symptoms. They found that the rates of adolescent depression 
were over four times higher (38.1%) in girls who were low birth weight compared to normal weight 
girls at birth (8.4%) and seven times higher than in boys of any birth weight (4.9%). The well-known 
sex difference in adolescent depression was thus almost entirely accounted for by the higher risk in 
low birth weight girls. However, there was an interesting interaction. Low and normal birth weight 
girls who experienced no subsequent adversities showed no incidence of depression. But with each 
additional adverse circumstance, the rate of depression in low birth weight girls, but not normal ones, 
increased significantly. The authors suggest that low birth weight girls are more sensitive to adverse 
circumstances later in life in terms of their risk of depression, a result that suggests possible alteration 
of physiological responses to stress, perhaps involving the HPA axis.

�Mechanism of Genesis Changes

Although some nutritional effects are the result of direct change in substrate availability, part of these 
results is due to hormonal mediation, which can alter the development of specific fetal tissues at criti-
cal periods of development and lead to permanent changes in hormone secretion (Fig. 12.2). Animal 
evidences have suggested that a maternal nutritional or emotional stress during pregnancy is associ-
ated with behavioral outcomes in offspring [31, 32] . The nature of the stressing event applied may 
differ, but it is often assumed that the mother’s HPA axis responds with higher levels of glucocorticoid 
hormones. It is unlikely that higher levels of maternal cortisol affect fetal physiology in humans, how-
ever, since the placenta is rich in type 2 11-ß-steroid-dehydrogenase, which converts cortisol to inac-
tive cortisone, thus buffering the fetus from maternal cortisol levels [33]. The glucocorticoid secretion 
is made by the adrenal cortex and controlled by HHPA, a classic endocrine regulator of negative 
feedback. Glucocorticoids exert their effects by binding to GRs, a member of the family of nuclear 
steroid receptors. Additionally, in some tissues, glucocorticoid has higher affinity to mineralocorticoid 
receptors (MRs), also deeply related to the modulation of hippocampus function.

Fig. 12.2  A reduction in diet protein content lead to alterations on structural, physiological, biochemical, and psycho-
logical maturation of the brain
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Although positive correlations between baseline levels of maternal and fetal cortisol have been 
observed [34] which in turn increases the concentration of glucocorticoids to the fetus, thereby pro-
moting growth retardation of offspring and a possible programming of response related to cardiovas-
cular diseases metabolic and psychiatric, evidence of changes in maternal and fetal cortisol responses 
to stress are independent [34]. Such buffering makes physiological sense since in late pregnancy the 
mother is essentially in a catabolic state, while the fetus is in an anabolic state with transient suppres-
sion of HHPA axis. In fetal programming context, cross talk between the energy metabolism of mother 
and fetus would be disastrous.

In addition, the exogenous administration of glucocorticoids in the mother or fetus, results in low 
birth weight plus several long-term diseases such as hypertension, hyperglycemia, and behavioral 
disorders in the offspring. Indeed, these effects are transmitted over generations without reexposure to 
glucocorticoids, suggesting the involvement of epigenetic mechanisms. However, dexamethasone 
(DEX) has been administered to mothers known to be carrying fetuses deficient in 21-hydroxylase and 
therefore at risk of congenital adrenal hyperplasia [35]. A secondary consequence is overproduction 
of adrenal androgens that can lead to varying degrees of genital androgenization [36]. Some studies 
have indicated potential effects on childhood and adult behavior, including sexual orientation, as well 
[37, 38]. DEX is often administered to head off these consequences, since it readily crosses the pla-
centa; is not metabolized by 11-ß-steroid-dehydrogenase; and interacts with glucocorticoid receptors 
in the fetal hypothalamus to suppress excess production of ACTH and its corollary effects [39]. In 
animal studies using prenatal administration of DEX as a treatment alterations of offspring behavior 
and HHPA axis reactivity is observed. This suggests that the feedback sensitivity of the HHPA axis 
may be partially regulated through the level of activation of the axis during fetal development.

�Hippocampal Formation

Given their prominent role in brain plasticity and in the regulation of cognitive processes, the hippo-
campal formation has been the focus of many studies designed to identify the morphological, bio-
chemical, and physiological substrates’ long-term disability of brain functions associated with dietary 
restrictions in the beginning of life. The hippocampus is a structure located in the medial temporal 
lobe. Anatomically, the hippocampus of mammals is divided into different subfields: CA1, CA2, 
CA3, CA4, and dentate gyrus. Functionally, it can be divided into two different regions: the ventral 
and dorsal hippocampus. While the ventral portion is involved primarily the emotional processing, the 
dorsal is mainly linked to memory and learning. It is a widely studied region for its importance in the 
acquisition and memory consolidation, but highly vulnerable to various environmental stresses due to 
plasticity of hippocampal circuits necessary for their functions in learning and memory. The hippo-
campal formation is a different target structure changes from the maternal environment. Studies have 
shown that changes during the prenatal period had influence on neurogenesis in the hippocampus 
immaturity and remodeling of dendrites of CA3 region, with possible cognitive changes. Furthermore, 
it is a preferred target region of the action of stress hormones, and through this brain area, it is part of 
a negative feedback mechanism in HPA axis.

Morphological studies in the hippocampus in animals that experienced maternal protein restriction 
showed that the pyramidal cells of CA1 and CA3 and granule cells of the dentate gyrus regions 
showed reduction in cell size in dendritic branching and a decrease in the number of synaptic spines 
in mice of various ages. However, chemical inhibitors, suggesting that hormones HHPA axis can 
modulate dendritic morphology in the hippocampus, can suppress these effects. Additionally, changes 
in the regulation of HHPA axis are consistent components in various types of affective disorders such 
as depression, panic disorders, and obsessive-compulsive disorder. Thus, adrenal steroids appear to be 
crucial factor in the structural remodeling of the hippocampus.
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�Fetal Programming of Psychological and Psychiatric Outcomes

Animal evidence has long suggested that maternal emotional and nutritional stress during pregnancy 
is associated with behavioral outcomes in offspring [31, 32]. The nature of the stresses applied may 
differ, but it is often assumed that the mother’s HHPA axis respond releases higher levels of glucocor-
ticoid hormones. It is unlikely that higher levels of maternal cortisol/corticosterone affect fetal physi-
ology in humans and rodents, however, since the placenta is rich in type 2 11-β-steroid-dehydrogenase, 
which converts cortisol to inactive cortisone, thus buffering the fetus from maternal cortisol levels 
[33]. Such buffering makes physiological sense since in late pregnancy the mother is essentially in a 
catabolic state, while the fetus is in an anabolic state. Cross talk between the energy metabolism of 
mother and fetus would be disastrous.

However, dexamethasone, a synthetic glucocorticoid, has long been administered to mothers 
known to be carrying fetuses deficient in 21-hydroxylase and therefore at risk of congenital adrenal 
hyperplasia [35]. Because affected congenital adrenal hyperplasia individuals are impaired in their 
ability to produce cortisol, inadequate negative feedback leads to overproduction of adrenocortico-
trophic hormone (ACTH) and hyperplasia of the adrenal glands. A secondary consequence is over-
production of adrenal androgens that can lead to varying degrees of genital androgenization [36]. 
Some studies have indicated potential effects on childhood and adult behavior, including sexual 
orientation, as well [37]. Dexamethasone is often administered to head off these consequences, 
since it readily crosses the placenta, is not metabolized by 11-β steroid-dehydrogenase, and inter-
acts with GR receptors in the fetal hypothalamus to suppress excess production of ACTH and its 
corollary effects [39].

Although maternal stress may not be communicated to the fetus via maternal cortisol, there are 
other pathways possible, including alterations of placental blood flow [34] and changes in energy 
available for fetal growth. In addition, conditions that lead to fetal stress, such as restricted energy 
availability [34], may directly affect the level of activity of the fetal HHPA axis, as opposed to the 
maternal axis, with potential programming consequences. Achieving a better understanding the poten-
tial for prenatal conditions to have lasting effects on an individual’s physiology, with possibly serious 
implications for psychiatric risk, must be considered one of the high priorities for psychological 
research stemming from the fetal programming hypothesis [40].

As sustained above, glucocorticoids play a role in the normal development of the brain and have 
been associated with neuronal maturation and survival. Thus, as mentioned above, fetal exposure 
to excess glucocorticoids during critical periods of brain development can lead to structural changes 
in neuronal dendritic morphology and the number of synapses [32]. Additionally, chronic exposure 
to glucocorticoid caused by maternal protein restriction alters the morphological structure of the 
hippocampus, and these changes in the structure of the hippocampus have been linked to learning 
and memory problems and long-term behavior. It is well established that children exposed to 
restriction of nutrients during fetal period have cognitive deficits as well as increasing the risk of 
psychiatric disorders development as depression and schizophrenia, changes in memory and learn-
ing, increased response to stress, and changes in drug sensitivity psychotropic. These disorders are 
usually studied in well-known brain regions such as the hippocampal formation where much of the 
internal and external connectivity and the chemical cellular architecture are well known.

�Hippocampus and Memory

The different kinds of stresses affects neural regions including gestational hippocampus, amygdala, 
corpus callosum, neocortex, cerebellum, and hypothalamus and often results in a reduction in the 
volume of the tissues that make up these structures. It is known that the limbic system, particularly the 
hippocampus, plays a central role in the memory/cognition and control of emotions. The hippocampal 
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gyrus has been the subject of several studies due to its importance in neural plasticity in neurogenesis 
and regulation of cognitive processes. Changes in efficiency and structural plasticity of hippocampal 
synaptic connections can compromise crucial neurobiological mechanisms involved in cognitive pro-
cesses. As previously described, gestational protein restriction may produces, at long-term, deleteri-
ous consequences in offspring adulthood. Several animal studies have shown atrophy of hippocampal 
neurons and reduction in the number of neurons in this region, the result of disturbances in the mater-
nal environment (Fig. 12.3) [41].

Prior studies have shown that changes in memory and learning from fetal exposure to glucocorti-
coids is the result of many cellular and molecular events which include downregulation receptors 
[42], reduced dendritic branching [41, 43], changes in the synapses [44], inhibiting LTP which is the 
best-documented neuronal substrate for memory formation [45], and impairment of energy metabo-
lism [46]. Moreover, there may still be a reduction in BDNF, a factor involved in tropism and survival 
of neurons and synapses (unpublished data). There is also evidence of the interaction between fetal 
exposure to glucocorticoids and the serotonergic and cathecolaminergic systems by the modulation 
of the 5HT1A and 5HT2A receptors [47]. Furthermore, there is evidence that gestational protein 
restriction impairs the inhibitory control of the HHPA axis, leading to excessive secretion of CRF/
ACTH and increased plasma levels of glucocorticoid, contributing to further damage in hippocampal 
and consequently higher cognitive deficits neurons, impairing the different types of declarative mem-
ory (verbal memory, social memory, and spatial memory). Chronic exposure to glucocorticoids by 
GRs activation induces neuronal death and mitigation of neurogenesis.

hippocampus

Glial cell Neuroblast Granular neuron

body weight ↓
brain weight =

hippocampus weight =

NP LP

hippocampus

Fig. 12.3  The low-protein diet during gestation and lactation lead to marked cellular imbalances in dentate gyrus. 
We used male rats from mothers submitted to low protein (6% casein) comparatively to normal protein (17% casein) 
diet. The brain and hippocampus weight are not altered as well as cell number. However we found altered cell ratio 
(unpublished data)
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We and others have demonstrated that maternal nutritional restriction during pregnancy or in early 
postnatal life results in hippocampus cognitive impairment and structural abnormalities in the 
16-week-old offspring. In an attempt to analyze whether gestational protein restriction might induce 
learning and memory impairment associated with structural changes in the hippocampus, we carried 
out Morris water maze (MWM) test and a detailed morphometric analysis of dendritic cytoarchitec-
ture of the hippocampus from male adult rats [41]. In addition, we analyzed the dorsal and ventral 
hippocampal expression and localization of mineralocorticoid (MR) and glucocorticoid (GR), type 1 
angiotensin II receptor (AT1) and serotonin-specific receptors (5HT1A and 5HT2A). By MWM we did 
not found significant differences between LP and NP groups, in any of the parameters analyzed, sug-
gesting that such functions of the hippocampus were not altered by gestational protein restriction. 
However, by applying three-dimensional analysis of dendrites from the dorsal hippocampus, this 
study demonstrates that gestational protein restriction leads to decreases in total basal dendritic length 
and in apical intersections of CA3 pyramidal neurons. The dendritic architecture of CA1 and dentate 
gyros was unchanged. This study revealed a clear dissociation between behavioral test response and 
hippocampal neuron changes as a consequence of fetal programming. We found different patterns of 
dorsal and ventral expression of analyzed receptors, and we suggests that reduced GR and 5HT1A and 
enhanced 5HT2A expression are involved in anxious behavior and that AT1 downregulation may have 
a protective effect. These neurochemical alterations may have important consequences for anxiety- 
and depressive-like behavior. A recent study in our lab (unpublished data) assessed the effects of 
maternal protein restriction, during pregnancy and breastfeeding, on the structure of the hippocampus, 
their duties on the memory and emotions (anxiety/fear) as well as on the cellular composition of this 
brain structure and influence over these morphological and behavioral parameters, and the exposure 
of the offspring of male rats to the enriched environment. The findings of this study represent the 
perinatal impact of malnutrition protein in the hippocampus, which is involved in emotional behavior 
as well as in memory and learning. The study revealed decoupling the behavioral test response and 
changes in the number of hippocampus neurons, as a consequence of fetal programming. The absence 
of basal changes in performance of these tests occurred in spite of reduction in the number of neurons 
in the dentate gyrus of the hippocampus. Several authors have suggested that the observed atrophy in 
the hippocampus may be a compensatory response to protect the hippocampus of additional damage. 
We have demonstrated, for the first time, that maternal exposure to protein restriction during neural 
development of offspring that cause important morphological changes in the hippocampus may make 
these animals vulnerable to neural disorders in adulthood. This study, at least under morphological 
aspect, confirmed the “selfish brain” theory, a recent paradigm that posits that in order to keep its own 
energy supply stable, the brain modulates the energy metabolism in the periphery by regulating both 
the allocation as the intake of nutrients. In this work, the unmodified brain mass do not match with the 
intensity of cytological composition changes, particularly of the hippocampal nucleus, in different 
experimental groups. Although it seems that the nutritional changes promote irreversible changes in 
body mass, but not in the brain and some of its fundamental structures, composition, and neuronal 
structure and its recovery from primordial cells, are deeply modified by the maternal dietary restric-
tion and, surprisingly, by exposure to oxygen-enriched environment. Thus, we can affirm that the 
selfish brain theory explains the maintenance of brain matter; however, the proportion of the different 
cell types has profoundly changed what can expand our understanding of the adaptation to stress and 
neuron regeneration in neuron behavioral states regarded as abnormal. Moreover, we must emphasize 
that, while we have observed a significant reduction in the number of neurons after the period of 
breastfeeding, we also demonstrate, for the first time, that this parameter is reversed by stimulus in 
enriched environment. Ours studies are not able to answer the question whether these alterations are 
related to in utero underdevelopment or results from a postnatal adaptation to programmed physiol-
ogy in adult life. Further time course studies should be done to answer this question.
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�Conclusions

Fetal gestational programming protein restriction leads to intrauterine growth restriction, which is 
associated with the decrease in the supply of substrates crucial to the fetus affecting growth and 
development. This situation has repercussions in birth weight and several changes in organs and tis-
sues in adult life. These changes from adaptations to the maternal environment have long-term effect 
producing numerous structural and neurochemical deficits in key brain regions for the development 
of the offspring. In addition, these changes can achieve brain systems that play a key role in behav-
ioral processes and memory and learning. Moreover, considerable attention has been focused, there-
fore, on the degree to which HHPA axis reactivity may be established in utero, the potential for 
maternal nutritional status to affect these aspects of metabolic physiology, and the cellular mecha-
nisms by which these effects are mediated.
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Key Points

•	 Obesity is a worldwide pandemic.
•	 Maternal obesity is associated with adverse pregnancy outcomes.
•	 Maternal obesity negatively impacts infant and future adult health.
•	 Maternal obesity affects fetal programming.
•	 Preconception weight loss is ideal, but not applicable to a large portion of pregnancies.
•	 Current interventions aimed at preventing the progression of obesity have resulted in only minimal 

improvement in maternal and infant outcomes.
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�Introduction

Obesity, defined as a body mass index (BMI) ≥30 kg/m2, is a worldwide pandemic (Table 13.1). The 
World Health Organization (WHO) estimates the prevalence of obesity to have doubled worldwide 
since 1980 [1]. In some countries, over 40% of women of childbearing age are overweight or obese [2]. 
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Economic changes, technologic advances, and lifestyle alterations have produced an abundance of 
cheap, high-calorie food coupled with reduced physical activity contributing to the obesity crisis. The 
high prevalence of obesity and the projected increasing trend have adverse implications for pregnant 
women including thromboembolic complications, gestational diabetes, hypertension, cesarean section, 
maternal hemorrhage, and infection [3–5]. Offspring are at increased risk for spontaneous miscarriage, 
fetal malformations, fetal macrosomia, stillbirth, and preterm delivery [3–5]. Overall, the risk of any 
form of obstetrical complication is approximately three times higher in obese mothers [6].

Despite the revised 2009 Institute of Medicine (IOM) guidelines, 43% of pregnant women con-
tinue to exceed gestational weight gain recommendations [7]. Maternal obesity results from a combi-
nation of factors including, but not limited to, genetic predisposition, in utero determinants related to 
prenatal health, lack of physical activity, poor nutrition, socioeconomics, gender, lack of sleep, and 
medication use, in addition to underlying medical problems that promote weight gain. Current life-
style modifications, such as diet and exercise, recommended for pre-pregnancy and pregnancy weight 
loss have been challenging for women to adopt. Also contributing is the lack of obesity awareness and 
education. Among women of reproductive age intending to become pregnant, half have low obesity 
risk knowledge, a third misperceive their body weight, and two thirds are unable to define a healthy 
diet [8].

There has been an increasing prevalence of obese reproductive-aged women, and obstetrician 
gynecologists are essential to preventing and treating this epidemic. This alarming trend highlights the 
public health significance of adverse reproductive outcomes stemming from obesity and the strong 
need for patient education and weight loss interventions. Efforts to increase awareness and success-
fully reduce pre-pregnancy and maternal obesity would have a measurable impact on infant and future 
adult health. The prenatal period also provides a window of opportunity for intervention to curtail the 
intergenerational cycle of obesity as it is a critical time of fetal growth, development, and physiological 
change.

�Trends of Maternal Obesity

�Trends in the United States

In the United States, approximately four million births occur annually, and currently approximately 
60% of women of childbearing age are either overweight or obese [9, 10]. This incidence has increased 
by 14% nationally for women (from 44 to 58%) in the past three decades [7]. The Pregnancy Risk 
Assessment Monitoring System (PRAMS) is an ongoing population-based surveillance system that 
studies trends in pre-pregnancy obesity by maternal demographic and behavioral characteristics based 
on self-reported data from questionnaires in nine states. Data collected from PRAMS has demon-
strated that the prevalence of pre-pregnancy obesity has increased in a decade alone from 13% in 
1993–1994 to 22% in 2000–2003 regardless of maternal age, race, and education [11].

Table 13.1  Body mass index (BMI) 

Classification BMI category (kg/m2)

Normal weight 18.5–24.9
Overweight 25.0–29.9
Obese class 1 30.0–34.9
Obese class 2 35.0–39.9
Obese class 3 ≥ 40
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�Trends in the United Kingdom

The 2014 Health Survey for England (HSE) was notable for 58.1% of women being overweight or 
obese. The proportion of women in England with a normal BMI decreased between 1993 and 2014 
from 49.5 to 40.4%, and instead, the prevalence of obesity in pregnancy has increased from 9–10% in 
the early 1990s to 16–19% in the 2000s [12, 13]. Currently, the prevalence of women with a BMI 
≥35 kg/m2 at any point in pregnancy is 4.99%, with a BMI ≥40 kg/m2 is 2.01%, and with a BMI 
≥50 kg/m2 it is 0.19% of all women giving birth [14].

�Maternal Obesity and Disparities

Obesity disproportionately affects various ethnic populations, those of low socioeconomic status or 
educational level, and those living in remote or rural locations [15]. Although genetic predisposition 
may be a factor, ethnic groups have different norms and pressures around socially acceptable body 
weight, physical activity, and nutrition that may contribute to the difference.

In the United States, there is an increased incidence of obesity among Hispanic (43%), non-
Hispanic black (51%), and non-Hispanic white women (33%) [16]. A prior study noted that ethnic 
and racial factors affected gestational weight gain. Brawarsky et  al. found that African-American 
women were more likely to have pre-pregnancy obesity and most likely to undergo weight gain in 
excess of the IOM guidelines, while Caucasian and Asian females were more like to achieve target 
weight gain [17]. Conversely, Hispanic women were most likely to gain less weight than recom-
mended [17]. In addition, low socioeconomic status plays a role since obesity prevalence is higher in 
those less educated or earning lower incomes [18].

Similarly in England, obesity in women varies by socioeconomic indicators. Women in the lowest 
income households or most deprived areas were most likely to be obese [19]. Approximately 31% of 
women in the lowest income households and 33% of women in the most deprived areas were obese, 
in contrast with 20% of women in the highest income households and 22% of women in the least 
deprived areas [19].

�Pre-pregnancy Obesity

�Consequences of Pre-pregnancy Obesity

Women who are obese during their childbearing years are at risk for a variety of conditions including 
polycystic ovary syndrome, menstrual irregularities, cardiovascular diseases, insulin resistance, type 
2 diabetes, mental health issues, respiratory issues, and thromboembolic disease [20–22]. In addition, 
obese women are more prone to irregular cycles and infertility and thus are more likely to delay prenatal 
care because they may not realize they are pregnant.

Obesity is a modifiable risk factor. There are numerous approaches to obesity management in the 
preconception period including diet, physical activity, sleep hygiene, and surgical options. As obese 
women in the postpartum period have difficulty losing the weight gained during pregnancy, especially 
if the weight gain was excessive, preconception may be an opportune time for primary obesity preven-
tion and intervention including slowing or stopping weight gain.
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�Lifestyle Modifications for Maternal Obesity

Diet and exercise are significant behavioral risk factors that influence a woman’s obesity risk. Healthy 
eating patterns, access to healthy foods, physical activity, and daily energy expenditure are key deter-
minants to developing obesity. The American College of Obstetricians and Gynecologists recom-
mends regular physical activity in pregnancy for at least 20–30 min per day on most or all days of the 
week as it is associated with minimal risks, benefits most women, helps with weight management, and 
reduces obesity and its associated comorbidities [23]. There is also increasing evidence to support the 
role of insufficient sleep in the development of obesity and decreased effectiveness of common weight 
loss recommendations [24]. Thus, as women are contemplating becoming pregnant, they should 
undergo diet, physical activity level, and sleep hygiene assessment.

�Bariatric Surgery for Maternal Obesity

Weight loss through lifestyle modification during the preconception period poses a serious challenge 
for most women; thus, bariatric surgery may be an option for some women. Bariatric surgery proce-
dures have increased sixfold from 1998 to 2005  in the United States with over half performed in 
reproductive-aged women [25]. Overall, the data on the effect of bariatric surgery on subsequent 
pregnancy outcomes is limited but suggests that pregnancy after bariatric surgery appears safe and is 
associated with improved outcomes. The majority of studies report that following bariatric surgical 
procedures, obese women have improved fertility outcomes, substantial and sustained weight loss, 
improved fetal and neonatal outcomes, reduced risk of large for gestational age infants, and decreased 
rates of gestational diabetes and preeclampsia [25–28].

Other studies have demonstrated lower birthweight, stillbirth, neonatal death, shorter gestation, 
and up to a two to three times higher risk of small for gestational age infants born after maternal bar-
iatric surgery [27–30]. Although most studies indicate that a history of bariatric surgery is associated 
with improved maternal obstetric outcomes and decreased large for gestational age infants, increased 
antenatal and neonatal surveillance is needed secondary to the increased risk of small for gestational 
age infants, shorter gestational time, and stillbirth or neonatal death.

�Maternal Obesity and Maternal Outcomes

�Pregnancy

As a woman’s BMI increases, so does the risk of negative maternal, fetal, and neonatal outcomes. In 
early pregnancy, the risks associated with maternal obesity include miscarriage and fetal anomalies 
[31]. It is concerning that the protective effects of periconceptional folic acid supplementation do not 
appear to be beneficial to obese women. The benefits of an increased dose of folic acid for these 
women have not been well studied [32]. Thus, early ultrasounds, potentially transvaginally, should be 
performed to establish viability, to exclude multiple gestations, and to identify congenital anomalies. 
A complete ultrasound fetal anatomic survey may be limited by the poor ultrasound resolution, and 
thus arranging for this to be performed at 20–22 weeks should be considered [33].

In late pregnancy, there is an increased risk for thromboembolism, biliary disease, gestational dia-
betes, pregnancy-induced hypertension, and stillbirth with maternal obesity [34, 35]. Stratified by 
BMI, a prior study demonstrated that the incidence of thromboembolism was 2.5% in obese women 
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with a BMI >29 kg/m2 compared to 0.6% in women with a BMI of 19.8–26.0 kg/m2 [36]. Another 
study noted that maternal obesity is associated with a higher risk of pulmonary embolus (adjusted OR 
14.9, 95% CI, 3.0–74.8) than of deep vein thrombosis (adjusted OR 4.4, 95% CI, 1.6–11.9) [37]. As 
a result of this increased risk, the Royal College of Obstetricians and Gynaecologists recommend 
thromboprophylaxis for 10 days following delivery in women either with a pre-pregnancy or early 
BMI ≥40 kg/m2 or that are greater than 35 years old with a BMI ≥30 kg/m2 [38].

Lastly, increased peripartum risks associated with maternal obesity include postpartum hemor-
rhage, wound infection, anesthetic complications, shoulder dystocia, need for cesarean section, and 
third- or fourth-degree laceration [34, 35]. The likelihood of a successful vaginal delivery decreases 
as maternal BMI increases. The magnitude of this association was demonstrated by a prior meta-
analysis of 33 studies noting the odds ratios of cesarean delivery were 1.46 (95% CI, 1.34–1.6), 2.06 
(95% CI, 1.86–2.27), and 2.89 (95% CI, 2.28–3.79) among overweight, obese, and severely obese 
women, respectively, compared with normal weight pregnant women [39].

Secondary to an increased risk of anesthetic complications, an early anesthesia consultation has 
been demonstrated to be beneficial in this patient population as they often have difficult airways and 
comorbidities including sleep apnea, and an anesthesia-free pregnancy is discouraged because of the 
increased mortality and morbidity with general anesthesia. These patients are not ideal candidates for 
spinal anesthesia because the typical landmarks for placement are difficult to identify and thus epi-
dural anesthesia is preferred because it decreases oxygen consumption in labor and increases cardiac 
output [40].

�Pregestational and Gestational Diabetes

Maternal obesity is associated with an increased risk of diabetes, both pregestational and gestational, 
because insulin sensitivity is reduced by half in pregnancy and obesity is a common risk factor for 
insulin resistance [3, 5]. Throughout the duration of pregnancy, obese women have higher insulin 
resistance than women of normal weight, which increases the availability of lipids for fetal growth 
and development [41]. Compared to women with a normal BMI, the odds of gestational diabetes 
exponentially increases with increasing BMI: 1.97 for overweight, 3.01 for obese, and 5.55 for mor-
bidly obese women [42]. In particular, obese women with increased intra-abdominal fat mass have the 
highest risk of insulin resistance in pregnancy. Even weight gain in the 5 years prior to conception at 
a rate of 1.1–2.2 kg per year will increase the risk of developing gestational diabetes, specifically in 
women with an initially normal BMI [43].

This is concerning because gestational diabetes is associated with increased pregnancy complica-
tions including preeclampsia, cesarean section, fetal macrosomia, shoulder dystocia, neonatal respira-
tory distress, and neonatal intensive care unit admission [34, 35]. Also, women who are diagnosed 
with gestational diabetes are at an increased risk for developing gestational diabetes in a subsequent 
pregnancy, and more than half develop type 2 diabetes later in life [44, 45].

�Hypertensive Disorders and Preeclampsia

Maternal obesity is associated with an increased risk of pregnancy-induced hypertension and pre-
eclampsia spectrum. When compared to women with a normal pregnancy BMI, those who are obese 
have an increased two- to threefold risk of developing gestational hypertension or preeclampsia [46, 
47]. A prior study stratified women by maternal pre-pregnancy weight and contrasted women whose 
weight was 55–75 kg with those greater than 90 kg [34]. This study found that the odds ratio of 
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developing pregnancy-induced hypertension was 2.38 (95% CI, 2.24–2.52) and 3 (95% CI, 2.49–
3.62) in the moderately versus severely obese group, respectively [34]. It was also demonstrated that 
the severity of hypertensive complications correlated with the degree of obesity [34]. Moderately 
obese women had an odds ratio of severe pregnancy-induced hypertension, which included HELLP 
syndrome, of 1.56 (95% CI, 1.35–1.80), while severely obese women had an odds ratio of 2.34 (95% 
CI, 1.59–3.46).

The risk of preeclampsia has also been reported to double with each 5–7 kg/m2 increase in BMI 
above normal weight [4]. These risks will decrease with weight loss but will increase with weight gain 
in between pregnancies. The mechanism of this increased risk is unclear, but both obesity and pre-
eclampsia are associated with increased markers of inflammation such as interleukin-6, interleukin-8, 
inflammatory cytokines, and C-reactive protein [47].

�Gestational Weight Gain in the Obese Population

Weight gain in overweight and obese patients can be detrimental to pregnancy outcomes. A growing 
evidence has demonstrated that no weight gain, and even weight loss, is associated with reduced rates 
of preeclampsia, fetal macrosomia, cesarean section, admissions to a neonatal intensive care unit, and 
low Apgar score [47]. As such, in 2009, the IOM modified the recommended weight gain in pregnant 
women with a BMI ≥30 kg/m2 to 11–20 lbs (Table 13.2) [9]. Since then, more evidence has advocated 
for less weight gain and even weight loss in patients at the upper tier of obesity with an adequately 
growing fetus [48]. In 2013, the American College of Obstetricians and Gynecologists (ACOG) issued 
a committee opinion recommending that “for an obese pregnant woman who is gaining less weight 
than the recommended but has an appropriately growing fetus, no evidence exists that encouraging 
increased weight gain to conform with the updated IOM guidelines will improve maternal or fetal 
outcomes” [49].

�Medical Management of Gestational Obesity

Ideally, weight loss should be achieved by nonsurgical means. Pregnancy is a unique time where 
women are motivated to adopt healthy behaviors that may potentially benefit their child. Weight man-
agement during pregnancy can be approached with nutrition and physical activity interventions dur-
ing pregnancy in addition to addressing barriers to overall health. More recent studies have also 
evaluated the benefit of metformin on pregnancy outcomes, and while this appears promising, studies 
thus far have not validated this approach.

Prior studies have demonstrated that pregnancy lifestyle modification programs can reduce gesta-
tional weight gain [50–52] in addition to gestational diabetes [53]. A recent randomized controlled 
trial compared obese pregnant women undergoing comprehensive dietary and lifestyle intervention 

Table 13.2  Recommended weight gain (2009 Institute of Medicine IOM guidelines) 

Weight status Recommended weight gain (lb)

Underweight (BMI <18.5) 28–40
Normal weight (BMI = 18.5–24.9) 25–35
Overweight (BMI = 25–29.9) 15–25
Obese (BMI ≥30) 11–20
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compared with standard prenatal care and reported that the rate of ultrasound-detected adipose tissue 
deposition slowed among fetuses of women receiving lifestyle advice [54]. The use of a dietician and 
social worker to facilitate these lifestyle modifications has been shown to improve patient outcomes 
when a patient has access to these services [51, 52]. However, overall study conclusions are inconsis-
tent, and knowledge gaps remain regarding the benefits and potential harms associated with nutrition 
and physical activity interventions for obese pregnant women.

There have been several large studies examining the effect of metformin on maternal and fetal 
outcomes in obese pregnant women. In 2015, a large, randomized, double-blind, placebo-controlled 
trial of 449 women with a BMI ≥30 kg/m2 and a negative glucose tolerance test was carried out [55]. 
Women were randomized to receive metformin 500 mg (increasing to a maximum of 2500 mg) or 
matched placebo from 12 to 16 weeks gestation until delivery. This study concluded that metformin 
had no significant effect on miscarriage, stillbirth, neonatal death, or birthweight in obese women 
[55]. More recently in 2016, another large, double-blind, placebo-controlled trial examined 400 
pregnant women without diabetes with a BMI ≥35 kg/m2 randomized to either metformin 3000 mg 
or placebo from 12 to 18 weeks gestation until delivery [56]. The results of this study reported a 
reduction in maternal weight gain in women treated with metformin, but no significant difference 
between groups in the incidence of gestational diabetes, neonatal birthweight, or adverse neonatal 
outcomes [56]. As the results of these recent studies are incongruent and report potentially only 
marginal maternal benefit, this highlights the need for additional research on innovative and safe 
treatments for this important issue.

�Long-Term Maternal Obesity Outcomes and Management

Women whose pregnancies are complicated by obesity are at increased risk for postpartum weight 
retention in addition to diabetes and cardiovascular disease later in life [57, 58]. Both women who are 
obese, and those who exceed their gestational weight gain recommendations, are less likely to return 
to their pre-pregnancy weight [58], which exacerbates the intergenerational cycle of obesity and 
increases the risk of subsequent pregnancies. Oken et al. demonstrated that 12% of women retained at 
least 11 lbs 1-year postpartum [59]. These women were also more likely to be younger, primiparous, 
of lower socioeconomic status, and unmarried and have experienced excessive gestational weight gain 
and heavier pre-pregnancy [59]. An increase in 3 BMI points between pregnancies, even in a women 
with a normal BMI, has been shown to result in a greater risk of pregnancy-induced hypertension, 
cesarean delivery, stillbirth, fetal macrosomia, and preeclampsia [60].

As postpartum weight retention and obesity are modifiable factors, it is important that women 
are counseled regarding interventions, such as diet and exercise, to achieve their pre-pregnancy 
weight and ultimately their ideal body weight. Postpartum television viewing of greater than 2 h 
daily, daily activity consisting of less than 30 min of walking, and increased trans-fat intake have all 
been shown to be associated with weight retention [61]. Prior studies have also demonstrated that 
pregnancy intervention programs can reduce postpartum weight retention, specifically those that 
provide supervised physical activity and diet interventions were found to be most effective [50–52, 
62]. Breastfeeding is also beneficial in assisting with postpartum weight loss and is also important 
for infant health [63]. The American Academy of Pediatrics supports the unequivocal evidence that 
breastfeeding has maternal benefits including earlier return to pre-pregnancy weight, and it also 
protects against many diseases and conditions in the infant including childhood obesity. 
Unfortunately, prior studies have demonstrated that maternal obesity is associated with lower initia-
tion of breastfeeding; although reasons for why this association exists are unknown, it has not been 
shown to be associated with pregnancy-related psychological factors such as depression, stress, or 
anxiety [64].
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�Effects of Maternal Obesity on Offspring

�Fetal and Neonatal Period

Maternal obesity is associated with an increased risk of fetal and neonatal complications such as 
stillbirth, neonatal death, meconium aspiration, shoulder dystocia, low Apgar scores, fetal distress, 
and fetal anomalies [31, 47, 65]. Specifically, the fetal anomalies most frequently involved are neural 
tube defects, cardiovascular anomalies, and cranial-facial anomalies such as cleft lip and palate 
[31, 47, 65]. The severity of these complications increases with the degree of maternal obesity.

As the prevalence of maternal obesity increases, mean birthweight has dramatically risen to 
unprecedented levels during human evolution [66]. From 1985 to 1998, the mean birthweight in the 
United States has increased from 3423 to 3431 g and in Canada from 3391 to 3427 g [67]. Similarly, 
in Denmark, the mean birthweight increased between 1990 and 1999 from 3474 to 3519g [68]. Both 
maternal obesity at the beginning of pregnancy and maternal weight gain during pregnancy are associ-
ated with increased neonatal birthweight [3, 59] independent of a diagnosis of gestational diabetes 
[41]. The risk of fetal macrosomia more than doubled in obese women [47].

�Impact on Adult Disease Risk

The effects of maternal obesity on offspring extend past the neonatal period. There is an accumulating 
evidence to suggest that maternal obesity and gestational weight gain predispose offspring to later 
obesity in childhood, adolescence, and early adulthood [70, 71]. A prior record linkage study demon-
strated that maternal obesity was associated with a 35% increase in the hazard of all-cause offspring 
mortality in adulthood, even after adjustment for confounders [71].

This relationship between maternal pre-pregnancy obesity and offspring obesity may be secondary 
to shared genetic, behavioral, environmental, and in utero influences. Dr. David Barker previously 
presented evidence of fetal programming linking birthweight and the risk of disease later in life as 
well as the basis of adult obesity [72]. Fetal programming describes a process in which critical devel-
opment is influenced by external factors, such as nutrition, and the future functionality of organs and 
regulatory systems is permanently set. A greater maternal-offspring BMI association has been shown 
compared with a paternal-offspring BMI association, supporting the hypothesis for an intrauterine 
effect and “malprogramming” [73]. In utero fetal programming on childhood obesity can occur as 
early as the first trimester [74]. The relative risk of childhood obesity associated with maternal obesity 
in the first trimester is 2 (95% CI 1.7–2.3) at 2 years of age, 2.3 (95% CI, 2–2.6) at 3 years of age, and 
2.3 (95% CI, 2–2.6) at 4 years of age [74].

There is also evidence from animal models to support that maternal body composition and diet are 
major contributors to adverse childhood outcomes. A prior murine study showed that maternal high-
fat diet exposure lead to increased cardiac lipid content with associated diminished cardiac function 
and an increase in hypertrophy, apoptosis, and fibrosis in offspring [75]. Juvenile offspring from a 
nonhuman primate model revealed that a high-fat/high-calorie diet in pregnancy results in damage 
and reprogramming of the fetal liver, brain, and pancreas [76–80]. In the postnatal period, these off-
spring also had accelerated weight gain and increased adiposity and glucose intolerance [76].

Several studies have investigated possible pathological processes involved in fetal programming of 
chronic diseases later in life. One hypothesis is the effect of nutritional stimuli on fetal programming 
secondary to fetal adaption to transplacental nutrition, either undernourishment or overnourishment, 
which may permanently alter fetal physiology and metabolism [81]. Overall, there has not been a 
clear consensus, but different pathways and factors have been implicated such as effects on 
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hyperglycemia, inflammatory environment, growth hormone and insulin-like growth factor-I, beta-
cell development, and fetal appetite centers. These programmed changes may then later serve as the 
basis for health conditions later in life such as hypertension, diabetes, and heart disease. In addition, 
as maternal obesity is a risk factor for insulin resistance, studies in offspring of mothers with preges-
tational or gestational diabetes in pregnancy are associated with an increased risk of obesity and dia-
betogenic disturbances in childhood through adulthood [66].

�Conclusion

The obesity pandemic will continue to afflict future generations without successful prevention, inter-
vention, and management. The times before, during, and after pregnancy are all critical periods for 
obesity awareness and reduction. Although preconception weight loss is ideal in obese women, this 
recommendation is unavailable to at least 30–50% of women whom pregnancies are unplanned [82]. 
Pregnancy is a unique time when women are motivated to adopt healthy behaviors that may potentially 
benefit their child. Knowing that a high preconception BMI is a primary determinant for gestational 
weight gain and a significant predictor of childhood obesity, it is critical to identify maternal obesity in 
pregnancy early as a primary target to prevent downstream childhood obesity and to alleviate the obe-
sity pandemic [46, 51]. Current interventions aimed at preventing the progression of obesity in future 
generations by limiting gestational weight gain and reducing pre-pregnancy obesity have resulted in 
only minimal improvement in maternal and infant outcomes. Development of additional interventions 
that more successfully modify the behaviors associated with obesity may help mitigate excessive post-
partum weight gain or retention. Therefore, innovative research studies are vital to mitigating the obe-
sity pandemic. By achieving a better understanding of the mechanisms influencing fetal programming, 
effective treatment strategies aimed at improving maternal and fetal outcomes can be conceived.
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Key Points

•	 Obesity develops as a result of the imbalance between energy intake and energy expenditure.
•	 Obesity among women of reproductive age ranges from 20% to 30% rendering maternal obesity a 

major public health concern worldwide.
•	 Human clinical findings demonstrate that both maternal obesity prior to conception, and excessive 

weight gain during pregnancy have the greatest impact on increasing childhood obesity and meta-
bolic dysregulation in their offspring.

•	 Obesity is an important contributor to the global incidence of cardiovascular disease, type 2 diabe-
tes mellitus, osteoarthritis, workforce disability and sleep apnea.

•	 Studies in animal models indicate that these metabolic sequelae are initiated by a proinflammatory 
milieu in the placenta creating an inflammatory environment for the fetus.

•	 This leads to alterations in fetal growth, metabolism and organ development resulting in metabolic 
dysregulation in the postnatal offspring.

•	 Our research further indicates that maternal obesity has multigenerational effects, thus intervention 
strategies aimed at mitigating nutritional stress in the mother not only benefit the mother and her 
own health, but also the health of her progenies and their progenies.

Keywords  Maternal obesity • Animal models • High fat diet • Rodents • Sheep • Non-human 
primates
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�Current State of Clinical Understanding of the Impacts  
of Maternal Obesity on Offspring

We have been asked to summarize our current understanding of the impacts of maternal obesity, 
which has doubled since 1980, on programming the health of future generations. Our group has spent 
the past decade developing and characterizing an ovine model of diet-induced maternal obesity (MO) 
that has critically important developmental and physiological similarities to humans. In the analyses 
for the Global Burden of Disease Study, it was reported that between 1980 and 2013 the worldwide 
proportion of adults with a body mass index (BMI) of 25 or greater, signifying overweight/obesity, 
increased from 29% to 37% in men and from about 30% to 38% in women [1]. Further, it was reported 
that the prevalence of overweight and obesity among children and adolescents in developed countries 
was also very high, averaging about 24% for boys and 23% for girls [1]. This study also reported that 
a trend for increasing overweight/obesity was also seen in developing countries increasing from 8% 
in 1980 to 13% in 2013 for boys and girls. Further, the WHO (www.who.int/nut/obs.htm) has declared 
obesity one of the top ten adverse health risks in the world and one of the top five in developed nations 
where obesity among women of reproductive age ranges from 20% to 34% [2]. Thus, maternal obe-
sity has become a major public health issue with maternal complications as well as programming of 
offspring metabolic disease risk. In particular, obesity is an important contributor to the global inci-
dence of cardiovascular disease, type 2 diabetes mellitus, cancer, osteoarthritis, work disability and 
sleep apnea [3, 4].

A longitudinal study of 179 individuals, found that children exposed to MO, with or without ges-
tational diabetes, exhibit an increased incidence of obesity and metabolic disease [5, 6]. This may 
relate to the fact that obese pregnant women exhibit an increased incidence of glucose intolerance, 
hypertensive disorders, hyperlipidemia and increased circulating inflammatory markers [7]. Maternal 
obesity is often but not always associated with the birth of large for gestational age infants [8, 9]. This 
increase in birth weight of infants born to obese women is a result of increased fat mass and not lean 
body mass [10]. Further, this increased body fat is centrally distributed [11] and there is a strong cor-
relation between this increased fetal adiposity and insulin resistance [12].

Both maternal obesity prior to conception, and excessive weight gain during pregnancy are highly 
associated with increased childhood obesity [13] and metabolic dysregulation [5]. Further, newborn 
offspring of obese women were more obese and insulin resistant than offspring born to normal weight 
women [14]. These data suggest that MO has already impacted offspring prior to birth and underpins 
the need to study the specific mechanisms mediating the effects of MO on both the fetus and newborn 
[15]. Mother-child cohorts show associations between maternal BMI and/or gestational weight gain 
and childhood metabolism and cardiovascular function [16, 17] but although these associations are 
vitally important they remain only associations, due to the presence of uncontrolled confounders. This 
conclusion is highlighted by the results of the UPBEAT study, a large multicenter, randomized con-
trolled trial conducted in the UK targeting diet and physical activity in obese patients to reduce the 
incidence of gestational diabetes and large-for-gestational-age infants [18]. These authors reported no 
intervention associated reductions in gestational diabetes or large-for-gestational-age fetuses, and 
concluded that the current focus on behavioral interventions to prevent gestational diabetes would 
seem to be unwarranted.

The phenotype of each unique mammalian organism is the result of the interaction of that organ-
ism’s genotype with environmental influences exerted upon it. The principle of developmental pro-
gramming is based on strong evidence that there are critical periods of vulnerability to suboptimal 
conditions during development both pre- and post-natally. Overwhelming evidence from animal stud-
ies shows that these critical vulnerable periods occur at different times for different tissues and that 
timing and susceptibility differ between species and sex [19]. Human epidemiological and controlled 
animal studies show that unwanted effects of altered in utero development may persist into later life 
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and predispose to chronic diseases such as type 2 diabetes mellitus, obesity, and hypertension [20, 
21]. Unwanted effects of changed development may remain dormant for years to reemerge and cause 
health problems when the internal and/or external environment (e.g. pregnancy, challenges to the 
immune system by infectious diseases, nutritional challenges of deficiency or excess, stress, etc.) of 
the individual changes. While puberty is one particularly important time of endocrine change, human 
epidemiological studies suggest that the chronic diseases programmed by MO now occur well before 
puberty. The incidence of type 2 diabetes (T2D, a condition clearly related to MO) in metropolitan 
Tokyo in prepubertal children between 6 and 15 years quadrupled between 1975 and 1995 [22].

�Multigenerational Versus Transgenerational Impacts of Maternal Obesity

This topic is complicated by the fact that besides in utero exposure of first filial [F1] offspring during 
the time of maternal obesity, their developing gonads and the associated germ cells were also exposed 
to the same in utero insult. Thus both the F1 and F2 generations are not independent of the initial 
obesity exposure and the potential impact on these offspring and are referred to as multigenerational 
effects [23]. The mechanisms underlying the effects of multigenerational programming of obesity are 
largely unknown, but are likely a result of interplay between environmental, metabolic and epigenetic 
factors [24]. The programming impacts on offspring beginning in the F3 generation and beyond are 
considered independent of the initial in utero obesity exposure of the fetus or its germ cells to 
MO.  These impacts are thought to result from meiotically-stable epigenetic inheritance, resulting 
from altered DNA methylation patterns, histone modifications or siRNA expression differences, and 
are referred to as transgenerational effects [24–26].

As one might surmise, it is much easier experimentally to discern transgenerational inheritance 
through the paternal lineage as the male only contributes gametes as opposed to the female who has a 
prolonged physiological interaction with the progeny. There is also the possibility of nongenomic 
transmission of F1 phenotype through altered maternal responses to the significant physiological 
stresses of pregnancy which may be equated to a “second hit” and unmask sub-clinical tendencies in 
these women such as type 2 diabetes and vascular dysfunction [27, 28]. Thus F1 females expressing 
a relatively normal phenotype outside of pregnancy may fail to adapt to this significant metabolic 
stress and thus pass on adverse effects to the F2 generation. The most obvious example would be 
gestational diabetes where the resulting hyperglycemia exerts significant and well characterized 
impacts on the fetus, as it readily crosses the placenta [29]. As evidence of this possibility, transmis-
sion of gestational diabetes via the maternal line in the rat to an F2 generation was one of the earliest 
transgenerational developmental programming phenotypes reported [30]. A suggested potential 
mechanism may be through early reprogramming of oocyte mitochondria [31] which are derived 
exclusively via the maternal line in mammalian species [32]. While studies have presented evidence 
demonstrating the impacts of multigenerational familial patterns of adult obesity on the development 
of childhood overweight/obesity [33, 34], they do not differentiate between behaviors, genetics or 
environmental impacts. Interestingly, Davis et al. [34] reported that childhood overweight was associ-
ated with grandparental obesity whether or not parents were overweight, suggesting multigenerational 
programming effects.

As previously discussed, human epidemiological studies investigating the transmission of maternal 
obesity to subsequent generations are largely observational in nature and thus poorly controlled, 
therefore providing little information on the mechanisms involved. It is well controlled and relevant 
animal models that will help elucidate whether physiological or epigenetic programming is involved. 
The remainder of this paper will focus on what is known about the multigenerational impacts of 
maternal obesity on offspring (F1 and F2 generations), as little evidence has been presented to date 
for transgenerational epigenetic inheritance.
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�Animal Models of Maternal Obesity

Effects of maternal obesity in the offspring have been evaluated in several animal species, with 
rodents, sheep and nonhuman primates (NHP) being the most cited. Further, chronic long term MO 
studies have almost exclusively been conducted in rodents [35]. In rodent studies, obesogenic diets 
are imposed on dams either through feeding of high fat/energy diets (HFD) or allowing dams to 
choose among obesogenic food items often referred to as ‘cafeteria’ diets. High fat/energy diets have 
fixed ratios of nutrients hence animals can only regulate how much is consumed, whereas cafeteria 
diets permit active adjustment of energy intake thereby allowing animals to potentially stay closer to 
their nutritional optimum by balancing nutrient ratios depending on the compositional range of food 
components [36]. Similarly in NHP, obesity is induced nutritionally through high fat diets or by over-
feeding highly palatable diets as in rodents [37–39]. In ovine studies carried out by our group at the 
University of Wyoming, highly palatable pelleted feed has been fed at 150% of National Research 
Council (NRC) requirements for adult pregnant sheep. Our feeding regimen begins 60 days prior to 
breeding and continues to term, resulting in the MO animals becoming overweight/obese by concep-
tion and to progressively develop to severe obesity by the end of gestation [40, 41], (Fig. 14.1).

�Offspring Obesity Studies in Animal Models

Obesity develops as a result of the imbalance between energy intake and energy expenditure. In 
rodents, maternal cafeteria or high fat diets (HFD) during gestation induced obesity in adult offspring 
despite offspring being raised on standard chow during postnatal development [42, 43] and this off-
spring obesity was independent of maternal preconception diet [44].

Studies in sheep models provide data that parallels those in the rodent model. Further, we have 
reported that these metabolic sequelae are initiated by a proinflammatory milieu in the placenta creat-
ing an inflammatory environment for the fetus [45]. Our own previously published work has shown 
that maternal obesity at conception and throughout gestation increased adiposity of late gestation 
fetuses [46] and neonatal lambs [40], (Fig.  14.2). Of interest, offspring born to these obese ewes 
exhibited no phenotypic differences from offspring born to ewes fed only to requirements from weaning 

Fig. 14.1  Ewe body weight (a) and % body fat (b) for control (CON) and obese (MO) groups at different time points 
of gestation. (a, b) Means ± SEM between treatment groups within a time point differ (P < 0.01) (Adapted with permis-
sion from Ref. [46])
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to adulthood. When subjected to ad libitum feeding as adults, however, offspring from obese mothers 
exhibited macrophagia, as well as increased body weight gain and adiposity compared to offspring of 
control fed mothers [41, 47].

In NHP, McCurdy et al. [37] observed a twofold increase in body fat accumulation in HFD fetuses 
compared to fetuses gestated by control fed mothers by day 130G of gestation (gestation length = 
180 days). Further, offspring of HFD mothers maintained this increased adiposity into the postnatal 
period and also developed early-onset obesity independent of postnatal diet [48]. This increased risk 
of obesity in the offspring of HFD mothers was linked to a reduction in central dopamine signaling 
[49]. Indeed, decreased abundance of dopamine fiber projections to the prefrontal cortex as well as 
decreased dopamine receptor expression have been observed in the offspring of HFD dams indicative 
of impairments to the development of the dopamine system [49].

�Offspring Insulin Resistance

Several animal studies have demonstrated that maternal overnutrition/obesity perturbs the develop-
ment of the fetal pancreas resulting in hyperinsulinemia, impaired glucose sensing and β-cell dysfunc-
tion. In rodents insulin resistance expressed as the ratio of insulin: glucose was markedly increased by 
a maternal HFD during gestation in neonates, weanlings and adult offspring [50, 51]. Even mild 
maternal overnutrition has been shown to induce glucose intolerance [52] and hyperinsulinemia inde-
pendent of the level of obesity before pregnancy [44]. Further, offspring of HFD mothers exhibited 
reduced glucose tolerance at weaning following either an oral glucose bolus [35] or an intra-peritoneal 
glucose bolus [53].

Fig. 14.2  Plasma leptin, cortisol, and % body fat in the early postnatal period in F1 (top row) and F2 (bottom row) 
lambs from control (CON, open symbols) and obese (MO, closed symbols) mothers and grandmothers respectively. (a, 
b) Means ± SEM differ (P < 0.01) (Adapted with permission from Refs. [55, 58])
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In sheep studies, maternal overnutrition/obesity resulted in glucose/insulin dysregulation in mid- 
and late gestation fetuses and neonatal lambs [46, 54]. Further, the dysregulation of glucose control 
has been observed to persist into adulthood in F1 offspring of obese dams and F2 neonates of obese 
grand dams [55]. This dysregulation is attributed to accelerated pancreatic growth and β-cell develop-
ment as observed in first half of gestation, followed by a reduction in pancreatic growth and insulin 
secretory capacity demonstrating the failure of the pancreas to return to normal cellular composition 
and function postnatally [40, 54].

Very limited data exists on diet-induced insulin resistance in NHP offspring. A recent study dem-
onstrated that offspring born to dams fed high-fat/calorie diets during pregnancy displayed increased 
plasma insulin levels and glucose-stimulated insulin secretion compared to those of control-fed dams 
at 13 months of age [56]. An earlier study utilizing the same model observed an early activation of 
gluconeogenic genes in fetal liver of HFD dams and hypothesized that this might predispose the off-
spring to increased hepatic gluconeogenesis and insulin resistance [37].

�Impact of Maternal Obesity on Offspring Blood Metabolites and Hormones

It is well recognized that maternal obesity during gestation markedly influences the metabolite and 
hormonal milieu in the developing fetus thereby potentially increasing the risk of metabolic disease 
later in life. Notable metabolites impacted by maternal obesity include glucose and lipids whereas 
cortisol, insulin, and leptin are some of the widely investigated hormones in most animal models of 
maternal obesity. In the rat model, when the maternal cafeteria diet was fed throughout lactation and 
gestation, there was a sexually dimorphic pattern of glucose and insulin secretion, with male offspring 
displaying normal glycaemia and hyperinsulinemia and female offspring exhibiting hyperglycemia, 
but normal insulin levels [57]. Sex differences were, however, not apparent for serum lipid levels with 
triglycerides and cholesterol being elevated in both males and females from the cafeteria fed dams. In 
the same study, leptin gene expression in perirenal fat pads of female offspring was greater compared 
to male offspring. In another study, Howie et al. [44] reported that offspring of high fat fed dams 
exhibited lower plasma insulin and leptin concentrations at postnatal day 2 compared to those from 
control-fed dams, however, these patterns were later reversed in adulthood (postnatal day 160). Plasma 
glucose was also higher in adult male offspring from HFD dams but not in female offspring [44].

In our sheep model, overfed/obese mothers exhibited hyperglycemia and hyperinsulinemia, as well 
as a markedly elevated insulin resistance as measured by a midgestation intravenous glucose tolerance 
test (Fig. 14.3). Fetuses gestated by these obese dams have elevated plasma levels of glucose, insulin, 
cortisol, triglycerides and cholesterol at mid-gestation and late-gestation [45, 46]. Further, neonatal 
offspring of obese ewes had increased plasma cortisol and insulin at birth and lacked the early post-
natal leptin spike necessary for setting up hypothalamic appetite control centers and leading to hyper-
phagia and leptin resistance in adulthood [41, 58], (Fig. 14.2). Further, adult F1 offspring from obese 
ewes had higher baseline plasma glucose and insulin as well as higher concentrations of plasma leptin 
following a 12-week ad libitum feeding trial than F1offspring from control fed lean ewes [41]. 
Interestingly, adult F1 ewes from obese dams exhibited hyperglycemia, hyperinsulinemia and marked 
insulin resistance like their overfed/obese mothers during their subsequent pregnancies despite being 
fed only to requirements during gestation [55], (Fig. 14.4). As a result, their F2 lambs exhibited ele-
vated plasma glucose, insulin and cortisol at birth and also lacked the postnatal leptin peak exhibited 
by F2 lambs born to control fed F1 ewes indicating a probable multigenerational programming effect 
[55], (Fig. 14.2).

Chronic high-fat diets in a primate model resulted in increased serum levels of total triglycerides 
and glycerol but no change in leptin, insulin or free fatty acids in third-trimester fetuses of high-fat 
diet dams [37]. Thorn et  al. [39] did not find any changes in fasting plasma glucose, glycerol, 
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triglycerides and non-esterified fatty acid concentrations in juvenile offspring of HFD mothers despite 
of presence of insulin resistance and increased hepatic lipid accumulation in the offspring. In another 
study, elevated cortisol levels were reported in offspring of HFD mothers without any changes in 
circulating ACTH levels [48]. Dietary challenge in vervet monkeys (Chlorocebus aethiops sabaeus) 
using high fat diets, however, resulted in increased blood levels of glucose, fructosamine, insulin, 
triglycerides and cholesterol. Heritability’s for these traits in subsequent generations were significant 
except for blood glucose elevation [59].

Fig. 14.3  Glucose (a) and insulin (b) concentrations prior to and after glucose bolus infusion (0.25 g/kg of 50% dex-
trose solution) during an intravenous glucose tolerance test on 75 days of gestation in F0 ewes fed 100% (control 
(CON), ○; n = 6) or 150% (obese group (MO), ●; n = 6) of NRC recommendations from 60 days before conception to 
day 75 of gestation. (a) Glucose concentrations; (b): insulin concentrations. Area under curve (AUC) is shown as insets. 
*Means ± SE differ (P < 0.05) (Adapted with permission from Ref. [40])
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�Impact of Maternal Obesity on Tissue and Organ Structure and Function

The previous section has highlighted biochemical and hormonal phenotypes associated with maternal 
overnutrition/obesity in prenatal and postnatal offspring. Most of the changes were apparent during 
fetal development. Therefore, a crucial unanswered question remaining is whether these changes in 
the fetal stage will persist into postnatal life and further on into adulthood and consequently impact 
long-term disease risk.

Fig. 14.4  Glucose (a) and insulin (b) concentrations prior to and after glucose bolus infusion (0.25 g/kg of 50% dex-
trose solution) during an intravenous glucose tolerance test at day 135 of gestation in female offspring born to obese 
(OBF1: ●) or control (CONF1: ○) dams, and fed at only 100% NRC recommendations throughout gestation. Area 
under the curve (AUC) is located in the top right corner of each panel. *Means ± SEM differ (P < 0.05) (Adapted with 
permission from Ref. [55])
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The long-term consequences on the adult progeny due to consumption of a HFD diet by female rats 
include impaired glucose homeostasis, cardiovascular dysfunction, and alterations in hypothalamic 
energy circuitry and liver lipid metabolism. Bayol et al. [57] demonstrated that maternal cafeteria diet 
during gestation and lactation resulted in increased transcriptional activity in perirenal fat pads lead-
ing to greater adipose tissue mass in the female offspring than in males. Further, hepatic steatosis, 
hepatocyte ballooning and oxidative stress response was observed on offspring of rat dams on the 
cafeteria diet throughout pregnancy and maintained on the cafeteria diet after weaning. These changes 
were apparent in offspring of cafeteria diet fed mothers returned to a balanced chow diet after weaning 
indicating irreversibility of these pathologies once they occur [60]. Offspring of rats exposed to high 
fat feeding during gestation exhibit pancreatic β-cell hypertrophy early in life leading to an increase 
in glucose stimulated insulin secretion [51]. However, later in adult life these offspring exhibit declin-
ing functional β-cell mass and/or β-cell exhaustion leading to reduction in glucose stimulated insulin 
secretion. Gender-related cardiovascular dysfunction has also been reported on adult offspring of rats 
fed diets rich in lard during pregnancy despite being raised on normal chow after weaning, with an 
elevation of blood pressure (both systolic and diastolic blood pressures) being confined only to female 
offspring [42, 61]. These female specific effects could be due to glucocorticoid effects of the 
hypothalamic-pituitary-adrenal (HPA) axis. Indeed, permanent female specific offspring alteration in 
the HPA axis has been observed in pregnant rats exposed to glucocorticoid excess [61].

In our sheep model of maternal obesity we have also reported similar offspring effects to that 
observed in the rodent studies. Dysregulation in glucose/insulin dynamics during gestation is linked 
to pancreatic β-cell hyperplasia at mid-gestation and a decrease in β-cell number due to increased 
apoptosis in late-gestation (Fig. 14.5) and leading to insulin resistance later in life [40, 54]. In the 
liver, we have observed upregulation of genes associated with lipogenesis [62], as wells as increased 
expression of 11β-hydroxysteroid dehydrogenase type 1 (11ß-HSD1) and its cofactor hexose-6-
phosphate dehydrogenase (H6PDH), these enzymes are responsible for tissue regulation of cortisol 
metabolism (Tuersunjiang et al., unpublished observations). Cardiovascular effects reported in our 
studies included left ventricular hypertrophy [46], fibrosis in myocardium of sheep [63, 64] and 
decreased insulin signaling pathways leading to insulin resistance and cardiac dysfunction [65]. 
Insulin signaling was also impaired in skeletal muscles of offspring of obese ewes leading to increased 
adiposity and fibrosis [63, 66]. Further, maternal obesity induced inflammation was also demonstrated 
in fetal skeletal muscles in late gestation [66]. During myopathy, inflammation is known to induce 
expression of cytokines which in turn induces connective tissue expansion necessary for muscle 
regeneration [63]. Because muscle regeneration involves processes similar to fetal muscle develop-
ment, it is plausible to suggest that inflammation might alter the normal progression of regenerative 
events leading to adipogenesis and fibrogenesis in fetal muscle.

In primate studies, fetal offspring of HFD mothers have been shown to exhibit liver related pathol-
ogies including nonalcoholic fatty liver disease (NAFLD), hepatic inflammation, oxidative stress 
and/or damage, triglyceride accumulation and premature gluconeogenic gene expression [37]. 
Further, the increased risk for fetal NAFLD persisted in the postnatal period predisposing the adult 
offspring to similar effects even after switching the offspring to a healthy diet after weaning [39]. 
This fatty liver risk persisted despite the absence of maternal obesity or diabetes [37] or postnatal 
obesity, insulin resistance, or systemic or local adipose tissue inflammation [39]. Therefore, one can 
speculate that NAFLD phenotype is due to direct transfer of maternal lipids to the fetus and that this 
risk might not be reversed by postnatal diet. It is plausible to speculate that the potential adverse 
effects of excess lipids on the fetal liver during development relates to lack of white adipose tissue 
(WAT) during critical periods of exposure. Indeed, it is well accepted that WAT is critical for storage 
of excess lipids and that lack of WAT results in whole body insulin resistance and susceptibility to 
fatty liver. In most species, WAT develops relatively late in pregnancy [67], therefore, it is plausible 
that the adverse effects of excess lipids on fetal development may be due to lack of WAT at critical 
periods of exposure.
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Increased myocardial fibrosis was observed in fetal hearts of baboons fed a HFD diet during preg-
nancy [38]. The authors attributed this to upregulation of cardiac miRNAs involved in enhancing 
fibrosis and down regulation of miRNAs responsive for normal cardiac development. Proinflammatory 
conditions in the developing fetus of HFD mothers can have significant effects in brain development 
and function. For example, the hypothalamic melanocortin system in third trimester offspring was 
altered by chronic exposure to HFD in Japanese macaques [48]. The melanocortin system is pivotal 
to regulation of energy homeostasis; therefore, perturbations to this system during critical periods of 
development could predispose the offspring to hyperphagia and obesity [48].

�Conclusion

To our knowledge, our studies in the sheep are the only studies in a precocial large animal species that 
have attempted to mimic human clinical findings demonstrating that both maternal obesity prior to 
conception, and excessive weight gain during pregnancy have the greatest impact on increasing child-
hood obesity and metabolic dysregulation in their offspring. Table 14.1 depicts the impacts on our 
model of diet-induced pre-pregnancy maternal obesity followed by excess maternal weight gain on 
altering metabolic, hormonal, and organ and tissue changes of fetal, neonatal, and adult offspring. 
We have reported that alterations in fetal metabolism, and organ and tissue development and function, 

Fig. 14.5  Percentage of fetal pancreatic β-cells proliferating (panels A and B) and undergoing apoptosis (panel C), and 
insulin positive cells per unit area (mm2) (panel D), in fetal pancreatic islet tissue from Control (CON) and Obese (OB) 
ewes on day 135 of gestation. *Means ± SEM differ between treatment groups (P < 0.05) (Adapted with permission 
from Ref. [54])
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are associated with a proinflammatory milieu in the placenta creating an inflammatory environment 
for the fetus. This proinflammatory condition in the developing fetus leads to systemic effects 
on the brain, liver, heart, pancreas, adipose tissue, and skeletal muscles resulting in metabolic dys-
regulation in the postnatal offspring of overfed obese ewes. Outside of our studies, most chronic 
biomedical studies have been conducted in rodents, an altricial species quite different from the human. 

Table 14.1  Comparison of fetal, neonatal and adult offspring characteristics  
of overfed-obese (MO) to ewes fed only to requirements

MO offspring

Mid-gestation fetus

Fetal weight +
Crown rump length +
Liver wt +
Pancreatic â-cell numbers +
Cardiac ventricular wt/fetal wt +
Adiposity +
Plasma glucose +
Plasma insulin +
Plasma cortisol +
Plasma cholesterol +
Plasma triglycerides +

Late-gestation fetus

Fetal wt ND

Crown rump length ND

Liver wt ND

Pancreatic â-cell numbers −
Cardiac ventricular wt./fetal wt +
Adiposity +
Plasma glucose +
Plasma insulin +
Plasma cortisol +
Plasma cholesterol +
Plasma triglycerides +

Newborn lambs unsuckled

Birth wt ND

Crown rump length ND

Plasma glucose +
Plasma insulin +
Plasma cortisol +
Plasma leptin −

Adult offspring

Appetite +
Plasma glucose to ad. lib. feeding +
Plasma insulin to ad. lib. feeding −
Plasma leptin +
Wt. gain to ad. lib. feeding +
Adiposity to ad. lib. feeding +
Left ventricular wall thickness +

From Refs. [40, 41, 45–47, 54, 55, 58, 62–66]
“+” indicates an increase (P < 0.05) and “−” indicates a decrease (P < 0.05) relative to controls, while ND indicates 
no difference
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There is a pressing need for additional data from models that extrapolate more directly to clinical 
human obesity. There are differences in many physiological systems between precocial (sheep, NHP, 
and humans) and altricial (rodents) species, especially in development, duration of gestation and 
offspring maturity at birth. For example, rats are polytocous and products of conception have a large 
biomass. A rat with 16 pups nurtures a biomass of nearly 100 g, equivalent to the weight adjusted 
nutritional challenge to a pregnant woman nurturing a 30 kg baby. These differences are important 
when it comes to translating metabolic and growth data obtained in rat pregnancy to precocial species 
including humans. The stage of organ development at birth is another important difference between 
sheep and NHP versus rodents used in programming studies – i.e., the developmental stage at which 
fetuses are exposed to air/nutrients, microbiome changes via the gut and other sources, and the stage 
of development at which placental support is removed. Each species has strengths, however, and 
addresses different developmental trajectories. Animals provide readily controllable experimental 
models, while even the best human case control studies can only provide evidence of associations. 
Specifically, animal studies (1) permit access to fresh fetal and maternal tissues, (2) allow better con-
trol of dependent variables, (3) provide clear answers more rapidly and (4) allow a greater burden of 
investigation on individual mothers and offspring than tolerated by humans.
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Key Points

•	 Cardiovascular disease, diabetes, asthma, cancer, allergies, and neurocognitive impairment occur 
at differing rates among people of different ethnicities.

•	 Pregnancy conditions such as gestational diabetes mellitus and hypertensive conditions and preg-
nancy outcomes such as preterm birth, low birth weight/small for gestational age, and cesarean 
birth occur at differing rates among people of different ethnicities.

•	 The associations between obesity, adverse pregnancy outcomes, and life course diseases may also 
be additive in some ethnicities.

•	 A combination of increasing obesity rates and migration may compound the risk of life course 
disease among people of different ethnicities via fetal programming effects.

Keywords  Maternal ethnicity • Pregnancy complications • Pregnancy outcomes • Obesity • Fetal 
programing

Abbreviations

BMI	 Body mass index
CVD	 Cardiovascular disease

mailto:miranda.davies@hudson.org.au


186

DM	 Diabetes mellitus
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HIC	 High-income country
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PE	 Preeclampsia
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�Introduction

Cardiovascular disease, diabetes, and asthma all occur at differing prevalence among people of differ-
ent ethnicities. Coronary artery disease is up to two times more common among South Asians com-
pared to Europeans [1], and type 2 diabetes is almost four times more common [2]. Diabetes is also 
more common in Filipino, Hispanic, Chinese, Middle Eastern, north African, South and Central 
American, and people from the western Pacific region [2, 3]. “Black” individuals have a consistently 
higher prevalence of hypertension, diabetes [3], and stroke [4]. Interestingly, the etiology of stroke 
also differs according to ethnicity. Western populations are more likely to experience emboli originat-
ing from the heart or extracranial large arteries compared to Asian populations where small-vessel 
occlusion or intracranial atherosclerosis occurs more frequently [5]. Rates of asthma differ by ethnic-
ity. Puerto Rican children have 2.4 and Black/African-American children 1.6-fold greater asthma 
prevalence than White children [6]. Aboriginal populations (Canadian Aboriginals, Native Americans, 
and New Zealand Maoris) are 40% more likely to report having asthma than non-Aboriginal popula-
tions [7]. While it is likely that some of the elevated risks relate to social disadvantage and poor life-
style exposures, there is evidence to suggest that they are a consequence of the in utero environments 
in which the fetus develops.

�Fetal Programming

Over 30 years ago, an epidemiologist, David Barker, first reported an association between early life 
nutrition, either in the womb or the perinatal period, and the risk of cardiovascular disease in later life 
[8]. Since that time a number of animal and epidemiological studies have demonstrated associations 
between early life exposures and rates of adult diseases. Termed the “Barker hypothesis” and now also 
referred to as “Developmental Origins of Health and Disease” [9], the premise is that exposures such 
as undernutrition, toxins, or stress during this window of fetal development or early perinatal period 
can alter genes leading to a greater predisposition to cardiovascular disease, diabetes, asthma, cancer, 
and neuropsychological conditions in later life [9]. The biological mechanism by which in utero expo-
sures shape long-term childhood and adult health consequences is thought to be via epigenetic changes 
[10]. Epigenetics is the branch of genetics that deals with the suppression or expression of certain 
genes. It is a way of passing phenotypic information to the next generation without altering the DNA 
sequence itself [11, 12]. The environment that a fetus is exposed to can affect epigenetic processes to 
either increase or decrease the expression of different genes. It is thought that this confers an evolu-
tionary advantage to a fetus by adapting the expression of the genome to a phenotype that is suited to 
the external environment [12]. On the flip side however, this may also predispose the fetus to certain 
noncommunicable diseases over their life course [13].
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�Maternal Ethnicity, Pregnancy Complications, and Fetal Programming

Gestational diabetes mellitus (GDM) and hypertensive conditions in pregnancy such as gestational 
hypertension and preeclampsia both affect the environment under which the fetus develops and have 
been shown to be associated with increased risks of disease for the offspring in later life. Interestingly 
both of these conditions also occur at elevated rates in women of certain ethnicities and may explain, 
via fetal programming effects, the differing prevalence and incidence of many life course diseases 
among people of different ethnicities.

�Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) occurs most frequently in South or Southeast Asian women and 
is also experienced in high rates in Hispanic, African-American, Native American, Pacific Islander, 
and Indigenous Australian women [14–18].

The impact of GDM has been widely studied. GDM is characterized by hyperglycemia, hyperin-
sulinemia, and hyperlipidemia [19, 20]. Alterations in the placental transport of nutrients as a result of 
GDM lead to the fetus experiencing an increased supply of glucose, amino acids, triglycerides, and 
cholesterol compared to when the mother does not have GDM [20]. It is well documented that off-
spring born in pregnancies complicated by GDM are at increased risk of type 2 diabetes, metabolic 
syndrome, and cardiovascular and renal disease [21, 22]. In a study of ~600 predominantly Caucasian 
women, those with GDM had offspring that experienced type 2 diabetes at almost eight times the rate 
of the background population [22]. The same offspring also experienced increased rates of obesity, 
metabolic syndrome, and reduced insulin sensitivity compared to the background population [21, 22]. 
Among American infants born to women with GDM, 15% of them had three or more components of 
the metabolic syndrome at age 11 compared to only 3% off offspring who were not exposed to GDM 
[23]. Chinese offspring born to women with GDM had significantly higher blood pressure and lower 
high-density lipoprotein cholesterol at 11 years of age. Highest umbilical cord insulin levels were also 
associated with abnormal glucose tolerance [24]. Studies in animals have shown that diabetes in preg-
nancy impairs nephrogenesis [25] and is associated with salt-sensitive hypertension and decreased 
renal function [26]. Whether the same impacts are true in humans is not yet known; however given the 
association between GDM and CVD in the offspring, it seems plausible. The immediate impacts of 
GDM on the infant have been found to vary by ethnicity. A retrospective study of women with GDM 
in Hawaii from 1995 to 2005 found that babies born to Native Hawaiian/Pacific Islander mothers and 
Filipino mothers had four and two times the prevalence of macrosomia, respectively, compared with 
neonates born to Japanese, Chinese, and Caucasian mothers. Differences in neonatal hypoglycemia 
and hyperbilirubinemia were also observed [27]. Similarly, in a study of ~20,000 Southeast Asian and 
~33,000 White women with GDM, macrosomia was more likely in Cambodian and Laotian women 
compared to Japanese women, but overall Southeast Asian women had reduced odds of GDM [28]. 
Whether the long-term impacts of fetal programing also differ by ethnicity is not yet fully clear. 
A summary of these associations is presented in Fig. 15.1.

�Hypertensive Conditions of Pregnancy

Hypertensive conditions in pregnancy, such as gestational hypertension and preeclampsia (PE) , occur 
more frequently in Black, Hispanic, Caucasian, Filipino women, sub-Saharan African, Latin America, 
and the Caribbean [29–31] and significantly less frequently in Chinese and Indian women [30]. The 
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babies in these pregnancies are exposed to systemic inflammation [32] and elevated glucocorticoste-
roids [33]. They may also experience insufficient nutrition and hypoxia [34].

Infants from pregnancies affected by hypertensive disorders have been shown to be at increased 
risk of hypertension and other CVD in later life (reviewed in [35]), type 1 diabetes [36], and reduced 
cognitive abilities [37]. Adult children born to 2608 Australian women in the early 1980s who had a 
diastolic blood pressure over 90 mmHG on at least two occasions beyond 20 weeks’ gestation asso-
ciated with proteinuria and/or fluid retention had 3.46  mmHG greater systolic and 3.02  mmHg 
greater diastolic blood pressure 21 years later [38]. Offspring of women in Finland between 1934 
and 1944 with gestational hypertension (n = 1592) or PE (n = 284) had 1.4 and 1.9 times the risk of 
stroke, respectively [39]. The association with type 1 diabetes is less consistent [40]; however, a 
case-control study of 602 children with type 1 diabetes and 1490 controls in Denmark did find that 
maternal PE was associated with type 1 diabetes in the offspring; however this association was only 
seen in boys [36].

Fig. 15.1  Schematic diagram of associations between maternal ethnicity, gestational diabetes, and fetal programming 
effects generated from references in text
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As early as the 1960s, the association between hypertensive conditions and cognitive outcomes 
was documented [41]. In a sibling study, children from pregnancies affected by PE scored lower on 
verbal reasoning at 11 years of age compared to their unaffected sibling adjusting for birth rank [41]. 
More recently a systematic review of 19 studies concluded that maternal hypertensive disorders are 
associated with lower cognitive abilities in the offspring [37]. Babies born to mothers with hyperten-
sive conditions are also more likely to be growth restricted and born preterm, both of which in them-
selves have fetal programming effects. There is evidence however to suggest that the associations 
between hypertension in pregnancy and life course disease are independent of fetal growth restriction 
and preterm birth [42].

Intriguingly, positive fetal programming effects have also been observed. A systematic review that 
assessed six studies published between 1980 and 2007 found that overall, there was a 52% decreased 

Fig. 15.2  Schematic diagram of associations between maternal ethnicity, hypertensive conditions in pregnancy, and 
fetal programming effects generated from references in text
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risk (95% CI 0.3–0.78) of breast cancer in female offspring born from pregnancies complicated by PE 
or eclampsia [43]. It has been suggested that this may relate to reduced estrogen concentrations which 
are observed in PE pregnancies [44].

Like gestational diabetes, the perinatal complications of hypertensive conditions of pregnancy 
also differ by maternal ethnicity. In the same study of ~20,000 Southeast Asian women, [28] 
Southeast Asian women with PE had increased odds for preterm delivery when compared with 
Japanese and White women with PE [28]. A New York study of birth certificate data from 1988 to 
1994 showed that among hypertensive mothers, the risk of having a low birth weight baby was 
highest among White women and lowest among Black women [31]. Whether the fetal programming 
effects of hypertensive conditions also differ by ethnicity is not clear. A summary of these associations 
is presented in Fig. 15.2.

�Pregnancy Outcomes and Fetal Programming

Women of different ethnicities experience higher rates of adverse pregnancy outcomes and interven-
tions including preterm birth, low birth weight/small for gestational age, and cesarean birth, which 
have been linked to fetal programming.

�Preterm Birth and Low Birth Weight

African, Asian, South American, and Middle Eastern women have a significantly higher rate of pre-
term birth compared to Caucasian women [30, 45–47]. Asian (Chinese, Vietnamese, Filipino, and 
Indian), African, Middle Eastern, and Indigenous (Native Hawaiian, Indigenous Mexican, and 
Indigenous Australian) women are also more likely to have a low birth weight baby [30, 48–50]. 
Many of the fetal programing effects of preterm birth and low birth weight appear to be the same, 
likely due to the two outcomes often coinciding. Low birth weight and preterm birth have been associ-
ated with adverse outcomes in adulthood including hypertension and cardiovascular disease [51], 
insulin resistance and type 2 diabetes [51, 52], reduced language development [53], asthma [54], and 
more recently reduced bone mass and knee arthroplasty [55]. The fetal programming effects attributed 
to preterm birth may be a consequence of both in utero and postnatal exposures. They may reflect the 
adverse pregnancy event(s) that resulted in the preterm birth such as infection, growth restriction, 
preeclampsia, smoking, chronic illness, or placental conditions. Alternatively they may be a conse-
quence of the NICU stay, treatments, and feeding practices.

The first evidence of low birth weight having fetal programming effects was through studies on the 
Dutch famine. Smaller singleton babies, a consequence of nutritional deficits, had increased risks of 
obesity, cardiovascular disease, and mental health conditions [56–58]. Since then, many other studies 
have followed. Among babies born in the UK, the lower the birth weight of a baby, the greater its’ 
odds were of developing diabetes mellitus or metabolic syndrome as an adult [59, 60]. A systematic 
review and meta-analysis of ten observational studies of 1342 preterm or LBW and 1738 full-term 
participants from eight countries found that those who were preterm or very low birth weight had a 
significantly higher systolic blood pressure at 18 years of age [61]. Among 52 adults aged 34–38 years, 
those who were born preterm were also less insulin sensitive than those born at term [52]. Consistent 
findings were observed in a case-control study of very preterm compared to healthy controls; those 
born very preterm had reduced insulin sensitivity at 23 years [62]. When considering this from ethnic-
specific angle, Indian babies, when compared to Caucasian controls, are generally smaller in terms of 
size and weight but have a higher adipose percentage leading to the concept of the “thin-fat” baby [63, 64]. 
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The consequence of this is a more adipose body composition which is thought to predispose these 
infants to development of diabetes (both type 2 and gestational diabetes) as well as other cardiovascu-
lar diseases in the future. Whether this is a product of transgenerational fetal programming effects is 
not known. It is well documented though that his body composition is considered the “thrifty pheno-
type” where reduced nutrition in utero impairs the development of the pancreas. The nutrient-poor 
intrauterine environment causes the fetus to reduce its production of insulin and increase its resistance 
to insulin to maximize circulating glucose. This is done with the expectation of living in an environ-
ment where food sources are scarce. Insulin is also a fetal growth factor which explains why these 
babies are smaller. After birth, living in an environment with ample provision of food, these suscep-
tible babies go on to develop obesity and DM [59, 60, 64].

Beyond metabolic effects, asthma diagnosed in mid childhood that persists through adolescence 
was significantly more likely among teenagers who were of low birth weight compared to those who 
were of normal weight, more so if that child was male and White [54]. Findings from a meta-analysis 
of 17 studies including 874,710 children found that wheezing disorders were 46% more likely in 
preterm and almost three times more likely in very preterm children (<32 weeks’ gestation) [65]. 
It has been proposed that underlying mechanism may be poor growth in utero leading to low birth 
weight also leads to impaired airway development or immunological mechanisms [66, 67]. Therapeutic 
interventions after birth, such as ventilation approaches, may also be involved [67]. The effects of pre-
term birth on asthma development may differ by ethnicity. A systematic review and meta-analysis 
reported a stronger association between preterm birth and asthma in studies done in non-European 
compared to European countries [68]. Bias may explain this finding; however low birth weight, preterm 
birth, and asthma are all more common in certain ethnic groups, warranting further investigation.

Low birth weight and preterm birth are also associated with musculoskeletal conditions in later 
life. Among almost 4000 participants in the Australian Diabetes, Obesity, and Lifestyle Study, those 
born preterm were 2.5 and those of low birth weight 2.0 times more likely to require a knee arthros-
copy [55]. Unfortunately in this study, ethnicity was not reported. Preterm birth has been associated 
with acetabular dysplasia, which in turn increases the incidence of hip OA [69]. It has been suggested 
this may reflect a reprogramming of the insulin-like growth factor 1 (IGF-1) axis [70] which is 
involved in osteoblastic differentiation of mesenchymal stem cells and new bone formation [71]. 
Consistent with that, a case-control study of very preterm compared to healthy controls showed that 
those born very preterm had reduced peak bone mass at 23 years [62].

There is growing evidence to link preterm birth and low birth weight to neurodevelopmental out-
comes. The association between preterm birth, particularly early preterm birth and neurocognitive 
effects, is well known. Among school-age children, cognitive delay is very prevalent (40%) in chil-
dren born at less than 28 weeks [72] even when there is no severe disability [73]. This association is 
also true for less preterm infants. A systematic review of 14 studies of long-term cognitive and educa-
tion outcomes among those who were late preterm births found that even at the late preterm period 
(34–36 weeks), they underperformed in all cognitive outcomes, and the effect persisted into adulthood 
[74]. Interestingly, there is some evidence to suggest that the association between prematurity and 
cognitive outcomes differs by ethnicity [75]. In a retrospective cohort study of 865 children born 
<28 weeks, there were no differences in cognitive domains assessed by the Bayley Scales of Infant 
Development among children of different ethnicities; however, both Blacks and Hispanic-Whites 
scored significantly lower than Whites in regard to the language domains with Hispanic-Whites scor-
ing the lowest [75]. Further research is needed to confirm this and also to assess this and other domains 
of neurocognitive development among other ethnicities independent of important confounding fac-
tors. The association between being born small for gestational age and neurocognitive effects is less 
consistent. In a population-based study of 515 infants born before 32 weeks’ gestation, being SGA 
was not significantly associated with cognitive ability at 5 years of age [76]. In contrast, a recent sys-
tematic review found that independent of prematurity, babies born small for gestational age were at 
higher risk of cognitive deficits, hyperactivity, or attention-deficit disorders at 5 years and 8 years of 
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age [77]. To our knowledge there are no studies that have assessed the interaction between maternal 
ethnicity and being born small on neurocognitive outcomes in later life. However there is some evi-
dence that childhood intelligence at age 14 differs by parental ethnicity [78], and small babies are 
more common in Asian, African, Middle Eastern, and Indigenous women [30, 48–50]. Exploring the 
potential interaction is therefore warranted. A summary of these associations is presented in Fig. 15.3.

�Caesarean Birth

The rates of obstetric interventions experienced also differ by maternal ethnicity [79–82]. Black and 
Asian women in the USA experience higher rates of cesarean delivery [79, 80]. Indian, Bangladeshi, 
and Pakistani low-risk primiparous women had a twofold higher rate of emergency cesarean 

Fig. 15.3  Schematic diagram of associations between maternal ethnicity, preterm birth and low birth weight baby, and 
fetal programming effects generated from references in text
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section compared to their Caucasian counterparts in England [81]. Primiparous East African women 
also had higher rates of unplanned cesarean in an Australian population [83]. Indian women giving 
birth in New Zealand have been shown to have higher rates of emergency cesarean than others [82]. 
A number of epidemiological studies have found that where a baby is born by cesarean, it is at greater 
risk of developing asthma, allergies, type 1 diabetes, celiac disease, obesity, and cancer in later life. 
Among over 2000 8-year-old children, those born by cesarean were significantly more likely to report 
wheezing and asthma and be atopic compared to those born vaginally. The association between cesarean 
and atopy was also stronger in those children born in Cyprus with a family history [84]. A systematic 
review of 20 studies also identified an overall 20% increase in risk of type 1 diabetes following cesarean 
delivery; however no consideration for maternal ethnicity was made [85]. A case-control study of almost 
2000 children found that those with celiac disease were 80% more likely to have been born by cesarean 
compared to those without celiac disease [86]. Caesarean birth was also associated with an increased 
likelihood of obesity by age 11; however babies born by cesarean were significantly smaller than those 
born vaginally so this may reflect the fetal programming effects of low birth weight rather than mode of 

Fig. 15.4  Schematic diagram of associations between maternal ethnicity cesarean and fetal programming effects gen-
erated from references in text
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birth [87]. In a Swedish case-control study, children who developed myeloid leukemia were 2.5 times 
more likely to have been born by cesarean [88]. Similarly in an American case-control study of testicular 
germ cell tumors, those with cancer were twice as likely to have been born by cesarean [89]. It has been 
suggested that the association with cesarean birth may reflect fetal programming events associated with 
the complication leading to the cesarean such as gestational diabetes, preeclampsia, and/or growth 
restriction or may be a consequence of altered gut microbiota and immune system function and/or peri-
natal stress [85]. A summary of these associations is presented in Fig. 15.4.

�Maternal Obesity Influences the Ethnicity-Associated Pregnancy Conditions 
and Fetal Programming Effects

Maternal obesity has emerged as one of the key contributors to adverse pregnancy outcomes in high-
income nations [90], with no evidence that this trend is likely to reverse in the near future. It is also 
well established that babies born to obese mothers are at elevated risk of developing type 2 diabetes 
[91], metabolic syndrome [92], and asthma [93] and having cognitive deficits, attention-deficit/hyper-
activity disorders, and internalizing psychopathology in childhood and adolescence [94].

Emerging evidence has suggested that the associations between obesity and adverse pregnancy 
outcomes may also be additive in some ethnicities [95–98]. Obesity is a stronger risk factor for 
GDM in Asian compared to Caucasian women [96, 97]. Obesity has also been shown to be more 
strongly associated with PE development in Latina compared to Caucasian women [98]. The asso-
ciation between obesity, preterm birth, low birth weight baby, and cesarean also appears to differ 
by ethnicity. A cross-sectional study of ~24,000 women in the UK found that the association 
between obesity and cesarean birth was weaker in Black and Oriental women and protective in 
Asian women. The association between obesity and having a low birth weight baby was protective 
in White and Asian women, but associated with an increased risk in Black and Oriental women. 
Obesity was also most strongly associated with preterm delivery in White women and least 
strongly associated in Black women [97]. Consequently, differential BMI cutoffs for people of 
Asian background have been recommended by the World Health Organization [99]. Where a BMI 
of ≥30 kg/m2 is considered “obese” in Caucasian women, a BMI of ≥26 kg/m2 is considered obese 
in a woman of Asian descent.

�Conclusion

Over the last 20 years, there have been big changes to the characteristics of women giving birth in 
high-income countries [4]. Two maternal characteristics for which there have been dramatic changes 
are maternal obesity and ethnicity. According to the 2011–2012 National Health and Nutrition 
Examination Survey, 32% of women of reproductive age are obese, and almost half of women enter-
ing pregnancy now have a body mass index (BMI) of 25 or more [90] in contrast to 24% in 1983 
[100].Over the same period, increasing rates of migration have also meant that the number of women 
giving birth in HIC who themselves were born overseas is increasing. This is important because both 
ethnicity and obesity are associated with a range of health consequences, both in pregnancy and later 
life via fetal programming mechanisms, and likely act synergistically to increase the risk of disease 
over the life course.
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Key Points

•	 Maternal obesity can promote deleterious effects on adult life of offspring due to metabolic 
programming;

•	 Consumption of a high-fat diet by obese dams have been associated with increased adiposity, fatty 
liver, insulin resistance, endoplasmic reticulum stress and decreased autophagy and cholinergic 
anti-inflammatory pathway in the liver of offspring.

•	 MicroRNAs expression could be responsible for permanent changes in the expression profile of 
genes related to hepatic lipid metabolism in offspring of obese mothers.

•	 The gestational period by itself, disregarding the lactation period, can promote important epigen-
etic alterations in offspring.

•	 miR-122 seems to be a central controller of hepatic lipid metabolism in both health and disease.

Keywords  microRNAs • High-fat diet • Hepatic metabolism • Fatty liver • Offspring • Maternal 
programming • Pregnancy • Lactation • Epigenetic

Abbreviations

Acadvl	 Acyl-CoA dehydrogenase, very long chain
Acc1	 Acetyl-CoA carboxylase 1
Agpat1	 Acylglycerol-3-phosphate O-acyltransferase 1
C/EBP-β	 CCAAT/enhancer-binding protein-β
Cpt1-α	 Carnitine palmitoyltransferase 1
DAG	 Diacylglycerol
Dgat1	 Diacylglycerol acyltransferase 1
Fas	 Fatty acid synthase
G6pc	 Glucose-6-phosphatase
GPAM	 Glycerol-3-phosphate acyltransferase mitochondrial
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GPAT	 Glycerol-3-phosphate acyltransferase
HCC	 Hepatocellular carcinoma
HFD	 High-fat diet
HIC2	 Hypermethylated in cancer 2
IKK	 IkB kinase
Lclat1	 Lysocardiolipin acyltransferase 1
MAG	 Monoacylglycerol
MAP K1	 Mitogen-activated protein kinase 1
MECP2	 Methyl-CpG binding protein 2
miR/miRNA	 microRNA
Mogat2	 Monoacylglycerol acyltransferase 2
mTOR	 Mechanistic target of rapamycin
NAFLD	 Non-alcoholic fatty liver disease
NASH	 Non-alcoholic steatohepatitis
ncRNA	 Non-coding RNA
NFkB	 Nuclear factor kappa B
p-JNK	 c-Jun N-terminal kinase phosphorylated
Ppar-α	 Peroxisome proliferator-activated receptor- α
Ppar-γ	 Peroxisome proliferator-activated receptor-γ
RISC	 RNA-induced silencing complex
Scd1	 Stearoyl-CoA desaturase 1
Srebp-1c	 Sterol regulatory element-binding protein 1c
TAG	 Triacylglycerol
TNFα	 Tumor necrosis factor α
UTR	 Untranslated region

�Introduction

The prevalence of obesity worldwide has increased. Human and animal studies have shown that envi-
ronment in early life can have deleterious effects on adult life. The increase in the prevalence of obe-
sity in women of reproductive age [1, 2] and children is worrying because both can contribute to 
increasing the risk of later metabolic disease. This condition has increased the interest in the effects 
of maternal obesity on the risk of disease in offspring [3–5].

The effect of overnutrition during foetal development is critical in increasing the risk of adult-onset 
ill health outcome. Different types of stress during critical periods of early development permanently 
alter an organism’s physiology and metabolism. This phenomenon is called “metabolic program-
ming” and it originated from the foetal hypothesis proposed by Baker [6].

Maternal obesity and consumption of a high-fat diet have been associated with increased adiposity 
[5, 7–11], fatty liver [8, 12], insulin resistance [7], endoplasmic reticulum stress and autophagy dis-
turbance [9, 10] and impairment of the cholinergic anti-inflammatory pathway [11] in post-weaning 
and adult life of offspring (Fig. 16.1).

Maternal obesity and dietary fat consumption during pregnancy/lactation also alter the blood level 
of hormones (leptin and insulin), nutrients (fatty acids and glucose) and inflammatory cytokines [7, 8, 
10, 11, 13] in both dams and offspring. This new biochemical condition can affect the environment of 
the developing offspring, imposing molecular and physiological adaptations.

Epigenetic modifications that regulate gene machinery transcriptionally (through histone and DNA 
modification) and post-transcriptionally (through non-coding RNA expression) could be responsible 
for permanent changes in the expression profile of genes related to metabolism and energy homeosta-
sis in offspring of obese mothers.
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According to the ENCODE project,1 only 1–2% of the genome encodes for proteins, suggesting 
that a large proportion of the transcripts in the cell represents non-coding RNA (also called ncRNA) 
that seems to modulate gene expression [14]. ncRNAs are grouped into two classes: long ncRNAs 
(>200 nucleotides) and small or short ncRNAs (<200 nucleotides). Short ncRNAs include microR-
NAs (miRNAs), small interfering RNAs and piwi-interacting RNAs.

Functionally, long ncRNAs can modulate gene transcription through recruitment of histone modi-
fying complexes to the DNA whereas short ncRNAs induce mRNA degradation and/or translational 
repression [11]. Among ncRNAs, emphasis has been attributed to miRNAs in the regulation of gene 
expression.

A summary of the biogenesis of microRNAs is presented in Fig. 16.2.
The present chapter aims to point out the main and recent findings on the role of microRNAs in 

modulating the hepatic metabolism in the offspring of obese mothers or mothers consuming a high-fat 
diet during important periods of development, such as pregnancy and lactation.

�Hepatic microRNAs in Foetal Programming Induced  
by Dietary Fat and/or Obesity

The liver is a multifunctional organ that regulates many vital physiological processes. These include 
processing nutrients after intestinal absorption, synthesis and excretion of metabolites, detoxification 
of xenobiotics, modulation of lipid and glucose metabolism and energy homeostasis [15].

Disruption of hepatic lipid metabolism is often associated with metabolic disturbances. In human 
and animal models, obesity is closely related to inflammation and insulin resistance and this condition 
leads to ectopic lipid storage in metabolically active tissues, such as the liver. Excessive lipid storage 
within hepatocytes characterizes non-alcoholic fatty-liver disease (NAFLD) [16]. Fatty liver is caused 
by an imbalance in lipid metabolism pathways involved in triacylglycerol (TAG) synthesis, export, 
delivery and oxidation [17] (Fig. 16.3).

1 The ENCODE project started in September 2003 and was completed in 2012. It brought together an international 
group of scientists with the goal of identifying all functional elements in the human genome sequence.

Fig. 16.1  Effect of maternal high-fat diet consumption and obesity on post-weaning and/or adult offspring. Maternal 
obesity induced by the consumption of a high-fat diet prior to conception and during gestation and lactation leads off-
spring to fatty liver development, insulin resistance, endoplasmic reticulum stress, autophagy disturbances and cholin-
ergic anti-inflammatory reflex impairment in post-weaning and/or adult life
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Fig. 16.2  microRNA biogenesis. miRNA biogenesis starts in the nucleus, where the gene is transcribed by RNA poly-
merase II in a primary hairpin structure (pri-miRNA), which is cleaved by the DROSHA enzyme yielding precursors (pre-
miRNA) of ~70 nucleotides. Pre-miRNA hairpins are exported to cytoplasm by EXPORTIN 5 and, thereafter, are cleaved 
by the DICER enzyme, producing the miRNA duplex. One of the strands is usually cleaved and the other, the functional 
strand of miRNA, is incorporated into the RISC. The complex RISC-miRNA interacts with its target by cleaving and 
degrading the mRNA or by inhibiting protein synthesis. miRNA microRNA, RISC RNA-induced silencing complex

Fig. 16.3  Mechanisms for fat accumulation in the liver. Fatty liver can be caused by increased TAG input through 
increased de novo synthesis, dietary excess and adipose tissue lipolysis as well as by a decrease in TAG output, through 
impairment of mitochondrial β-oxidation and VLDL exportation of liver triglycerides. Ordinarily, fatty liver is caused 
by a combination of more than one of these factors. TAG triacylglycerol
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Under normal conditions, hepatic fat represents about 5% of total liver weight. Obesity and 
consumption of a high-fat or high-calorie diet favour ectopic hepatic fat accumulation, through the 
supply of free fatty acids to the liver and stimulation of synthesis and storage of TAG [18]. It is known 
that NAFLD can progress to non-alcoholic steatohepatitis (NASH), fibrosis and hepatocellular carci-
noma (HCC). However, the mechanism involved in its progression and individual characteristics that 
protect from the evolution of the disease, even under consumption of a high-fat diet, are still not fully 
understood. It has been proposed that more than a single hepatic insult is necessary to promote the 
progression of NAFLD. The hypothesis to explain this phenomenon was postulated as the “two-hits 
hypothesis” or “multiple-hits hypothesis” [19–21].

In this context, exposure to deleterious conditions in uterus has been considered a determining fac-
tor in predisposing offspring to the development of liver diseases in later life [18, 19], and could rep-
resent the “first hit” (Fig. 16.4). An elegant study conducted in 2009 by McCurdy and colleagues with 
non-human primates showed that foetuses of dams fed an HFD developed NAFLD characteristics in 
the gestational third trimester. The authors observed lipid accumulation, oxidative stress and inflam-
mation markers in the foetuses’ liver [12].

In another study, Glavas et al. (2010) used a mice model of early overnutrition by reducing litter 
size during lactation to induce the “first hit” in offspring, since lactation also represents an important 
period of tissue immaturity and plasticity.

Interestingly the authors observed that when offspring were maintained on a chow diet after wean-
ing but submitted to HFD in adult life (which could be interpreted as a “second hit”), mice exhibited 
extensive and severe fat accumulation, compared to the respective control, suggesting permanent 
molecular alterations [22].

Some important questions emerge regarding metabolic imprinting. How do gestation and lactation 
contribute to the outcome observed? What might be the molecular trigger that connects maternal 
overnutrition to metabolic disturbances in offspring?

Fig. 16.4  microRNAs influences in “two-hits hypothesis” in the development of liver diseases. It is hypothesized that, 
for NAFLD to progress to other liver diseases such as NASH, more than one hepatic insult is necessary. The “first hit” 
can be induced by the intra-uterine environment, where maternal obesity and excess fat consumption could programme 
foetal liver to display alterations in important microRNA expression, leading to impairments in lipid metabolism and 
ectopic fat accumulation. Afterwards, in post-natal life, a “second hit”, such as consumption of a high-fat diet, environ-
mental factors or hepatocellular injuries, could trigger inflammation and the progression of NAFLD to NASH and HCC. 
miRNA microRNA, TAG triacylglycerol, NAFLD non-alcoholic fatty liver disease, NASH non-alcoholic steatohepatitis, 
HCC hepatocellular carcinoma
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Authors have hypothesized that maternal consumption of HFD increases the transfer of lipids to 
foetuses through the placenta. Subcutaneous adipose tissue at early gestational stages is not available 
to store nutrient excess and, consequently, other organs, such as the liver, are required for depositing 
fat [18, 23]. Furthermore, maternal obesity during pregnancy increases placental inflammation and 
leads to altered genes in both placental [24] and foetal liver [25, 26]. However, although the contribu-
tion of maternal HFD consumption to impaired liver metabolism is a well-described phenomenon, the 
underlying mechanisms are still unclear.

A substantial number of studies in the literature have highlighted epigenetic changes as determi-
nants of differential expression of genes in health and disease conditions [27–31].

Among the epigenetic changes, miRNA expression seems to be a promising approach to explain 
the effects of metabolic programming in the development of hepatic disorders in adult offspring. 
However, few studies have been conducted on the role of miRNAs in liver diseases.

Zhang and co-workers conducted the first study showing miRNA modulation in the liver of off-
spring of obese dams, in 2009. In this study the authors used an HFD to induce obesity in female mice 
prior to conception and during gestation and lactation. After weaning, offspring were fed a chow diet 
until adulthood when microarray analysis was performed. They identified several miRNAs (about 
5.7% from a total of 579 evaluated) differentially expressed in offspring of obese dams compared to 
lean dams (Table 16.1). In total, ten miRNAs were increased 1.5–2.0-fold whereas 23 miRNAs were 
reduced 1.5–4.9-fold, some of them participating in the modulation of key hepatic genes involved in 
fat metabolism, such as miR-122, miR-709 and let-7c [32].

Since offspring from both HFD- and chow-fed dams were weaned onto the same chow diet and main-
tained on a chow diet until adulthood, changes in the expression of key metabolic genes and miRNAs in 
adult offspring were likely to occur prior to weaning, resulting from changes in the maternal diet.

Zhang and co-authors from Byrne’s Lab used two different algorithms (TargetScan and miRanda) 
for in silico analysis. According to the authors, several important genes involved in epigenetics were 
predicted targets for those miRNAs showing altered expression in the HFD offspring. They found that 
methyl-CpG binding domain protein 6 and methyl-CpG binding protein 2 (MECP2) are targets for 
miR-709, an abundantly expressed miRNA in the liver detected by microarray. Among the predicted 
targets of let-7c are proteins including hypermethylated in cancer 2 (HIC2), chromodomain helicase 
4 and DOT1-like histone H3 methyltransferase (Fig. 16.5). Moreover, the authors observed that reduc-
tion in miR-122 expression in the maternal HFD adult offspring was consistent with increased expres-
sion of Pparα (peroxisome proliferator-activated receptor-α) and Cpt1-α (carnitine palmitoyl 
transferase 1α). Pparα and Cpt1-α are two key molecules regulating hepatic fatty acid oxidation, 
suggesting that they could be targeted by miR-122 (Fig. 16.5).

miR-122 is a highly conserved liver-specific microRNA and its expression accounts for 70% of total 
liver miRNAs [33–35]. Recent studies have shown that miR-122 expression is essential for liver homeo-
stasis once it plays an important anti-inflammatory role and acts as a tumour suppressor [35, 36]. Mice 
lacking miR-122 present altered expression of several enzymes related to lipid metabolism and this leads 
to the development of hepatosteatosis, hepatitis and hepatocellular carcinoma (HCC) [33]. Moreover, in 
silico analysis reveals that some key enzymes in TAG synthesis, such as Agpat1 (1-acylglycerol-3-phos-
phate O-acyltransferase), Dgat1 (diacylglycerol acyltransferase 1), Lclat1 (lysocardiolipin acyltransfer-
ase 1) and Mogat2 (monoacylglycerol acyltransferase 2), are predicted targets of miR-122.

However, literature about miR-122 contains some contradictory information, since initially miR-
122 was appointed as an upregulator of lipogenic gene expression, activating Srebp-1c and Dgat2 and, 
subsequently, Fas and Acc1. Experiments using antisense for miR-122 showed that its inhibition 
downregulated the enzymes diacylglycerol acyltransferase-2 (Dgat2), fatty acid synthase (Fas) and 
acyl-CoA carboxylase 1 (Acc1), which regulate fatty acid and triglyceride biosynthesis [37, 38].

In the following year of Byrne’s Lab publication, Iliopoulos and colleagues [39], using adenovirus 
dominant negative to cJun in mice, verified increased plasma cholesterol and triglyceride levels in those 
animals. These findings prompted them to investigate its effects on the regulation of genes implicated 
in hepatic fatty acid and triglyceride metabolism and the potential involvement of miRNAs [39].
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The authors found that among 365 miRNAs evaluated by microarray, miR-370 was significantly 
increased. This miRNA targets the 3′ untranslated region (UTR) of Cpt1-α, downregulating the 
expression of this important enzyme to fatty acid β oxidation. Iliopoulos and co-workers also 
suggested that miR-370 could promote lipogenesis indirectly through upregulation of miR-122, 
indicating that extracellular stimuli that trigger upregulation of miR-370 and indirectly miR-122 may 
have a causative role in the accumulation of hepatic triglycerides by promoting lipogenesis and inhib-
iting β oxidation.

In 2014, Benatti and colleagues published a study focused on the two microRNAs predicted to 
control liver lipid metabolism, miR-122 and miR-370, which had been described by Zhang et al. [32] 
and Iliopoulos et  al. [39]. Using the same experimental model developed by Zhang in 2009, the 
authors conducted evaluations in offspring of obese dams 10 days after weaning and exclusively con-
suming a chow diet [8]. At day 28, offspring from obese dams presented higher body weight, white 
adipose mass and food intake than mice from control dams. In addition, they showed an altered serum 
lipid profile, i.e. higher cholesterol, free fatty acids and triacylglycerol content than the control group.

Table 16.1  miRNAs differentially expressed in liver of maternal HFD-fed offspring vs control,  
represented by fold change

miR Fold change (HFD vs Control Offspring)

miR-503* 1,5 ↑
miR-379 1,51
miR-770-3p 1,56
miR-369-3p 1,58
miR-197 1,6
miR-21* 1,6
miR-328 1,62
miR-471 1,62
miR-207 1,78
miR-667 2,04
miR-410 1.51 ↓
miR-804 1.51
miR-323-5p 1.51
let-7c 1.52
miR-302a* 1.54
miR-711 1.61
miR-26a 1.61
miR-122 1.68
miR-216b 1.71
miR-294* 1.71
miR-185 1.76
miR-192 1.79
miR-29a 1.84
miR-194 1.85
miR-145 1.89
miR-126-3p 2.09
miR-762 2.32
miR-16 2.55
miR-1224 2.85
miR-22 2.94
miR-30c-2* 3.28
miR-494 3.61
miR-483 4.93
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Interestingly, in addition to elevated content of inflammation-related proteins, such as p-IKK, 
p-JNK and NFκB, offspring from obese dams presented higher lipid vacuole accumulation accompa-
nied by increased Agpat1 and Scd1 (stearoyl-CoA desaturase 1) and a decrease in Cpt1a and Acadvl 
(acyl-CoA dehydrogenase, very long chain) expression in liver. Agpat is a key enzyme in TAG syn-
thesis, responsible for converting lysophosphatidate into phosphatidate, a substrate for diacylglycerol 
and TAG biosynthesis [40]. Furthermore, Agpat expression is usually altered in lipid-associated dis-
eases in the liver, such as non-alcoholic fatty-liver disease (NAFLD) (Fig. 16.6). Scd1, in turn, is a 
desaturase responsible for monounsaturated fatty acids which serve as substrate for new TAG mole-
cules [41]. The increased expression of these enzymes in the liver of recently weaned offspring from 
obese dams was consistent with their elevated hepatic TAG content. Interestingly, miR-122 seems to 
be related to this phenomenon, since its expression was concomitantly downregulated – the same 
behaviour observed by Zhang and colleagues.

Moreover, the authors demonstrated an increased expression of miR-370 in this model that may 
also play a role in the ectopic fat accumulation in the liver. This miRNA is known to control the 
expression of miR-122 and, in addition, it directly targets Cpt1-α. Long-chain fatty acids constitute 

Fig. 16.5  Maternal high fat diet during gestation and lactation alters hepatic expression of key genes and miRNAs in the 
offspring. A maternal HF diet during gestation and lactation increased hepatic Igf2 expression in the offspring, which 
may be required for the up-regulation of ppar-α/cpt-1a by HF diet. Increased ppar-α suppresses expression of let-7c, 
facilitates hepatic growth. Igf2 could down regulate let-7c through increased expression of ppar-α. Increased expression 
of ppar-α and reduced expression of miR-122 may increase hepatic fatty acid oxidation in the offspring. Igf1 receptor 
(Igf1R) and citrate synthase (CS) are predicted targets shared by both miR-122 and miR-494. Similar to miR-122, mater-
nal HF offspring have reduced miR-494 levels, which favour increased Igf1R and CS activities. Several key proteins 
involved in epigenetics are predicted targets for miRNAs, in particular, methyl-CpG binding protein 2 are predicted tar-
gets for 5 miRNAs (miR-709, let-7s, miR-122, miR-194 and miR-26a) showing reduced levels in maternal HF fed off-
spring. Histone 4 H4 are predicted targets for 5 miRNAs (miR-503*, miR-770-3p, miR-369-3p, miR-197 and miR-667) 
showing increased levels in maternal HF fed offspring. Arrows suggest stimulatory and blocked arrows inhibitory effects. 
Solid lines represent established relationships whereas broken lines represent relationships not yet confirmed experimen-
tally. FFA free fatty acids, CS citrate synthase, ppar-a peroxisome proliferator activated receptor-alpha, cpt carnitine 
pamitoyltransferase, MBD methyl-CpG binding domain protein, MECP2 methyl-CpG-binding protein 2, CHD4 chromo-
domain helicase DNA binding protein 4, DOT1L DOT1-like, histone H3 methyltransferase, HIC2 hypermethylated in 
cancer 2, Hist4H4 histone 4 H4) (Figure was reproduced and legend was modified from Zhang et al. [32])
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the majority of the fatty acids available to cells but they are not able to cross the mitochondrial mem-
brane. Cpt1-α is the enzyme responsible for the translocation of these fatty acids into the mitochon-
dria, providing substrate for β-oxidation. In addition, Acadvl, the enzyme that catalyses the first step 
of β-oxidation (Fig. 16.6), is also downregulated in offspring from obese dams. Thus changes in the 
oxidative pathway are associated with the differential expression of miR-370 and miR-122 that could 
be responsible for liver injury triggered by hepatic lipid accumulation in the offspring of obese dams.

Recently, another study showed that consumption of a high-calorie, fat-rich diet during gestation and 
lactation leads to modulation in several miRNAs in the liver of offspring. Among them, miR-615, miR-
124 and miR-101b were downregulated and miR-143 was upregulated. Bioinformatic analysis showed 
that miR-101b targets genes of inflammatory pathways and miR-143 targets genes involved in adipogen-
esis. As a consequence, an increase in both the mRNA and protein content of TNFα and MAPK1 can be 
seen, as well as higher body weight and impaired glucose homeostasis at weaning age [42].

Thus, it is possible to conclude that maternal consumption of an HFD during critical periods of 
development, such as gestation and lactation, leads to modulation in key miRNAs, which, in turn, alters 
the hepatic lipid metabolism in young offspring. Furthermore, adult offspring from obese dams, even 

Fig. 16.6  Fatty acid metabolism: triacylglycerol synthesis and β-oxidation. Triacylglycerol synthesis starts with the releas-
ing of Acyl-CoA from free fatty acids, which, with glycerol-3-phosphate, is converted to lysophosphatidic acid by GPAT 
(at the endoplasmatic reticulum) or GPAM (mitochondrial form of GPAT). Next, at the endoplasmatic reticulum, AGPAT, 
LIPIN and DGAT act to form TAG molecules. Monoacylglycerol molecules in cytoplasm can also form TAG by MOGAT 
conversion of MAG and diacylglycerol (DAG) into TAG. Otherwise, Acyl-CoA present in cytoplasm can be driven to 
mitochondria by CPT1 and start β-oxidation, where the first step is mediated by ACAD. CPT1 carnitine palmitoyl trans-
ferase 1, ACAD Acyl-CoA dehydrogenase, GPAM glycerol-3-phosphate acyltransferase mitochondrial, GPAT glycerol-
3-phosphate acyltransferase, AGPAT acylglycerol-3-phosphate O-acyltransferase 1, MOGAT monoacylglycerol 
acyltransferase, DGAT diacylglycerol acyltransferase, MAG monoacylglycerol, DAG diacylglycerol, TAG triacylglycerol
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when fed just a control diet after weaning, display the same phenotype as recently weaned offspring: 
reduced sensitivity to insulin, and increased body weight, white adipose mass, expression of inflamma-
tion-related proteins, TAG content and lipid vacuoles, compared to offspring from lean dams.

Recently, Simino et al. observed that miR-122 and miR-370 were modulated earlier at birth in 
offspring from HFD-fed dams, accompanied by hyperinsulinaemia, decreased Cpt1a and Acadvl and 
increased Agpat and Gpam expression in the liver and, moreover, offspring from control dams fos-
tered to HFD-fed dams in the lactation period present the same phenotype [43]. These findings sug-
gest that lipids present in both maternal blood and milk can independently programme offspring for 
impairments in lipid homeostasis. Additionally, in adult life, offspring from obese dams present mod-
ulation of liver miR-122 and miR-370 expression, suggesting that the alterations derived from meta-
bolic programming are permanent (Fig. 16.7).

The hypothesis that miRNA expression in offspring can be modulated by maternal lipids is also 
strengthened by a study that shows that consumption of different sources of fatty acids by mothers in 
the first 12 gestational days differentially influences the miRNA expression in both mother and off-
spring. Among others, miR-215, miR-10b, miR-26, miR-377-3p, miR-21 and miR-192 were differen-
tially modulated in adult offspring according to the type of fatty acid consumed by the dam in early 
pregnancy [44]. The results reinforce three main ideas: (1) maternal consumption of fatty acids is an 
important factor for metabolic programming, (2) the gestational period by itself, disregarding the 
lactation period, can promote important epigenetic alterations in offspring, and (3) metabolic pro-
gramming by fatty acids is a permanent phenomenon, persisting into adult life.

An excess of dietary lipids and chronic subclinical inflammation seems to be a common point of 
most studies and could mediate changes in the expression of microRNAs.

Some authors have shown pro-inflammatory components in the placenta in humans [24], rats [45] 
and sheep [46] in response to maternal HFD consumption and obesity. Indeed it seems that uterine 

Fig. 16.7  Impaired lipid homeostasis by microRNA modulation in foetal metabolic programming. Maternal obesity 
and consumption of a high-fat diet programme foetal metabolism through epigenetic mechanisms and lead offspring to 
an altered phenotype and modulation of key liver microRNA expression. Hepatic miR-370 is upregulated while miR-
122 is downregulated, inducing a decrease in fatty acid oxidation and increase in triacylglycerol synthesis, respectively. 
These alterations impair lipid metabolism and, as a consequence, offspring present a harmful response when exposed to 
a high-fat diet in later life. HFD high-fat diet
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changes and embryonic inflammation precede placentation. Blastocyst gene expression at day 4.5 
post-coitum was clearly influenced by maternal obesity in rats. In the same study, increased inflam-
mation in the uterus, ectopic lipid accumulation and altered expression of lipid metabolic genes were 
also observed [47].

These effects can be related to the increase in placental transport of amino acids, glucose and fatty 
acids [48] observed in pregnancy associated with HFD consumption.

Although controversial, the increase of circulating lipids seems to be a mediator of foetal program-
ming [49–51].

Nevertheless, fatty acids are not the only nutrient that can lead to foetal programming by hepatic 
miRNA modulation in offspring. Studies have shown that a maternal low-protein diet induces epigen-
etic changes through differential miRNA expression. In 2012, Jia and colleagues demonstrated that 
maternal malnutrition through consumption of a low-protein diet during pregnancy impairs epigenetic 
mechanisms, including hepatic miRNA expression, in a gender-dependent manner in newborn piglets, 
leading to altered G6PC (glucose-6-phosphatase) gene expression [52]. A maternal low-protein diet 
also increases miR-130b and miR-374b in recently weaned piglets, modulating the hepatic expression 
of PPAR-γ (peroxisome proliferator-activated receptor-γ) and C/EBP-β (CCAAT/enhancer-binding 
protein β), respectively and, thus, regulating lipid metabolism and adipogenesis [53]. Additionally, 
protein restriction during pregnancy also induces miRNA modulation (miR-199a-3p and miR-342) in 
β cells in newborn mice, downregulating mTOR (mechanistic target of rapamycin) expression in this 
cells and modulating insulin secretion and global glucose homeostasis [54].

In addition to the effects of the maternal diet in the expression of miRNAs in offspring, the pater-
nal diet may also affect miRNA expression. Recently, a study published by French researchers sup-
ported the evidence of paternal heredity of diet-induced obesity and metabolic disorders [55]. The 
authors showed that microinjection of total RNA (including several microRNAs) from testis or 
sperm transcriptome of male mice fed a Western-like diet into naive one-cell embryos leads to the 
establishment of a Western-like diet-induced metabolic phenotype in the resulting progenies, repre-
sented by glucose intolerance and insulin resistance. On the other hand, RNAs prepared from healthy 
controls did not promote the same effect. Importantly, injection of miR-19b induced metabolic alter-
ations that were similar to the obese phenotype and were inherited by the offspring after crosses with 
healthy partners [55].

Interestingly, recent evidence from a swine model of maternal obesity suggests that increased risk 
of liver disease can be programmed transgenerationally, since early post-natal increases in adiposity 
and markers of paediatric liver disease are found in male piglets of obese grandmothers [56].

Although all the above-mentioned studies were conducted in non-human models, probably due to 
experimental difficulties and ethical issues surrounding research in humans, particularly in foetuses 
and newborns, there is a lot of evidence to suggest that the studies of foetal metabolic programming 
involving miRNA expression are promising and the differential expression of these molecules is 
already being correlated with gestational obesity and used to predict gestational diabetes in plasma 
from pregnant women [57, 58].

�Conclusion

In summary, nutritional and weight gain monitoring during pregnancy is an important prophylactic 
action aimed at preventing metabolic disorders in later life in offspring. Importantly, the research of 
dietary interventions or supplementation for preventing placental inflammation in obese mothers and 
metabolic complications among offspring is also very exciting.
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Key Points

•	 Maternal obesity is induced by diets high in fat; however variations of the diet warrant caution 
when comparing results from different studies.

•	 Timing of the HFD exposure has differential effects on offspring weight, physiology and 
behaviour.

•	 Some studies have reported that HFD alters the maternal HPA axis, maternal behaviour and milk 
production.

•	 Developmental exposure to HFD programmes offspring HPA axis physiology by altering basal and 
stress-induced levels of corticosterone.

•	 Offspring of HFD litters exhibit increased anxiety-like behaviour.
•	 Epigenetic modifications in offspring exposed to maternal HFD may contribute to phenotype.

Keywords  Maternal obesity • High-fat diet • Gestation • Lactation • Developmental programming • 
Hypothalamic-pituitary-adrenal axis • Corticosterone • Anxiety • Stress • Epigenetics • DNA 
methylation
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Cort	 Corticosterone
CRH	 Corticotropin-releasing hormone
DNMT1	 DNA methyltransferase
DOHaD	 Developmental Origins of Health and Disease
E	 Embryonic day
GADD45b	 Growth arrest and DNA damage-inducible beta
GR	 Glucocorticoid receptor
HFD	 High-fat diet
HPA	 Hypothalamic-pituitary-adrenal
MR	 Mineralocorticoid receptor
NFκB	 Nuclear factor κB
PFC	 Prefrontal cortex
PND	 Postnatal day
POMC	 Proopiomelanocortin
PVN	 Paraventicular nucleus

�Introduction

Obesity is recognized as a major threat to public health and a risk factor for many chronic diseases. 
The prevalence of obesity has risen dramatically worldwide in the last 30 years, including in women 
of reproductive age [1, 2]. A number of studies in humans have indicated that maternal obesity is a 
major factor in predisposing the offspring to develop metabolic disorders [3]. There is also evidence 
linking maternal obesity to the development of a number of neuropsychological disorders in the off-
spring including anxiety and depression, schizophrenia, ADHD and cognitive impairments [4]. It is 
important to acknowledge that psychosocial stress is a risk factor for obesity and, as such, may influ-
ence physiological systems and behaviours related to poor metabolic outcomes. For example, chronic 
stress due to job demand and low socioeconomic position is associated with obesity [5]. It has been 
proposed that the influence of stress on the regulation of food intake could be explained in part by 
effects on shared neurocircuitry and by shared effects on the hypothalamic-pituitary-adrenal (HPA) 
axis, mediating the endocrine response to stress (Fig. 17.1) [6, 7]. For example, in rodent models, 
obesity and chronic stress are associated with a hyperactivated HPA axis and elevated glucocorticoid 
levels [8, 9]. Prenatal and early postnatal psychological or nutritional environments can cause persis-
tent alterations in the HPA axis, leading to the development of stress-related cognitive, emotional and 
social adaptations in human and animal models [10–16]. Adaptations to early life events through 
stable alterations in phenotype are typically referred to as “early life programming” [17]. Several 
studies have reported that epigenetic modifications, which regulate gene expression, could help to 
explain these long-lasting changes [18–20]. In this review, we will focus our discussion on rodent 
models of the effects of maternal overnutrition in the form of high-fat diet (HFD) on offspring mental 
health, more specifically HPA axis-mediated behaviours.

�Rodent Models of Maternal HFD

A number of rodent models have been used to study the Developmental Origins of Health and Disease 
(DOHaD), including the impact of the early life nutritional environment on behaviour, physiology and 
gene regulatory mechanisms. Generally, increasing the fat content of a diet to over 30% has been 
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demonstrated to induce obesity in rodents, which is also associated with a dysfunctional HPA axis and 
related behavioural dysfunction [21–23]. However, several variations of the diet exist under the broad 
umbrella of HFD, which likely contribute to the variability in results found in the field of HFD-
induced obesity. For example, commercially available diets offer a number of purified HFDs with a 
range of between 20% and 60% fat content. In addition, there is a substantial variation in the type of 
fatty acid in the diet, ranging from primarily animal sources (i.e. lard, beef tallow, fish oil) to plant 
sources (i.e. corn, soybean, olive) [23–25]. For example, a recent report [26] has shown that saturated 
and monounsaturated fat have different effects on mesolimbic function in rats. Another paradigm that 
has been used to induce obesity in rodents is “cafeteria diet” or “junk food diet”, where a combination 
of highly palatable human food (i.e. potato chips, cookies, chocolate, cheese, etc.) is given to the 
animal with ad libitum access to the regular chow diet. This type of diet has received some criticism 
due to the difficulty of accurately measuring nutrient intake and the variation in caloric content and 
type [25]. While acknowledging the different types of HFD regimen used to study diet-induced obe-
sity in the literature and their possible contribution to variation in the results across studies, here we 
will explore the effects of maternal consumption of HFD on the development of HPA axis and emo-
tionality in the offspring. However, we will begin by discussing the effects of the HFD on the mothers, 
who are the first level of interface between the offspring and their environment.

Fig. 17.1  The hypothalamic-pituitary-adrenal axis. The hypothalamic-pituitary-adrenal (HPA) axis orchestrates a hor-
monal cascade to regulate the endocrine stress response and maintain homeostatic equilibrium. Upon exposure to a 
stressor, the paraventricular nucleus (PVN) of the hypothalamus receives coordinated neuronal inputs from different 
stress monitoring brain regions, leading to the release of corticotropin-releasing hormone (CRH) that reaches the ante-
rior pituitary gland and induces the release of adrenocorticotropic hormone (ACTH). Through systemic circulation, 
ACTH reaches the adrenal cortex, stimulating the release of the downstream effecter of the HPA axis, corticosterone. 
Corticosterone has a wide range of effects on the body in response to stress and leads to feedback through its interaction 
with corticosteroid receptors, including the glucocorticoid receptor (GR) (Modified from Robert Sanders. New neurons 
help us remember fear. Adapted from http://news.berkeley.edu/2011/06/14/new-neurons-help-to-remember-fear/)
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�HFD Effects on the Mothers

In many species, offspring are exposed to their early environment primarily through the mother. 
Therefore, in order to understand how early environments affect the offspring, the effects of environ-
mental factors that influence offspring development should be examined in the mother. There are a 
number of paradigms of HFD exposure that have been developed to study the effect of the time of 
exposure of this diet during offspring development and to distinguish between effects of maternal 
obesity and the diet itself.

One way in which maternal obesity has been modelled in rodents is by feeding females HFD for at 
least 4 weeks prior to gestation and continued throughout gestation and lactation. The pregestational 
exposure to the HFD leads to an increase in body weight of the females and an increase in their caloric 
intake [13, 14, 27–31]. Also, there is evidence of an increase in glucose levels in the blood and devel-
opment of insulin resistance [28]. In our laboratory, we have shown [21] that adult females exposed 
to HFD for 8 weeks develop anxiety-like behaviour and a decrease in glucocorticoid receptors in the 
brain, while others have shown [32] an increase in basal levels of Cort in plasma. These findings indi-
cate that these animals already have an altered HPA axis prior to gestation.

Once pregnant and still maintained on the HFD, the dams continue to gain more weight and con-
sume more calories [13, 33]. In addition, obese dams show a decrease in basal locomotor activity 
which could contribute to their body weight gain [29, 34]. HFD consumption leads to an elevated 
basal Cort levels during gestation [29, 35], which was accompanied by a decrease in placental 11beta-
hydroxysteroid dehydrogenase (11β-HSD) type 2, an enzyme that rapidly metabolizes maternal Cort 
to deactivate it before entering the foetal circulation [29]. These effects are similar to effects of prena-
tal stress [36], which could suggest that HFD is acting as a stressor during this sensitive period of 
development.

Obese dams have been reported in some studies [15, 30, 33, 37] to lose weight during lactation – a 
finding that is not fully understood. However, one study [15] suggested an increased investment in 
energy in milk production in these dams compared to control dams could explain the higher weight 
loss. Indeed, in studies of milk composition [38–40], it was found that maternal milk is higher in 
energy provided by higher fat and protein content in obese dams compared to those on a control diet. 
One study reported [41] that HFD dams are more active during the dark phase of the circadian cycle 
during lactation. Thus, the increase in locomotor activity during the dark phase might account, in part, 
for the weight loss observed in obese dams. Further, dams during late gestation and lactation become 
hyperphagic and accumulate visceral fat in order to meet the demands of lactation, and this is regu-
lated in part by an increase in prolactin, a key hormone for milk production, during this period [42]. 
A recent study [37] indicated that obese HFD mice are unresponsive to prolactin signalling in both 
mammary glands and the hypothalamus during lactation and that this unresponsiveness is mediated 
by the high levels of leptin in obese animals, a common feature seen in obese dams [27, 37]. 
Interestingly, one study [20] reported that HFD dams’ weight loss during lactation was correlated with 
demethylation of the proopiomelanocortin (POMC) gene in the arcuate nucleus where it functions to 
inhibit food intake. In addition, the weight loss was also correlated with the increased expression of 
the growth arrest and DNA damage-inducible beta (GADD45b) gene, which has been associated with 
the active demethylation of DNA [20].

A few studies that use mice to study maternal HFD have reported increased pup cannibalism, 
reduced lactation and reduced maternal retrieval behaviour, all of which contribute to a lower survival 
rate of litters. These effects may also be explained in part by the insensitivity to prolactin, which plays 
a role in maternal behaviour and pup retrieval [29, 37, 43, 44]. HFD mouse dams also show lower 
c-fos expression in the olfactory bulb during gestation, which could explain the increased cannibalism 
and reduced retrieval of their pups, since olfaction plays an important role in identifying the pup and 
initiating maternal behaviour [29, 45]. On the other hand, at least two studies in rats [40, 41] have 
reported increased maternal behaviour in HFD dams, seen by an increase in arched back nursing and 
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a decrease in time away from the pups. HFD rat dams have shown delayed lactation during a weigh-
suckle-weigh test, where the pups were separated from their dams for 4 h and weighed then returned 
to their mothers for 30 min and weighed again to measure milk yield. The HFD dams had lower milk 
yield compared to controls on postnatal day (PND) 1; however by PND 2, the milk yield was compa-
rable to between HFD and control dams [46]. This was accompanied by an increase in inflammatory 
cytokine production in mammary glands. An earlier study [27] showed that HFD dams have higher 
pro-inflammatory cytokine in their plasma during lactation, indicating a systemic inflammation. 
Inflammation is highly influenced by altered HPA axis as we will discuss below. Alterations in the 
HPA axis in lactating HFD dams have recently been reported, where the dams showed a low basal 
Cort level, an increase in their reactivity to adrenocorticotropin-releasing hormone (ACTH) injection 
and increased anxiety-like behaviour compared to control dams [47]. This was associated with an 
alteration adrenal lipid supply and steroidogenesis. As evident by the results discussed above, HFD 
and maternal obesity alter several aspects of maternal physiology and behaviour, which in turn appear 
to contribute to the programming of offspring phenotype.

�Maternal Obesity Effects on Offspring HPA Axis and Stress-Related 
Behaviours

Work in our laboratory and others [13, 27, 35, 48, 49] has demonstrated that maternal obesity leads to an 
increase in anxiety-like behaviour in adult offspring in novelty-induced approach/avoidance tasks. We 
found [13] that the increase in anxiety-like behaviour was accompanied by an increase in GR gene expres-
sion in the amygdala, a brain region where GR activation potentiates the HPA response to stress [50]. In 
tandem, we found that adult female offspring exhibited a more reactive HPA axis, as they released higher 
levels of Cort in response to restraint stress. A recent study [51] measuring HPA axis reactivity to a 
repeated restraint stress reported a higher Cort response in HFD adult offspring of HFD dams and showed 
an impaired habituation of the HPA response to repeated restraint after four restraint trials compared to 
the controls. The same study also measured depressive-like behaviour in the adult offspring after 14 days 
of chronic unpredictable mild stress, where the animals were randomly exposed to nine different mild 
stressors, and found an increase in anhedonia and learned helplessness in offspring, which was also pres-
ent prior to the chronic unpredictable mild stress in young adult HFD offspring. Corticotropin-releasing 
hormone (CRH), a key activator of the HPA axis, was highly expressed in the paraventicular nucleus 
(PVN) of the hypothalamus of adult offspring exposed to HFD during development [52].

Perinatal HFD effects may lead to a differential anxiety-like behaviour profiles between adolescents 
and adults, where a decrease in anxiety-like behaviour and an accompanying increase in GR levels in 
the hippocampus were observed in adolescent offspring [14]. The hippocampus is a primary region 
through which GR inhibits HPA axis activity, which could explain the decrease in anxiety-like behav-
iour in adolescent animals [14]. The decrease in anxiety-like behaviour in adolescents has been reported 
previously in several studies investigating other forms of early life stress and could potentially be an 
indication of an increased impulsivity in these animals [14]. Risk-taking behaviour is considered one 
of the hallmarks of adolescent behaviour, and it has been suggested that early life environment could 
augment the display of this behaviour [14, 53]. A recent study [54] showed that adult offspring of obese 
dams had an increased impulsivity when tested on a five-choice serial reaction time test.

An examination of Cort levels in offspring of obese dams at different ages revealed low basal Cort 
level at birth compared to control animals that later changed to higher basal Cort levels at 3 weeks of 
age and in adulthood in HFD offspring compared to control offspring. However, these animals also 
had higher weights in adulthood compared to controls, a finding that is not always observed [13, 55, 
56] and could potentially explain the high basal Cort levels. In contrast, we have previously found 
evidence of [13] low basal Cort levels in the HFD offspring and an increase in mineralocorticoid 
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receptor (MR) in the amygdala. At basal levels, MR binds Cort with high affinity, which might explain 
the decreased basal Cort levels seen in the HFD offspring [50]. Anxious behaviour was also seen in 
HFD juvenile female offspring of non-human primates [11].

Cort and GR expression are believed to modulate inflammatory responses in the body and the 
brain, which are upregulated as mentioned above in response to developmental HFD exposure [13, 27, 
31, 57]. Consequently, some work has revealed [13, 27, 31, 49] an increase in inflammation in the 
brains of HFD offspring, revealed by an activation in microglia and increased pro-inflammatory cyto-
kines. In addition, increased inflammation in the limbic regions of the brain has been linked to anxiety 
and depression [58]. Increased oxidative damage has been observed in HFD offspring [31, 59]. 
Nuclear factor κB (NFκB), a pro-inflammatory transcription factor, which was upregulated in the 
amygdala of HFD offspring, is known to induce oxidative stress in neurons [13, 60].

Oxidative stress has also been reported in a number of anxiety disorders in humans [60]. An oxida-
tive stress-mediated reduction in brain-derived neurotrophic factor (BDNF) in the hippocampus of 
HFD offspring has been reported, which was associated with decreased neurogenesis and impaired 
arborization of hippocampal neurons [59]. Hippocampal plasticity that is governed by BDNF levels is 
highly sensitive to the HPA axis and is altered in anxiety disorders and depression [61, 62].

Overall, this evidence suggests that developmental exposure to maternal obesity has an impact on 
the HPA axis of the offspring, reflected at least in part in an alteration in their behaviour, HPA axis 
physiology and stress-related gene expression, though additional mechanisms are also involved. 
Procedural variations in the timing of HFD exposure during development can lead to differential 
effects on the offspring HPA axis and behaviour, as we will discuss below.

�Timing of HFD Exposure During Development and Its Effects 
on the Offspring

Other dietary paradigms have been developed to try to understand the effects of maternal HFD con-
sumption in the presence or absence of maternal obesity at different developmental stages, during 
gestation and/or lactation (Fig. 17.2). For instance, in one study [63], the authors investigated whether 
obesity prior to conception and not during gestation and lactation could programme the offspring 
brain. Using embryo transfer from obese or lean donor mice into obese or lean pseudopregnant dams, 
pregestational obesity alone was found to alter gene expression of the μ-opioid receptor, which plays 
a role in reward signalling in the nucleus accumbens. However, obesity during gestation and lactation 
had a more pronounced impact on increasing gene expression in other brain regions in the same study. 
Others also showed [15] that pregestational obesity alone could impact behaviour in the offspring 
seen by reduced activity in the elevated plus maze and open field tests.

Two procedures that have been used to examine the effect of gestational and/or lactational HFD 
effects on offspring are diet intervention during gestation or lactation and cross-fostering. In the diet 
intervention procedure, the dams are switched from HFD in gestation to control diet in lactation or 
from control diet in gestation to HFD in lactation. In the cross-fostering procedure, offspring from 
HFD dams are cross-fostered to control diet dams and vice versa. While these study designs have been 
used in a number of studies investigating metabolic programming in the offspring (see [3] for review), 
there are limited studies looking at the effect of these manipulations on behavioural outcomes in off-
spring. One study [56] investigating the effects of maternal HFD on offspring HPA axis has shown 
that gestational HFD was shown to cause an elevation of basal Cort levels in the offspring that was not 
rescued by control diet during lactation. Another study [49] found that gestational HFD leads to 
increased anxiety-like behaviour in female offspring that was not observed in offspring exposed to the 
HFD during lactation alone. In addition, while increased microglial activation and pro-inflammatory 
cytokine levels were observed in female offspring of dam exposed to gestational HFD, offspring 
switched onto control diet during the dams’ lactational period did not show this inflammatory response 
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[49]. Further, there is evidence suggesting that adult male offspring exposed to maternal HFD during 
the dams’ lactational period alone exhibit reduced anxiety-like behaviour [15]. Another report [64] 
found reduced anxiety-like behaviour in adult male offspring when exposed to HFD during the dams’ 
gestational period alone. However, at 12 months of age, offspring had an increase in anxiety-like 
behaviour due to the gestational HFD exposure [64]. Lactational exposure to HFD alone leads to a 
blunted HPA axis response to stress in neonates from HFD litters, which was suggested to be medi-
ated via the high levels of leptin in the offspring, as earlier reports indicated that leptin inhibits the 
ACTH response to stress in neonatal rats [65]. However, in adolescence, the offspring had a height-
ened HPA axis response to stress compared to control rats, and their leptin levels were normalized at 
that age [66]. Leptin, in addition to its role in food intake and energy homeostasis, plays a role in regu-
lating the HPA axis, where it downregulates CRH mRNA levels in the PNV and increases GR levels 
in the hippocampus and hypothalamus [7, 65, 66]. At the same time, at high levels, Cort is believed to 
stimulate the secretion of leptin, indicating a reciprocal relationship between the two hormones [67]. 
It is clear that HFD has differential effects depending on the developmental timing of exposure. More 
research is necessary to disentangle the mechanisms by which these effects occur, especially given the 
complex relationship between the HPA axis and hormones that regulate diet and energy homeostasis. 
In the next section, we discuss evidence suggesting that the long-term effects of maternal HFD on 
offspring behavioural phenotype may, at least in part, involve epigenetic modifications.

�Epigenetic Mechanisms of Maternal Programming in Offspring

Epigenetic modifications cause an alteration in the expression patterns of genes without changing the 
underlying sequences [68]. These epigenetic regulations include DNA modifications, histone modifi-
cations and non-coding RNA (Fig. 17.3) [68]. DNA methylation has been extensively studied and has 
been considered a relatively stable epigenetic modification. Recent research has indicated that, in 
certain conditions, this mark may remain dynamic throughout the lifespan [68]. DNA methylation of 

Fig. 17.2  Timing of high-fat diet exposure. Timeline of common dietary exposure protocols throughout early develop-
ment along with selected references
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cytosine and guanine (CpG)-rich sites at gene promoters, where a methyl group is added to the 5′ 
cytosines, leads, in many cases, to repression of gene expression [69]. Recently, 5-hydroxymethylcytosine 
(5-hmC), thought to be an intermediary DNA modification between fully methylated and unmethyl-
ated DNA, may contribute to the dynamic nature of DNA modifications [68]. As discussed above, the 
HPA axis appears to be highly impacted by and act as a sensor of early life environment that later 
shapes the organism’s response to stress and consequently modulating its mental health [17]. 
Methylation of GR in the brain’s limbic regions has been shown to be involved in HPA axis program-
ming seen in many models of early life stress [68].

There is evidence that the maternal diet is associated with alterations in the epigenome of the off-
spring and offspring phenotype. For instance, supplementing obese agouti dams, an animal model of 
obesity, with methyl donors in their diet led to the methylation and silencing of the agouti gene in 
offspring, sparing them the obese phenotype [70]. Maternal HFD has also been reported to impact the 
offspring epigenome. Adult offspring of HFD dams exhibited global DNA hypomethylation in the 
hypothalamus and the prefrontal cortex (PFC) compared to control offspring, which was reversed 
when dams were supplemented with methyl donors in their diets [71, 72]. This was associated with 
an overexpression in the DNA methyltransferase DNMT1 in the PFC, which was positively correlated 
with impulsive behaviour in adult offspring [54]. Increased methylation was observed in the POMC 
gene promoter, a precursor to ACTH, and α-melanocyte-stimulating hormone (α-MSH), an anorexi-
genic neuropeptide, in the arcuate nucleus of the hypothalamus of HFD offspring [20]. This reduction 
could indirectly affect the HPA axis. For example, POMC is also a precursor to β-endorphin which 
has an inhibitory effect on CRH release [73]. Global hypomethylation was observed in HFD female 
placentas, associated with a downregulation of DNMT3l, a de novo DNA methyltransferase [74, 75]. 
This exciting field is still in its infancy, and future work will help elucidate the epigenetic alterations 
associated with maternal HFD in brain regions and genes regulating HPA axis function.

Fig. 17.3  Epigenetic regulation of transcription. There are a number of epigenetic mechanisms the cell uses to regulate 
gene expression. These include the modification of histone tails, DNA methylation modifications at the 5′ end of cyto-
sines in cytosine- and guanine-rich regions and the expression of non-coding RNAs
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�Consideration of Relevance of Rodent Models as Translational Models: 
Strengths and Limitations

Animal models have been successful in recapitulating some aspects of maternal obesity effects in 
human offspring, such as the alteration in metabolic outcomes [3]. More work is needed to character-
ize the emotional and behavioural phenotypes in both human and animal models; however, important 
parallels have emerged between the human and animal literature. Maternal obesity in humans is asso-
ciated with emotional dysregulation, as children from obese mothers were reported to have increased 
fear and sadness [4]. In animals, as discussed above, offspring from HFD dams exhibit increased anxi-
ety and depression-like behaviours in a number of studies [13, 48, 52]. However, a few considerations 
need to be taken into account when comparing studies of animal models of maternal HFD consump-
tion. First, the timing of exposure varies across studies. For example, many of the studies start HFD 
feeding in the dam prior to gestation. However, the duration of the pregestational exposure varies 
among studies, ranging from HFD exposure from weaning age to mating to a few weeks prior to mat-
ing. This difference in the duration of maternal exposure might yield different outcomes. For instance, 
starting the HFD regimen from the weaning period in the prospective dams was reported to result in 
higher body weights in the offspring that were maintained until adulthood along with elevated Cort 
levels [56], a result not found by a number of studies using more restricted maternal exposures to HFD 
[13, 19, 55]. Second, as discussed earlier, lactational compared to gestational exposure to HFD is 
associated with differential behavioural outcomes. Maternal metabolic hormones such as insulin and 
leptin, which depend on the duration of HFD feeding in the dams, are either unreported or variable 
across studies. Insulin and leptin act as growth factors in the brain and could influence the develop-
ment and maturation of neurocircuitry in the brain of the offspring, which in turn could influence the 
behaviour and physiology of the offspring [3, 28]. In order to better characterize the phenotype of the 
offspring, we suggest measuring and reporting maternal leptin and insulin levels as a way to validate 
the HFD exposure protocol used in the study and to help compare the results across models of mater-
nal HFD. Consequently, this will help improve our understanding of how these maternal hormones 
could play a role in mediating the effects of the HFD on the offspring.

It is essential to acknowledge the difference in brain development when translating rodent finding 
to humans. For example, the prenatal period is a time of heightened neurogenesis, while important 
milestones in neurocircuit development and changes in connectivity occur during the early postnatal 
period of development in rodents and during the third trimester in humans [3, 28]. Thus, the early 
postnatal period in rodents diverges from conditions during human development, where these mile-
stones occur in utero.

The timing of the developmental expression of GR in the brain between the rodent and humans is 
also different. In the foetal rat brain, GR is first detected at embryonic day (E) 13 at low levels that 
increase rapidly after birth [17]; however, GR expression in humans is detected in the hippocampus 
between 23 and 34 weeks of gestation, and its level stays stable in the early postpartum period [17]. It 
is important to be cognizant of limitations in directly translating the results from rodent studies to 
humans, despite the obvious advantages of rodent studies vis-à-vis a causal and mechanistic under-
standing of dietary effects.

�Conclusions

There is evidence that maternal nutritional status is an important contributor to programming the off-
spring HPA axis and behavioural outcomes. Here, we have reviewed behavioural and physiological 
outcomes of HFD feeding in both mothers and their offspring (Fig. 17.4). A number of reports suggest 
that mothers consuming a HFD display altered HPA axis physiology and maternal behaviour. We and 
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others have found that offspring develop abnormal emotionality along with alterations in stress reactivity 
and gene expression of stress-related genes. It is possible that epigenetic modifications may underlie 
some of these effects. The limitations of animal models of maternal HFD effects include differences in 
the diets and timing of exposure that have distinct consequences for the phenotype, and important 
differences exist between humans and rodent models of maternal HFD. Future research in this area 
may benefit from the use of endocrine measures including circulating levels of leptin and insulin to 
validate the consequences of maternal HFD exposures on dams when examining their offspring.
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Key Points

•	 Excess maternal junk food intake during pregnancy and/or lactation is associated with an increased 
fat mass and increased preference for high-fat/high-sugar foods in the offspring.

•	 These effects are present from the time of weaning and persist through the life course.
•	 Excess maternal junk food intake results in altered development of a large number of physiological 

systems in the offspring, including key systems regulating fat deposition, food intake!! and food 
preferences.

•	 Altered development of the fat cells and central reward pathways in the offspring are thought to 
underlie the increased fat mass and increased preference for fat and sugar in these offspring.

•	 The impact of maternal junk food diets on the offspring is often different between males and 
females, and it is therefore important to consider the sex of the offspring in these studies.
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�Introduction

The increased availability and consumption of high-fat, high-sugar, highly palatable ‘junk foods’ in 
conjunction with decreased levels of physical activity over the past three to four decades has been 
cited as a major contributor to the current worldwide epidemic of obesity, poor cardiometabolic health 
and cancer [1–3]. It is also clear, however, that an individual’s susceptibility to developing obesity and 
its associated comorbidities is critically dependent on environmental exposures they experience 
before birth and/or in early postnatal life [4]. Exposure to an excessive nutrient supply, as a conse-
quence of maternal obesity, maternal diabetes!! and/or maternal overnutrition, is particularly detri-
mental for the future metabolic health of the offspring [5]. This has created an intergenerational cycle 
in which women who enter pregnancy overweight or obese give birth to infants who are typically, 
though not always, heavier at birth and go on to be at increased risk of obesity and cardiometabolic 
disease as children, adolescents!! and adults (Fig. 18.1). More recent research has attempted to define 
the biological mechanisms through which exposure to an increased nutrient supply in general, and 
exposure to excess maternal junk food intake in particular, acts to predispose the offspring to later 
obesity. These studies have demonstrated that perinatal junk food exposure has negative effects on the 
development of almost all organs and physiological systems investigated to date, including those 
regulating insulin signalling in skeletal muscle, hepatic lipid metabolism!! and pancreatic insulin 
secretion [6–9].

Two of the major targets of metabolic programming by perinatal junk food exposure are the devel-
oping fat cell, or adipocyte, and the central neural networks regulating appetite and the response to 
reward. A number of studies have demonstrated that maternal overnutrition is associated with a pre-
cocial activation of lipogenic pathways in foetal and neonatal fat depots, which leads to early accumu-
lation of excess fat tissue and persistently increases the capacity of the fat depots for fat storage [6]. 
Perinatal exposure to nutritional excess, in particular high levels of fat and/or sugar, also leads to 
permanent alteration in the structure and function of the appetite and reward pathways in the brain, 
resulting in increased appetite drive and a shift in food preferences towards highly palatable (high-fat, 
high-sugar) foods in the offspring through the life course [7, 10].

Fig. 18.1  Schematic representation of the intergenerational cycle of obesity. Maternal overnutrition during pregnancy 
can predispose the offspring towards increased fat consumption and diet-induced obesity (Adapted from McMillen 
et al. [59])
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This chapter will summarise the evidence from both human and animal studies which has sup-
ported the critical role of maternal overnutrition, in particular excess intake of junk foods, in the 
programming of fat mass and food preferences in the offspring. It will describe our current under-
standing of the underlying mechanisms, highlight the sex-specific nature of the effects and identify 
the key knowledge gaps which remain to be addressed.

�Definition of the ‘Junk Food’ Diet

While junk food is a term in mainstream use, and there is a general concept of what foods it refers to, 
it is important to define its meaning in the context of this chapter. In the context of developmental 
programming by excess maternal junk food intake, the junk food label is applied to any food which is 
high in fat, sugar and/or salt, energy dense, nutrient poor as well as highly palatable [11]. In some 
healthcare and public health settings, these foods will be referred to as non-core foods. Junk food is 
clearly a broad label; however, the key feature is the lack of nutrient density in relation to energy 
content. In animal models, junk food diets are often referred to as cafeteria diets. These diets typically 
include a range of human junk foods (examples of the cafeteria diet composition are included in 
Table 18.1) and have been used extensively in rodents to model the effects of overconsumption of junk 
food in humans. Cafeteria diet protocols were initially developed by Rothwell and Stock [12] to 
induce obesity in rodents and explore their impact on thermogenesis.

Cafeteria diets are designed to replicate some aspects of poor quality western style diets, but are 
generally somewhat more extreme (i.e., with a higher caloric density and poorer nutritional quality) 
than the typical western diets consumed by humans. It is therefore important to note that the pheno-
types produced by feeding animals such diets are more pronounced, and manifest more quickly, than 
the response to the consumption of typical western style diets. Nevertheless, the use of junk food or 
cafeteria diets in animal research has been shown to produce a phenotype more comparable to the 
features of diet-induced obesity in humans, than experimental rodent diets which are based on stan-
dard rodent feeds with the addition of extra fat or sugar [13, 14]. Studies which utilise junk food/
cafeteria diets also take advantage of the ability of highly palatable foods to act as natural rewards, by 
activating central reward processing pathways. The main disadvantage of the junk food protocol is 
that food and nutrient intake is not consistent between animals, or sometimes between experiments. 
However, models based on junk food feeding have been reported as being superior to other approaches 
to inducing obesity in rodents [15]. While experimental high-fat and high-sugar diets have the advan-
tage of a defined and consistent nutritional composition, they do not replicate the increased palatabil-
ity created by combining fat and sugar as well as including a variety of different foods and can induce 
profiles of fatty acid intake that are of little relevance to human diets and which may have extreme 
metabolic and physiological consequences [15].

Table 18.1  Examples of the composition of ‘junk food’ diets used in studies which have investigated the effect of 
maternal ‘junk food’ diets on the programming of food preferences and diet-induced obesity in the offspring

Study Diet composition

Bayol et al. (2007) Biscuits, flapjacks, cheese, crisps, doughnuts, muffins, chocolate, marshmallows
Wright et al. (2011) Biscuits, potato chips, fruit and nut chocolate, Mars bars, cheddar cheese, golden syrup 

cake, pork pie, cocktail sausages, liver and bacon pate, strawberry jam and peanuts
Ong et al. (2011) Peanut butter, hazelnut spread, chocolate biscuits, cheese and bacon balls, Fruit Loops, 

lard and chow mix
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�Maternal Junk Food Consumption and Offspring Outcomes

�Pregnancy and Neonatal Outcomes

Most of the studies to date which have investigated the impact of maternal junk food diets have ran-
domly assigned dams to consume either a nutritionally balanced, standard rodent feed or a cafeteria 
diet (as defined above) prior to or from mating until the end of lactation. In most studies, the cafeteria 
diet has been provided to dams for at least 2 weeks prior to mating and then continued through preg-
nancy and lactation. While longer periods of maternal junk food consumption prior to mating can be 
associated with greater differences in maternal body weight/fat mass between dietary groups at the 
time of mating, and during pregnancy and lactation, prolonged periods of junk food feeding and/or 
excess weight gain can reduce fertility, leading to difficulties in achieving and maintaining pregnancy. 
This is consistent with what is observed clinically, where maternal obesity is associated with an 
increase in the risk of pregnancy complications, including stillbirth [16]. Studies in which pre-feeding 
of cafeteria diet lasts for 8 weeks prior to mating have found that fertility is impaired, although neo-
natal survival is not consistently impacted upon [17–19].

The effect of maternal junk food diets on birth weight of the offspring differs between studies; with 
some studies reporting reductions in birth weight of the offspring [20–22], while other studies have 
reported either increases [23] or no differences [10] in the birth weight of offspring of junk food dams 
compared to controls. It has been suggested that these different outcomes could be related to differ-
ences in the composition of the cafeteria diets used in these studies, particularly the protein content, 
as studies in which protein intakes in the cafeteria group are reduced typically report reductions in 
birth weight of the offspring. Differences in the content of key micronutrients between diets may also 
play an important role in driving these differential effects.

�Offspring Growth and Fat Mass

There are also differences between studies in the effects of maternal cafeteria diets on body weight 
of the offspring after birth. Some studies have reported an increase in bodyweight from birth and 
continuing throughout the life course [24], while others have reported either no difference or reduced 
body weights at weaning in the offspring of junk food-fed dams [17, 25, 26]. The reduction in body 
weight at weaning in offspring exposed to a junk food diet is perhaps counterintuitive, given that the 
increased amount of energy being consumed by junk food dams in most of these studies. However, 
the deficits in pup growth may be related to reductions in the quality or quantity of the dam’s milk, 
since maternal junk food consumption and obesity have been associated with impaired milk produc-
tion/lactation performance in both humans and animals [27–29] or impacts of the cafeteria diet on 
maternal care [30].

Despite differences between studies in the observed effects on offspring body weight, however, 
all studies have consistently demonstrated that offspring of junk food-fed dams have a significantly 
higher percentage body fat at weaning compared to offspring of control dams [10, 31]. Thus, irre-
spective of effects on body weight, perinatal junk food exposure is associated with increased fat 
deposition in early life. In addition, studies in which the offspring have been provided with access 
to a cafeteria or high-fat/high-sugar diet after weaning have demonstrated that offspring of junk 
food dams have an increased susceptibility to diet-induced obesity and that this persists throughout 
the life course.

B.S. Muhlhausler
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�Offspring Food Preferences

Over the past few years, a series of studies have demonstrated that maternal junk food consumption is 
associated with altered food preferences in the offspring, in particular an increased preference for fat and 
sugar. In these studies, food preferences are typically assessed by providing the offspring with free 
access to both a cafeteria diet and control diet (standard rodent feed) and monitoring their food choices 
over a period of time. These studies have demonstrated that both male and female offspring of junk food 
dams consume a greater amount of junk food compared to their control counterparts, and this effect is 
observed from the time the animals are weaned until at least 3 months of age in these studies [10].

It has also been established that the increased preference for junk food persists even when offspring 
are provided with a nutritionally balanced diet after weaning, in an attempt to ‘wash out’ the effects of 
the earlier junk food exposure. In one study, offspring of dams fed a junk food diet during pregnancy and 
lactation were provided with a nutritionally balanced standard rodent feed from weaning until 6 weeks 
of age, after which their access to the cafeteria diet was reinstated and food preferences in all offspring 
monitored over the subsequent 14 days. It was demonstrated that both male and female offspring of junk 
food dams consumed significantly more of the cafeteria diet, both in relation to the total amount and as 
a proportion of their total energy intake, and more dietary fat compared to controls [32]. They also 
gained more weight and had a higher fat mass than control offspring, indicating a higher propensity to 
diet-induced obesity [32]. Similar results have been obtained in other rodent studies in which offspring 
of junk food-fed dams are weaned onto a standard feed, yet still exhibit an increased preference for fat/
sucrose when tested as adults [33, 34]. A study in which cafeteria feeding was focused upon lactation 
found that adult female offspring exhibited an aberrant behavioural satiety sequence [19].

�The Relative Role of Junk Food Exposure During the Foetal  
and Suckling Periods

There has been a growing interest in determining whether exposure to a junk food diet during different 
periods of development, i.e. before birth vs the suckling period, has differential effects on food prefer-
ences and fat deposition in the offspring. The relative impact of maternal junk food consumption in 
these periods has been evaluated in a number of studies in which offspring born to junk food-fed dams 
are cross-fostered onto dams provided a control diet, or vice versa, within 24 h of birth. This approach 
allows analysis of the effects of junk food diet exposure in each period without any lingering effects 
associated with switching the dam’s diet.

A cross-fostering study conducted by the authors of this chapter provided clear evidence of the 
importance of the suckling period in the programming of both fat mass and food preferences. In this 
study, offspring fat mass at the end of the suckling period was approximately twofold higher in pups 
who were cross-fostered to a cafeteria diet-fed dam compared to those cross-fostered onto a control 
dam, independent of whether they were born to a control or cafeteria diet-fed dam (Fig.  18.2, 
Vithayathil et al. unpublished). Exposure to the junk food diet during the suckling period also has 
consequences for fat deposition and food preferences in the adult offspring. Male pups cross-fostered 
onto a junk food dam exhibited an increased preference for dietary fat, and female pups exhibited a 
higher fat mass when all pups had free access to both a standard rat feed and cafeteria diet from 2 to 
4 months of age [35]. Similarly, Chang and colleagues reported that offspring of an obesity-resistant 
breed of rats who were cross-fostered onto an obesity-prone breed exhibited a significantly higher 
energy intake when given free access to a high-energy diet between 8 and 12 weeks of age compared 
to those cross-fostered to another obesity-resistant dam [22].

While cross-fostering studies make it possible to clearly separate prenatal and postnatal environ-
mental exposures, a limitation of the approach is that the cross-fostering itself may impact on meta-
bolic outcomes in the offspring. There have been some reports that placing pups with a foster mother 
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at birth, even if she is consuming the same diet, alters the subsequent growth, metabolic profile and 
behaviour of the offspring, potentially due to subtle effects on maternal/pup interaction [36]. However, 
the importance of the suckling period for the programming of increased fat mass and altered food 
preferences in rodent models has also been shown in studies in which pups remained with their natural 
mother. In one such study, the offspring of dams fed a junk food diet both before birth and during the 
suckling period had an increased food intake and higher body mass index after weaning than offspring 
of mothers who were fed a junk food diet during pregnancy, but were switched to a control diet after 
delivery [25]. Similarly, a separate study reported that rat pups whose mothers were fed a junk food 
diet only after giving birth exhibited more robust feeding behaviour in adulthood, compared to pups 
in the same experiment whose dams had continued on the control diet after delivery [37].

As with many areas of science, however, not all studies are consistent. A study by Chang and col-
leagues, for example, reported that offspring who had been exposed to a high-fat diet in utero exhibited 
an increased body weight, increased body fat mass and increased fat preference, independent of whether 
they were suckled by a dam consuming a control or high-fat diet [38]. These authors therefore concluded 
that exposure to a high-fat diet before birth was both necessary and sufficient for the programming of 
adverse metabolic outcomes in the offspring. Thus, further work is required in order to fully disentangle 
the relative impact of exposure to a junk food diet during the prenatal and sucking periods.

�Maternal Junk Food and Offspring Outcomes: The Underlying Mechanisms

�Fat Deposition

There is clear evidence from studies in both humans and animal models that nutritional perturba-
tions, including exposure to a maternal junk food diet, before birth and in the early postnatal period 
have significant long-term impacts for adipose tissue function and, consequently, adipose tissue 

Fig. 18.2  Fat mass at weaning of offspring suckled by control and cafeteria diet-fed dams. Body fat mass (expressed as 
a percentage of total body weight) at weaning (3 weeks of age) of male (a) and female (b) offspring born to and suckled 
by control dams (C-C, yellow bars), born to cafeteria diet-fed dams and suckled by control dams (CAF-C, blue bars), 
born to control dams and suckled by cafeteria diet-fed dams (C-CAF, green bars) and born to and suckled by cafeteria 
diet-fed dams (CAF-CAF, purple bars). Values are expressed as mean ± SEM. ***denotes significance at P < 0.001
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mass [39, 40] (Fig. 18.3). The transcription factor peroxisome proliferator-activated receptor gamma 
(PPARγ) and insulin-like growth factor 1 (IGF-1), both of which are involved in promoting adipo-
cyte differentiation, are two key targets identified to date [6, 41, 42]. Increased mRNA expression of 
PPARγ in the major foetal/neonatal fat depot has been reported both in pups of rat dams fed a junk 
food diet during pregnancy and lactation [41] and in foetuses of well-fed ewes (fed at ~55% above 
their maintenance energy requirements) in late gestation [42]. In addition to adipocyte differentia-
tion, PPARγ is a major regulator of the uptake and storage of lipids in mature adipocytes. Indeed, the 
increase in PPARγ mRNA expression in response to maternal overnutrition in foetal sheep was also 
associated with an upregulation of key lipogenic genes, including lipoprotein lipase, in the same fat 
depots [42].

A rodent study of maternal cafeteria feeding demonstrated that mRNA expression of IGF-1 in the 
perinatal adipose depots was also increased in female offspring of junk food-fed dams, in conjunction 
with an increased mass of this fat depot [39]. Overall, the available evidence suggests that the 
programming of obesity by maternal nutritional excess (in particular junk food diets) is the result of 
altered expression of key regulatory factors within the adipose tissue, which persist after birth and 
which drive an increase in both the number of adipocytes that initially form, and also the capacity of 
these individual adipocytes for storing lipid. As discussed above, rats following a cafeteria diet often 
select a diet that is low in protein, but more energy dense. There is an extensive literature on the effects 
of protein restriction in pregnancy upon offspring development, and these studies include evidence of 
programming of the expression of genes which regulate lipid oxidation and lipogenesis [43].

Fig. 18.3  Schematic representation of the potential mechanism through which maternal junk food diet consumption 
programmes obesity. Maternal junk food consumption leads to an oversupply of fat and sugar to the foetus. This leads 
to an increase adipocyte pre-differentiation and overexpression of lipogenic genes, predisposing the offspring towards 
diet-induced obesity in adulthood
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�Food Preferences

The drive to consume junk foods or any kind of palatable food has a biological basis that goes beyond 
the requirement to satisfy hunger. This is because junk foods, in addition to activating the appetite 
regulating regions of the brain, are also capable of activating the neural circuits that regulate reward 
processes in a similar way as alcohol and drugs of abuse [44–46]. Two of the most important brain 
areas involved in regulating reward response are the nucleus accumbens (NAc) in the forebrain and 
the ventral tegmental area (VTA) in the midbrain. These brain areas, together with key neurotransmit-
ters including dopamine and opioid peptides, form part of the mesolimbic reward pathway. Activation 
of this pathway results in the release of endogenous opioids that bind to opioid receptors in the VTA 
[47, 48] and ultimately decreases GABAergic inhibition of dopamine synthesis. These dopaminergic 
neurons project to the NAc where the dopamine is released [49] (Fig. 18.4). Termination of dopamine 
signalling occurs through active reuptake of dopamine through high affinity membrane carriers, 
known as dopamine active transporters (DAT) [50]. These increases in extracellular dopamine in the 
NAc are thought to be responsible for the acute pleasurable sensation associated with the consump-
tion of junk food and other rewarding stimuli.

Given the role of the mesolimbic reward pathway in regulating junk food intake, this pathway has 
been the primary subject of studies aiming to identify the neural mechanisms behind the programming 
of the preference for palatable food in offspring exposed to a junk food diet in the perinatal period, 
and there is clear evidence of altered development of this pathway in offspring born to and/or suckled 

Fig. 18.4  Simplified version of the activation of the mesolimbic reward system. (1) A rewarding stimulus such as drugs 
and palatable foods can stimulate the dopamine neurons at the VTA, resulting in the release of dopamine at the NAc. (2) 
The rewarding stimulus can activate the release of endogenous opioids at the VTA, which inhibits GABA-ergic inter-
neurons. GABA normally inhibits dopamine release. Therefore, this inhibition of GABA release disinhibits dopamine 
neurons resulting in increased dopamine release at the NAc. (3) Opioids can also bind to their receptors located at the 
NAc. The activation of efferent target neurons at the NAc through (1), (2) and (3) creates a pleasurable feeling associ-
ated with the rewarding stimuli. Black and grey arrows indicate neuronal activation and inhibition, respectively. Neurons 
are represented in circles (This figure has been previously published in Ong et al. [60])
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by dams consuming a junk food diet. Maternal junk food consumption during pregnancy and lactation 
has been reported to result in increased expression of the mu-opioid receptor and decreases the expres-
sion of the dopamine active transporter (DAT), at 6 weeks of age [10]. Interestingly, when the off-
spring’s access to the junk food diet was maintained beyond 6 weeks of age, these changes appeared 
to reverse, such that expression of the mu-opioid receptor was decreased and DAT expression was 
increased compared to controls by 3 months of age [30]. Feeding dams a cafeteria diet only during 
lactation has also been associated with perturbed hypothalamic dopamine metabolism [51]. These 
observations imply that the effects of maternal junk food diet consumption on the reward pathway of 
the offspring may not be set at birth, but that reward pathway development is also susceptible to nutri-
tional/environmental influences in early postnatal life, and this is an important area for future research.

�Sex Differences in the Response to a Maternal Junk Food Diet

Despite evidence from adult rodents showing that the response to fat consumption is different between 
males and females, there are few studies that have considered sex differences in the impact of a mater-
nal junk food diet on offspring outcomes (Table 18.2). Historically, males have been studied in prefer-
ence to females in order to avoid the potential complications introduced by the hormonal fluctuations 
as part of the estrous cycle in females [52]. However, it is now clear that male and female offspring 
often respond very differently to early life nutritional insults and therefore inappropriately to assume 
that findings obtained in males can be extrapolated to females. Indeed, studies which have compared 
the effects of maternal junk food exposure on male and female offspring provide clear evidence of 
significant differences in the response to maternal junk food intake in male and female offspring. By 
way of example, two studies examining the effects of maternal ‘cafeteria diets’ and ‘lard-based’ diet 
respectively on offspring fat mass both reported that the increase in fat mass was more pronounced in 
female offspring than in males [39, 53] and the effect of cafeteria diet during lactation upon satiety 
was specific to females [51].

It is also important to note that, even when the phenotype is similar between males and females, the 
underlying mechanisms may be very different. In one study, for example, it was demonstrated that 
female but not male offspring of junk food-fed dams up-regulating the expression of dopamine receptor 
1 and 2 and DAT in response to a junk food challenge in adolescence, even though both sexes exhibited 
the same significant increase in junk food intake [22]. These results suggest that future studies investi-
gating the effects of maternal diet on the food preferences need to consider each sex separately.

�Clinical Studies

Although the vast majority of studies looking the programming of obesity and food preference have 
been performed in animal models, a number of clinical studies have also demonstrated a clear associa-
tion between maternal obesity and obesity in the infant/child. A retrospective cohort study involving 

Table 18.2  A summary of sex-specific changes in fat deposition and food preference in offspring exposed  
to a maternal junk food diet identified in response to a maternal junk food diet

Male Female Study

4 weeks Increased subcutaneous fat mass Increased preference for dietary fat Gugusheff et al. (2013)
10 weeks* No difference in adipocyte size Increase in adipocyte size Bayol et al. (2008)
6 months* No difference in body fat mass Higher total body fat mass Ong and Muhlhausler (2014)

*10-week-old offspring weaned onto chow
*6-month offspring weaned onto chow, but challenged for 3 weeks with a junk food diet from 12 to 15 weeks of age
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8400 participants conducted by Whitaker and colleagues, for example, showed that the children of 
obese mothers were twice as likely to be obese by age two, than those born to mothers in a healthy 
weight range [54]. Similarly, a longitudinal cohort study suggested that the children of obese mothers 
who also had gestational diabetes had a 3.6 times greater risk of being obese at age 11 if they were 
born large for gestational age [55]. Importantly, a study conducted on a northern Finland birth cohort, 
in which data from the mother during pregnancy as well as measurements from the child at birth and 
at 1, 14 and 31 years of age were collected, identified maternal obesity both during adolescence and 
immediately prior to pregnancy as significant predictors of obesity in her adult children [56].

Clinical studies which evaluate the effect of maternal diet during pregnancy and breastfeeding on 
later food preferences in the child are complicated by difficulty of obtaining reliable food intake data 
and the confounding effects of shared food environments/parental influences over child feeding 
behaviour. Nevertheless, a study in 5717 mother-child pairs and 3009 father-child pairs from the Avon 
Longitudinal Study of Parents and Children (ALSPAC) demonstrated a strong correlation between 
maternal fat intake during pregnancy and the child’s preference for fat at 10  years of age [57]. 
Importantly, the child’s food preferences were not related to paternal diet at any time, or to maternal 
fat intake after pregnancy. In support of this, a smaller study involving 428 children from the United 
Kingdom showed that the children of obese parents have a higher preference for junk food and lower 
preference for vegetables than those born to lean parents [58]. Despite the paucity of studies con-
ducted to date, the available data is consistent with the results from animal models, reinforcing the 
importance of maternal diet for the child’s later food preferences.

�Conclusions

The vast impact of rising obesity rates on the health of the general population is undisputed, and it is 
becoming increasingly evident that maternal diet and weight status during pregnancy and while breast-
feeding play an important role in facilitating what has become an intergenerational cycle of obesity. 
Evidence from animal and clinical studies has shown that both maternal junk food diet consumption 
and maternal obesity during pregnancy and lactation can programme increased fat deposition, a greater 
preference for dietary fat as well as glucose intolerance and increased appetite in juvenile and adult 
offspring. Exploration into the biological mechanisms behind these effects has also begun, with a focus 
on adipocyte function/molecular biology and the mesolimbic reward pathway. Sex differences in the 
response to maternal junk food diet exposure have been identified. Continued investigations into the 
critical windows for the programming of food preferences and obesity, as well as the improved under-
standing of the mechanisms driving this programming, will ultimately enable the design of targeted 
interventions to prevent the spread of poor metabolic health from mother to child.
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Key Points
•	 Fish is the primary dietary source of n-3 long-chain polyunsaturated fatty acids and a rich source 

of other beneficial nutrients such as selenium, iodine, and vitamin D.
•	 Fish is also a common route of exposure to environmental contaminants such as methylmercury, 

polychlorinated biphenyls, and dioxins.
•	 In utero exposure to nutrients and toxicants found in the same fish might act on the exact same end 
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•	 The overall effect of fish consumption during pregnancy on child health outcomes, incorporating 
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PCBs	 Polychlorinated biphenyls
SGA	 Small for gestational age

�Introduction

Intrauterine life is a critical period of developmental plasticity. A nutritional stress or stimulus encoun-
tered during this period could elicit permanent alterations in body physiology and metabolism that 
have important long-term consequences for later health and disease susceptibility [1]. In this context, 
fish constitutes a complex exposure. It is a rich source of protein, selenium, iodine, and vitamin D and 
the primary dietary source of the n-3 long-chain polyunsaturated fatty acids (LCPUFAs), including 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are considered beneficial for 
growth and development [2]. In contrast, fish is also a well-known route of exposure to pollutants such 
as methylmercury (MeHg), polychlorinated biphenyls (PCBs), and dioxins, which may adversely 
affect child development [3].

Hence, the effect of fish intake by pregnant women remains an important issue, especially in popu-
lations that consume fish frequently. In June 2014, the US Food and Drug Administration (FDA) and 
Environmental Protection Agency updated their advice on fish consumption for women of childbear-
ing age, encouraging women who are pregnant, breastfeeding, or likely to become pregnant to con-
sume more fish, but no more than three servings per week to limit fetal exposure to MeHg [4]. The 
European Food Safety Authority (EFSA) has also reported recently that the benefits from fish con-
sumption of up to three to four servings per week during pregnancy could outweigh the risks associ-
ated with MeHg exposure [5]. Fish advisories have focused so far on potential neurocognitive harms 
from MeHg exposure but have not considered other childhood outcomes including growth and asthma 
occurrence. Furthermore, pregnant women are faced with conflicting messages about the health 
effects of fish consumption, which result in confusion concerning the place of fish in a healthy prena-
tal diet.

We aimed in this chapter to examine the association of fish intake during pregnancy with offspring 
health outcomes, including fetal growth and preterm birth, childhood obesity, neurodevelopment, and 
allergic diseases.

�Fish, Fetal Growth, and Preterm Birth

The failure of the fetus to reach its full growth potential is an important predictor of short- and long-
term health. Growth-restricted fetuses are at increased risk of infant mortality and morbidity [6] and 
have a higher risk of developing chronic diseases in adulthood, such type 2 diabetes and coronary 
heart disease [7, 8]. Anthropometric measurements at birth (i.e., birth weight, birth length, and head 
circumference) and the index small for gestational age (SGA; defined as a neonate whose birth size is 
below the tenth percentile for a given reference growth chart for sex and gestational age) are widely 
used to assess fetal growth. Preterm birth, defined as a gestational age of less than 37 completed 
weeks, is an established risk factor for later morbidity and mortality [9].

Early observations showing that gestation length and birth weight are increased among populations 
with a high habitual fish intake [10] generated a lot of interest in the scientific literature regarding the 
association of fish intake during pregnancy with fetal growth. It has been hypothesized that the n-3 
LCUFAs found in fish can prolong gestation by decreasing the production of eicosanoids that play a 
role in the initiation of delivery and increasing the production for prostacyclins (PGI2 and PGI3) that 
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exert myometrial relaxant properties [11]. n-3 LCPUFAs can also increase fetal growth rate by raising 
the prostacyclin-to-thromboxane ratio and reducing blood viscosity, thereby enhancing placental 
blood flow [12]. However, reports from human trials have not shown a clear and consistent benefit of 
fish oil supplementation in birth weight and duration of gestation [13, 14].

To date, several observational cohort studies have been conducted to assess the association of pre-
natal fish intake with measures of fetal growth and have produced puzzling results (Table 19.1). In the 
British Avon Longitudinal Study of Parents and Children (ALSPAC) of 11,585 mother and child pairs, 
women consuming rarely fish in late pregnancy had an increased risk of intrauterine growth retarda-
tion (defined as birth weight adjusted for sex and gestational age below the tenth percentile) compared 
with those with a mean consumption of four portions per week [15]. Similarly, the Danish Aarhus 
Birth Cohort involving 8729 mother-child pairs showed that low consumption of fish in early preg-
nancy was a strong risk factor for low birth weight and preterm delivery, with the strongest associa-
tions being observed at a daily intake of less than 15 g of fish [16]. In seemingly contrast to these 
results, Oken et al. [17], using data from 2109 mother-child pairs of the US Project Viva birth cohort, 
reported an inverse association of first-trimester seafood consumption with birth weight and fetal 
growth, while no effect was found on the length of gestation or risk of preterm birth.

In the Danish National Birth Cohort (DNBC) including 44,824 mother-child pairs, Halldorsson 
et al. [18] examined the separate effects of the types of fish consumed in midpregnancy and showed 
that fatty fish intake more than four times per month was associated with a higher risk of giving birth 
to children who were SGA, while no association was found for lean fish. By way of contrast, 
Brantsæter et al. [19], in the Norwegian Mother and Child Cohort Study (MoBa) including 62,099 
mother-child pairs, showed that increasing midpregnancy seafood consumption was associated with 
increased birth weight and head circumference. This positive association was mainly driven by con-
sumption of lean fish, while fatty fish was not associated with any birth size measures [19]. Ramon 
et al. [20] used data from a Spanish cohort of 554 mother-child pairs to assess associations of the type 
of fish consumed, cord blood mercury levels, and birth outcomes. As anticipated, higher fish con-
sumption in pregnancy was associated with higher cord blood mercury levels. The authors showed 
that after adjusting for prenatal exposure to mercury, weekly consumption of more than two portions 
of lean fish and canned tuna consumption was associated with a lower risk of being born SGA, while 
large oily fish consumption was associated with a higher risk [20]. The differential influence by dif-
ferent types of seafood on fetal growth might be indirect evidence of harmful contaminants found in 
fish [21]. MeHg can inhibit the antioxidant systems and stimulate the production of free radicals, 
which in turn can adversely affect fetal growth [20]. Many studies, but not all, have reported associa-
tions of higher prenatal concentrations of mercury with reduced birth weight and an increased risk of 
SGA (reviewed in [22]). Additionally, persistent organic pollutants commonly found in fish, such as 
PCBs, can exert endocrine-disrupting properties and affect fetal growth through effects on sex steroid 
and thyroid hormone function [23]. In the DNBC, intake of fatty fish was associated with levels of 
PCBs in maternal plasma, and exposure to these pollutants was found to be inversely associated with 
low birth weight [24]. Several other studies [23, 25], but not all [26, 27], have also reported an associa-
tion between exposure to persistent organic pollutants and low birth weight.

Because the balance between the potential beneficial effect of n-3 LCPUFAs and deleterious effect 
of contaminants in fish intake is determined by the relative exposure, results may differ across popula-
tions consuming different types of seafood.

Direct comparison between individual studies is also complicated by small sample sizes, exposure 
misclassification, exposure profile heterogeneity, or differences in adjustment for confounding 
variables.

In an effort to assess the strength and consistency of the association of fish intake during pregnancy 
with fetal growth, a Europe-wide study harmonized and pooled individual data from 151,880 mother-
child pairs participating in 19 birth cohort studies [28]. The study showed that, compared to fish 
consumption of less than one time per week, moderate intake of more than one time per week was 

19  Maternal Fish Intake During Pregnancy and Effects on the Offspring
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associated with a lower risk of preterm birth and a small but significant increase in birth weight 
(Fig. 19.1). The most pronounced effect on birth weight was observed for fatty fish types, while no 
association was observed with lean fish or shellfish intake. Notably, the protective effect of fish  
intake on preterm birth was shown only in the categorical analysis and not in the continuous analysis, 
suggesting that for very high amounts of fish intake, the protective effect is attenuated (U-shaped 
association) [28].

Further analyses using biomarker information on both the amounts of fatty acids and environmen-
tal chemicals contained within fish will be helpful for refining estimates of the influence of prenatal 
fish intake on fetal growth.

�Fish and Childhood Obesity

Childhood overweight and obesity is considered a major public health issue [29]. Evidence suggests 
that a high body mass index (BMI), used as a surrogate measure of excess adiposity, in childhood 
tends to track into adulthood [30]. It has been argued that efforts to prevent obesity should begin early 
in life and even before birth [31].

Intrauterine life is a critical period, during which the proliferation of mesenchymal precursor cells 
and their differentiation into adipocytes are highly sensitive to alterations of the nutritional environ-
ment [32]. Evidence from in vitro and animal studies suggests that early exposure to n-3 LCPUFAs 
has the potential to reduce adipose tissue deposition by inhibiting adipocyte formation [33].

Few human trials have been conducted to date to assess the effect of fish oil supplementation in 
early life on body composition later in life and have shown limited support for a benefit [34]. Likewise, 
birth cohort studies on early n-3 LCPUFA exposure and later adiposity have produced discrepant 
results [35, 36]. Table 19.2 provides an overview of prospective studies assessing fish intake during 
pregnancy and child somatic growth. In the Project Viva cohort, Donahue et al. [35] demonstrated that 
higher midpregnancy fish intake was associated with lower odds of obesity at age 3. In contrast, the 
Dutch Prevention and Incidence of Asthma and Mite Allergy (PIAMA) birth cohort study failed to 
find an effect of maternal fish consumption on child BMI values from birth up to 14 years of age [37]. 
Reasons for the divergent results may be small sample sizes, exposure heterogeneity, or differences in 
adjustment.

Recently, we harmonized and pooled individual data of repeated follow-ups until the age of 6 years 
from 26,184 pregnant women and their children participating in 15 European and US cohort studies 
to assess the strength and consistency of the associations of fish intake during pregnancy with BMI 
growth trajectories and the risk of childhood overweight and obesity [38]. We found that children of 
mothers consuming fish more than three times a week during pregnancy exhibited consistently higher 
BMI values from infancy up to age 6 than did those of mothers with an intake of less than one time a 
week (Fig. 19.2) . High fish intake during pregnancy was also associated with an increased risk of 
rapid infant growth from birth to 2 years and increased risk of offspring overweight or obesity at 
4 years and 6 years of age. Results indicated a non-detrimental effect of fish consumption of more 
than one time but less than three times per week on childhood somatic growth [38].

Contamination by environmental pollutants in fish could provide an explanation for the association 
between high fish intake in pregnancy and increased childhood adiposity. Mixtures of organochlorine 
pesticides, PCBs, and dioxins found in fish have been shown to increase fat storage in cultured adipo-
cytes, as well as weight gain in animals [39]. It has been proposed that these toxicants may perturb 
signaling of several nuclear receptors and, through altered gene expression, influence adipocyte dif-
ferentiation and fat metabolism [40]. Many cohort studies [41], but not all [42], have shown that 
exposure to these pollutants during the intrauterine period is associated with an increased risk of 
childhood overweight or obesity.

L. Chatzi and N. Stratakis
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Notably, none of the studies of maternal fish intake controlled for, or took into account, related 
exposure to persistent organic pollutants. Hence, the hypothesis that contaminants contained with fish 
may play a role in the influence of prenatal fish intake on later somatic growth remains speculative. 
Further studies that use direct measurements of fat mass and incorporate biomarker information on 
both the amounts of fatty acids and environmental chemicals potentially contained within fish will 
contribute to a clearer picture of the influence of fish intake during pregnancy on child growth.

�Fish and Neurodevelopment in Childhood

The effect of prenatal nutrition on later brain and cognitive development is receiving increasing atten-
tion. Most of the scientific literature regarding fish consumption during pregnancy and later neurode-
velopment has placed emphasis on the opposing neurodevelopmental effects of n-3 LCPUFAs and 
MeHg contained within fish.

n-3 LCPUFAs, especially DHA, are important components of neural membranes and have several 
influences on brain development [43]. They seem to affect membrane fluidity and speed of signal 
transmission, gene expression, and neurogenesis [44]. Accumulation of DHA in the human brain 
starts in utero, with marked deposition occurring in the later part of gestation when the brain under-
goes a period of rapid growth [45]. Hence, it has been hypothesized that increasing n-3 LCPUFA 
intake during pregnancy can benefit neurodevelopment of the offspring. Systematic reviews of ran-
domized controlled trials have concluded that the evidence does not support or refute the hypothesis 
that n-3 LCPUFA supplementation in pregnancy improves child cognitive or visual development 
(reviewed in [46, 47]).

Fig. 19.2  Body mass index (BMI) percentile trajectories from 3 months to 6 years according to different levels of fish 
intake in pregnancy: a pooled analysis of 15 European and US birth cohort studies. BMI percentile values indicate the place 
of children in the corresponding growth chart of the WHO reference population and were derived by using mixed-effects 
linear regression models fitted with fish intake, an interaction term for fish intake and child age, maternal age, maternal 
education, prepregnancy BMI, smoking during pregnancy, and birth weight as fixed-effects parameters; random cohort and 
child intercepts; and a random slope for child age (Reproduced with permission from Stratakis et al. [38])

19  Maternal Fish Intake During Pregnancy and Effects on the Offspring
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Animal studies have shown that ingested MeHg can cross the placenta and blood-brain barrier [48] and 
exert neurotoxic effects by promoting the production of free radicals and inhibiting antioxidant mecha-
nisms through binding to thiol-containing molecules [49]. Reports from prospective studies of prenatal 
mercury exposure and neurodevelopment in infants are mixed, whereas, for older children, there has been 
a more consistent association with adverse neurodevelopmental outcomes (reviewed in [22]).

In terms of fish consumption, a dilemma arises of whether the potential beneficial effects of n-3 
LCPUFAs on child neurocognitive development can counteract or outweigh the neurotoxic effects of 
MeHg. Several observational cohort studies have attempted to understand this benefit-risk trade-off 
(Table 19.3).

Few studies have assessed the association of prenatal fish intake with cognitive development in 
infancy, and they all showed positive results. In the DNBC, Oken et al. [50] showed that higher fish 
consumption in midpregnancy was associated with increased scores of motor, social, and cognitive 
developmental milestones at 6 and 18 months of age. Similarly, the Project Viva cohort study found 
that greater fish consumption during the second trimester of pregnancy was associated with higher 
infant scores on the visual recognition memory test (an assessment of visual memory that is correlated 
with later IQ) at 6 months of age [51]. Additional adjustment for mercury levels strengthened the 
beneficial association of fish consumption with infant cognition [51]. In the ALSPAC cohort, Daniels 
et al. [52] showed that fish consumption of more than one serving per week in pregnancy had modest 
but significant improvements in developmental scores of the offspring for language and communica-
tion skills at 15 and 18 months of age. This association remained but was not strengthened when 
additional adjustment was made for cord blood mercury levels [52].

Several studies have evaluated the effect of fish intake during pregnancy on various measures of 
cognitive performance in later childhood. Oken et al. [53], in a follow-up of the Project Viva cohort at 
3 years, showed that second-trimester fish intake of more than twice a week was associated with 
higher scores on tests of language and visual motor skills, with further adjustment for maternal eryth-
rocyte mercury levels strengthening the estimates of the benefits. Similarly, four other studies reported 
an association of higher maternal fish intake with higher neurodevelopmental scores [54–56] and a 
lower risk for attention-deficit/hyperactivity disorder-related behaviors in childhood [57]. In three 
studies, moderate levels of fish intake during pregnancy were associated with improved child neuro-
cognitive function, while a dilution of this benefit was observed at the highest intake levels [58–60].

To date, several observational cohort studies suggest that fish consumption during pregnancy can 
confer a neurodevelopmental benefit in the offspring. In some studies, there was a light attenuation of 
this benefit at the highest levels of fish consumption, which may be indicative of a counterbalancing 
association due to the potential harm of related contaminants. Findings from studies using biomarker 
information also indicate that women should avoid fish most highly contaminated with MeHg to gain 
the greatest possible benefit.

�Fish and Allergic Diseases in Childhood

Black and Sharpe hypothesized that the observed increase in the prevalence of allergic disease in 
Western countries over the last decades has been preceded and then paralleled with a shift in the con-
sumption of fatty acids toward a lower intake of n-3 LCPUFAs and fish and an increased intake of 
vegetable oils containing n-6 fatty acids [61]. In support of this hypothesis, animal and in vitro studies 
have shown that n-3 LCPUFAs can exert anti-inflammatory properties and modulate immune 
responses [62]. Intrauterine life is a critical period for the development of the immune system; hence, 
the role of prenatal n-3 LCPUFA and fish intakes in the etiology of allergic diseases has gained con-
siderable interest [62]. Many intervention studies, but not all, suggest a beneficial effect of fish oil 
supplementation during pregnancy on the incidence of allergic disease symptoms in childhood 
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(reviewed in [63]). Similarly, findings from birth cohort studies assessing n-3 LCPUFA intake or 
biomarker levels in pregnancy and childhood allergic disease are discrepant, with reports of either 
beneficial (i.e., lower incidence) [64, 65] or null [66, 67] associations.

Finding from prospective studies on the association of fish intake during pregnancy and the occur-
rence of eczema have been discrepant (Table 19.4). A Spanish study showed that increasing fish intake 
from once per week to 2.5 times per week in pregnancy was associated with a reduced risk of eczema 
among 12-month-year-old infants [68]. Fish intake of more than one to two times per week in late 
pregnancy was inversely associated with parent-reported, doctor-diagnosed eczema at 2 years in a 
German study [69], and fish intake of once or more a week was associated with a decreased risk of 
doctor-confirmed eczema and currently treated eczema at 5 years in a UK study [70]. In contrast to 
these results, studies conducted in Norway [71], France [72], and Spain and Greece [73] found no 
association of maternal fish intake with eczema occurrence. The Generation R study showed a harm-
ful effect of first-trimester fatty fish and shellfish consumption (but not total or lean fish consumption) 
on eczema occurrence in the first 4 years of life [74]. The authors speculated that potential toxicant 
contamination in these fish species could provide an explanation for their findings [74].

Three studies have assessed symptoms of childhood allergic rhinitis in association with fish intake in 
pregnancy (Table 19.4). One UK study found that higher maternal intake of oily fish intake was protec-
tive against hay fever at 5 years [70], while two studies conducted in Denmark [75] and Finland [76] 
found no association. Likewise, results from prospective studies assessing sensitization to inhalant and 
food allergens have been conflicting (Table 19.4). One Spanish study showed that an increase in mater-
nal fish intake from once per week to 2.5 times per week during pregnancy was protective against sensi-
tization to house dust mite at age 6, while a study in Germany [69] failed to find any effect. A French 
study showed that pre-parturition shellfish intake, but not total fish intake, at least once a month com-
pared with a lower intake was associated with a higher risk of food allergy before age 2 [72].

Several prospective studies have examined the association of fish intake during pregnancy with the 
occurrence of wheezing or asthma in childhood and have produced mixed results (Table 19.4). Fish 
intake of 2.5 times per week or more during pregnancy was associated with a reduced risk of wheez-
ing in school-aged children in two separate Spanish studies [68, 77]. Similarly, the DNBC study 
showed that children whose mothers never consumed fish in pregnancy were more likely to have a 
parent report of physician diagnosis of asthma at 18 months and clinically established asthma by the 
age of 7 years, as compared with those whose mothers consumed fish more than two to three times per 
week [75]. In contrast, the Generation R study reported an association of first-trimester shellfish con-
sumption, but not total, lean or fatty fish consumption, during pregnancy with wheezing occurrence by 
the age of 4 years [74]. Other prospective studies conducted in the Netherlands [78], Finland [64, 76], 
Norway [71], and France [72] failed to find an association of prenatal fish consumption with the 
occurrence of wheeze or asthma in childhood.

Inconsistencies in the results may be due to inadequate sample sizes, heterogeneity in exposure 
(e.g., population level of fish consumption), exposure misclassification, or differences in adjustment 
for confounding variables. Most notably, none of the studies examining the impact of prenatal fish 
intake on allergic symptoms controlled for prenatal exposure to environmental pollutants. Emerging 
evidence suggests that persistent organic pollutants potentially contained within fish can exert adverse 
immunomodulatory effects and increase the risk of developing allergic disease symptoms [79, 80].

Currently, there is conflicting evidence on the association between maternal fish intake during 
pregnancy and childhood allergic diseases, with reports of beneficial, null, or even harmful effects. 
Further large-scale epidemiological studies incorporating information on fish-related toxicant expo-
sures are warranted before any conclusions can be drawn regarding the effects of prenatal fish intake 
on the developing respiratory and immune systems in children.

L. Chatzi and N. Stratakis
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�Conclusion

Fish provides n-3 LCPUFAs and other nutrients but is also a common route of exposure to methyl-
mercury and other pollutants. As a consequence, fish advisories generally suggest pregnant women to 
limit consumption up to three to four servings per week. Both nutrients and toxicants found in the 
same fish might act on the exact same end points at an opposite direction; it is therefore reasonable to 
presume that depending on the content of nutrients and pollutants, the health effect of a given fish type 
will vary. To date, several prospective studies have been conducted to assess the health effects of 
prenatal fish intake. Overall, the evidence on the association of maternal fish consumption during 
pregnancy with child health outcomes such as fetal growth, child neurodevelopment, and the occur-
rence of allergic diseases has been largely inconsistent.

There is a need for well-designed intervention studies targeting maternal fish intake rather than 
supplement use, which may exert different mechanistic effects. To usefully inform policy, it is essen-
tial that future studies of maternal fish consumption assess and carefully account for fetal exposure to 
contaminants.
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Key Points
•	 Fish oil is the most common dietary supplement in many countries, and this chapter focuses on its 

effects during pregnancy and its long-term consequences for insulin sensitivity in offspring.
•	 Although the intake of fish oil during pregnancy has benefits for the neonates, some harmful effects 

have also been reported.
•	 The intake of fish oil has been associated with reduced insulin resistance in metabolic syndrome, 

but contradictory results have been described.
•	 The long-term effects of fish oil during the perinatal stages are variable in both humans and experi-

mental animals, depending on the dose and time-window used.
•	 The intake of moderate doses of fish oil during the first half of pregnancy in rats increases insulin 

sensitivity in 1-year-old male pups, and, among the epigenetic mechanisms involved, the effect has 
been related to the modulation of microRNA expression.

Keywords  Long-chain polyunsaturated fatty acids • Insulin sensitivity • Programmed effects • Fish 
oil supplements • Pregnancy • Epigenome • Noncoding RNA • miRNA

Abbreviations

AA	 Arachidonic acid
ALA	 α-Linolenic acid
AUC	 Area under the curve
DHA	 Docosahexaenoic acid
EFA	 Essential fatty acids
EPA	 Eicosapentaenoic acid
FO	 Fish oil
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HOMA	 Homeostasis model assessment of insulin resistance
LA	 Linoleic acid
LCPUFA	 Long-chain polyunsaturated fatty acids
LO	 Linseed oil
miRNA	 microRNA
miRNAome	 Whole-genome microRNA
ncRNA	 Noncoding RNA
NF-Y	 Nuclear factor Y
OO	 Olive oil
PA	 Palm oil
PPAR-α and PPAR-γ	 Peroxisome proliferator-activated receptor α and γ
SO	 Soy oil
Sp1	 Specificity protein 1
siRNA	 Small interfering RNA
snoRNA	 Small nucleolar RNA
SREBP-1	 Sterol regulatory element binding protein-1
stRNA	 Sperm transfer RNA
tiRNA	 Transcription initiation RNA

�Introduction

Fatty acids are used as structural tissue components, precursors of eicosanoids (e.g., prostacyclins, 
prostaglandins, thromboxanes, and leukotrienes), a source of energy, and regulators of transcription 
factors. Of these, structural and metabolic regulatory functions mainly require polyunsaturated fatty 
acids (PUFA), which are essential for intrauterine and postnatal development; during the perinatal 
stage, their supply depends upon the mother. During gestation, a reduced maternal intake of the essen-
tial fatty acids (EFA), linoleic acid (LA, 18:2 ω-6), and α-linolenic acid (ALA, 18:3 ω-3) has been 
correlated with reduced neonatal growth. Maternal plasma concentrations of long-chain PUFA 
(LCPUFA) during pregnancy correlate with those in the fetus and newborn. Furthermore, there is a lot 
of evidence to suggest that ω-3 LCPUFA have a positive impact on health in humans and in animal 
models, including the improvement of insulin sensitivity and the reduction in risk factors for several 
diseases; however, the response is quite variable, probably depending on the time and dose window 
used. These considerations have been used to justify the advice that maternal diets should be supple-
mented with oils rich in ω-3 LCPUFA like the fish oil, which is rich in eicosapentaenoic acid (EPA, 
20:5 ω-3) and docosahexaenoic acid (DHA, 22:6 ω-3), during pregnancy or lactation. There is now 
evidence that fatty acids may alter the epigenome, although studies in healthy humans and experi-
ments in animals have shown variable long-term metabolic and gene function responses to fish oil 
supplementation during pregnancy.

The purpose of this chapter is to review the long-term implications of consuming fish oil supple-
ments during pregnancy or lactation on insulin sensitivity in the offspring, analyzing also the potential 
epigenetic modifications that could be involved, especially those corresponding to the expression of 
microRNAs (miRNAs).
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�Fish Oil Intake During Pregnancy

�Dietary Fatty Acids During Pregnancy and Lactation

During pregnancy, fetal development needs the availability of both EFA and their LCPUFA deriva-
tives, like DHA and arachidonic acid (AA, 20:4 ω-6) which are essential to support the synthesis of 
structural lipids and for intrauterine and postnatal development. Both term and preterm infants have 
been shown to synthesize AA and DHA from their respective EFA precursors, but the actual endog-
enous synthesis is low and appears to contribute very little to their plasma levels [1]. Therefore during 
intrauterine life, EFA and LCPUFA must be obtained from maternal circulation by passage across the 
placenta. This process is carried out with high efficiency and as shown in Fig. 20.1, whereas the pro-
portion of both DHA and AA in maternal circulation declines in the third trimester of pregnancy 
compared to values in the first trimester, the percentage values of these two fatty acids in the neonate 
at birth are higher than in the mother indicating that their placental transfer is even more efficient than 
that of other fatty acids. In healthy women maternal plasma concentrations of LCPUFA have been 
shown to correlate with those in the fetus and newborn in both humans [2] and rats [3]; after the 
supplementation of maternal diet with fish oil (rich in DHA) during late pregnancy, there are increases 
in the concentrations of DHA in the plasma of both mothers and newborns [4]. These findings form 
the basis of advice that maternal diets should be supplemented with fish oil during the third trimester 
of pregnancy. Increased ω-3 LCPUFA intake during pregnancy has been shown to increase the dura-
tion of pregnancy, to reduce the incidence of premature delivery and intrauterine growth retardation, 
and to increase neonatal birth weight [5]. However, some harmful effects of high maternal doses of 
fish oil or DHA supplements have also been reported in both women [6] and rats [7]. Certain specific 
fatty acids inhibit the Δ6- and Δ5-desaturases that catalyze key reactions in the synthesis of LCPUFA 
from EFA; thus, an excess of one fatty acid may inhibit the synthesis of another that could be essential 

Fig. 20.1  Plasma proportions of docosahexaenoic acid (22:6 ω-3) and arachidonic acid (20:4 ω-6) in pregnant women 
at first and third trimester of pregnancy and in umbilical cord blood. Different lowercase letters over the bars mean 
statistically significant differences (P < 0.05) (Data (mean ± SE) are from Ref. [57])
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for the fetus. In fact, DHA inhibits Δ6-desaturase, which is the rate-limiting enzyme for LCPUFA 
biosynthesis from EFA, and EPA inhibits Δ5-desaturase, which also contributes to the biosynthesis of 
LCPUFA (Fig. 20.2). Thus, when a fish oil supplement is consumed during pregnancy and lactation, 
low levels of AA are found in both the plasma and breast milk of the mother, fetus, or newborns, both 
in humans [8, 9] and rats [7, 10]. Plasma AA concentration has been correlated to body weight in 
preterm infants [11], and adverse effects of marine oil supplementation on growth, related to low 
plasma AA levels during infancy, have been reported [11, 12].

The concept of “critical periods,” when nutritional changes during the perinatal stage have effects 
on the health of adults, is a key feature of developmental programming [13], and the same argument 
could be applied to the quantitative aspect (or size) of the change. Thus, as for other nutrients, the 
long-term effects of perinatal nutritional LCPUFA imbalance have been shown to differ depending on 
the dose and the timing of the supplementation during specific periods of pregnancy and lactation.

�Effects of Fish Oil on Insulin Sensitivity

The intake of ω-3 LCPUFA from fish has been associated with a reduction in the major risk factors of 
the metabolic syndrome, including adiposity, inflammation, dyslipidemia, hypertension, insulin resis-
tance, and diabetes [14]. In rats, fish oil has also been shown to prevent insulin resistance induced by 
high-fat feeding [15] and to improve systemic and muscle insulin sensitivity in obesity [16]. However, 
prospective studies in humans have shown mixed findings in the association of fish oil intake and 
reductions in the incidence of type 2 diabetes, and a systematic search of multiple literature databases 
does not support benefits of fish/seafood or EPA + DHA on the development of diabetes mellitus [17]. 
In a prospective study based on middle-aged and older men, serum ω-3 LCPUFA concentration was 

Fig. 20.2  Schematic view of major pathways of the biosynthesis of ω-6 and ω-3 long-chain polyunsaturated fatty acids 
from their respective dietary-derived essential fatty acid precursor, linoleic acid (LA), and α-linolenic acid (ALA) 
through desaturation and elongation. The role of the intake of fish oil, rich in eicosapentanoic acid (EPA) and docosa-
hexaenoic acid (DHA), in the inhibition of delta-6 and delta-5 desaturases, and the synthesis of arachidonic acid (AA) is 
also shown
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associated with a lower incidence of type 2 diabetes [18]. Since there were significant differences in 
the results based on the region of the study population, the possibility that differences in genetic back-
ground, gene-diet interactions, geographic (other environmental) effects, or the type of fish consumed 
could be responsible for the heterogenic response.

The molecular mechanisms, through which ω-3 LCPUFA could increase insulin sensitivity, seem 
to be very diverse. These fatty acids could suppress lipid synthesis in the liver and upregulate fatty 
acid oxidation in the liver and skeletal muscle and thereby decrease circulating and tissue lipids, 
which could improve insulin sensitivity. Some of the beneficial effects of LCPUFA are also due to 
changes in membrane phospholipid composition and consequent changes in hormonal signaling [19]. 
Additionally, LCPUFA can exert their beneficial effects directly by upregulating the expression of 
genes encoding proteins that control fatty acid oxidation. This is achieved by activating the transcrip-
tion factor peroxisome proliferator-activated receptor α (PPAR-α) and consequently remodeling lipid 
metabolism to increase fat catabolism. They also suppress the genes involved in lipid synthesis, in 
particular the expression and abundance of sterol regulatory element binding protein-1 (SREBP-1), 
and simultaneously reduce the DNA-binding activities of transcription factors like nuclear factor Y 
(NF-Y) and specificity protein 1 (Sp1) [20]. These complex mechanisms of inhibiting transcription 
factors seem to contribute to the ω-3 LCPUFA-mediated increase in insulin sensitivity.

�Intake of Fish Oil During Pregnancy: Consequences for the Mother and Fetus

With the exception of vitamins and minerals, fish oils constitute the most common dietary supplements 
in many countries. The evidence supporting claimed maternal and offspring benefits is however poor. 
The evidence of the benefits of ω-3 fatty acid supplementation during pregnancy on maternal and off-
spring outcomes originated from observational studies, but randomized controlled trials have produced 
contradictory results, as recently reviewed [21]. Despite numerous clinical investigations designed to 
determine the benefits of fish oil supplementation during pregnancy on neurodevelopment, the evi-
dence is still in its infancy and warrants further research. In animal studies, however, it has been shown 
that excessive consumption of fish oil during pregnancy and lactation can cause adverse effects on 
offspring body and neurological development [7]. Some studies evaluated the effects of ω-3 fatty acid 
supplementation on the incidence of preterm birth, but found no significant reduction in the number of 
preterm births and no significantly improved neonatal outcome [22]. Other studies have evaluated the 
efficacy of fish oil supplementation during pregnancy in the prevention of pre-eclampsia and intrauter-
ine growth restriction or small-for-gestational-age births. An increase in the length of gestation and a 
consequent increase in birth weight were consistently found, but there was little evidence to support an 
improvement in pre-eclampsia associated with ω-3 supplementation [21].

With reference to the potential effects of fish oil reducing the risk of gestational diabetes, there is 
evidence in animal studies that such supplementation decreases the high rate of macrosomia induced 
by diabetic pregnancy [23]. However, from randomized controlled human trials, it can be concluded 
that supplementation with fish oil during the second or third trimester of pregnancy is not associated 
with reduced risk of gestational diabetes mellitus and related pathologies like hypertension and pre-
eclampsia [24].

On the basis of these and other experiments, and given that fetal development is highly vulnerable 
to external factors, there is not enough evidence to support the routine use of ω-3 fatty acid supplemen-
tation during pregnancy. One factor that could be responsible for the variable response to fish oil sup-
plements during pregnancy could be the degree of oxidation. The chain of ω-3 PUFA contains a large 
number of double bonds, which are highly prone to oxidation producing a variety of lipid peroxides and 
secondary oxidation products like aldehydes and ketones. Intake of oxidized fish oil could increase 
lipid peroxidation and reduce antioxidant capacity. Analysis of commercial fish oil preparations has 
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shown that most of them do not meet content of ω-3 LCPUFA claimed on the label and exceed the 
recommended levels of oxidation markers [25]. This is probably the reason why plasma levels of vita-
min E, the main lipophilic antioxidant vitamin, is decreased in both maternal plasma and fetal plasma 
and fetal tissues in rats given fish oil diet; it contributes to their delayed postnatal development com-
pared to controls given an olive oil diet [7], the monounsaturated fatty acids of which are much more 
resistant to lipid peroxidation and don’t cause such reductions in vitamin E. Oxidative stress during 
pregnancy in humans has also been shown to be associated with adverse effects both in the mother and 
in the offspring [26].

�Programmed Effects of Maternal Fish Oil Intake on Metabolic Function 
in Offspring

Clinical studies in humans indicate that adverse prenatal and early postnatal nutritional status may 
contribute to the programming of (sometimes distant) future events like the susceptibility to impaired 
glucose tolerance, obesity, and cardiovascular disease [27]. In experimental animals, it has also been 
shown that perinatal nutritional disturbances may program the fetus for susceptibility to the later 
development of several chronic diseases including altered functioning of the adult insulin axis, the 
response being specific to the time-window of exposure in a sex-dependent manner [28]. As recently 
reviewed [29], currently there is experimental support for the suggestion that dietary fatty acids, par-
ticularly PUFA during pregnancy and lactation, affect the development of the fetus and newborn and 
alter the risk of developing diseases such as obesity, diabetes, cancer, and cardiovascular or liver dis-
orders in adults, probably as result of modifying the epigenome.

The evidence for programming from fish oil intake during the perinatal stage in human trials on 
later changes in body composition or on the glucose-insulin axis is limited. In a longitudinal pre-birth 
cohort study, it was found that increased maternal-fetal ω-3 PUFA status was associated with lower 
adiposity in 3-year-old children [30], and, in a population-based case control study, it was found that 
the use of cod liver oil during pregnancy was associated with reduced risk of type I diabetes in the 
children before they reach 15 years of age [31]. However, in a randomized controlled trial of daily 
supplementation with fish oil capsules versus those containing olive oil during the third trimester of 
pregnancy, no association with differences in adiposity, plasma insulin, and glucose or “homeostasis 
model assessment of insulin resistance” (HOMA) values in 19-year-old offspring [32] was found.

The data on long-term effects of fish oil intake during fetal or early life on the glucose-insulin axis 
from animal studies are too scarce and have been shown to be variable in rodents, results showing that 
the dose and time-window of supplementation are of importance. Mice given a fish-based diet during 
pregnancy and lactation showed reduced body fat mass of male offspring at 9 or 21 weeks of age, and 
those mice given fish after weaning had increased insulin sensitivity at 15 weeks of age [33]. There 
were no differences in rats of either sex at 6 or 11 months of age, in terms of plasma glucose, insulin, 
and body weight, whether they were born of dams that were given a 7% fish oil supplement or control 
diets throughout pregnancy [34]. In 105-day-old male offspring of maternal rats that were given a diet 
supplemented with 10% fish oil starting 90 days preconception and throughout gestation and lacta-
tion, insulin sensitivity (as measured by plasma insulin and area under the curve (AUC) of glucose and 
insulin after an oral glucose load) did not differ from other groups being given isocaloric diets supple-
mented with other oils (e.g., safflower seed, palm, or groundnut) [35a]. In offspring of rats given a diet 
during gestation containing 10% fish oil compared to those containing the same dose of olive oil, we 
found that at 2 months of age, the AUC of glucose after an oral glucose load did not differ between 
the two groups, whereas the AUC of plasma insulin was lower in the fish oil group, indicating an 
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increased insulin sensitivity. At 4 months there were no differences in these variables, and at 18 months 
there was a higher AUC for glucose without change in insulin, indicating a decreased insulin sensitiv-
ity in the fish oil group [35b].

By feeding pregnant sows with a diet containing 10% of extra energy derived from either fish oil 
or olive oil during just the first half of gestation, we found that dietary fatty acid composition influ-
enced the fatty acid composition in the milk of lactating sows and in the plasma of newborn piglets 
[36]. This finding indicates the important role of maternal adipose tissue store of dietary-derived 
LCPUFA during the anabolic stage of gestation; these are mobilized around parturition becoming 
available for milk synthesis and suckling the newborn. A similar protocol of dietary oil supplement 
was applied during just the first 12 days of pregnancy in the rat showing that dietary fatty acids during 
early pregnancy influence fatty acid content in maternal fat stores, which are released into the blood 
during late pregnancy and are available for milk production and to the newborn offspring [37, 38]. 
Thus it was proposed that maternal fat depots laid down during early pregnancy may function as a 
mediator in the transfer of dietary LCPUFA to the milk and tissues of pups and have major repercus-
sions on their development.

Based on the foregoing evidence, we chose to study whether changes in maternal dietary status 
during just the first 12 days (roughly first half) of pregnancy in rats had long-term consequences in 
adiposity and insulin sensitivity in male and female offspring [39]. During those days of early preg-
nancy, rats were given isocaloric diets containing 9% of fat based on soybean, olive, fish, linseed, or 
palm oil; then all groups were changed onto a standard laboratory diet from day 13 onward. 
Figure 20.3a shows that for female offspring, at 12 months of age, body weight and lumbar adipose 
tissue weights did not differ between the groups. However, Fig. 20.3b shows a different story for male 
offspring (also at 12-month-old) of the same dams; the corresponding values were lower in those from 
the fish oil group compared to the other groups. As shown in Fig. 20.4 in these same pups, at 8 months 
of age, the insulin sensitivity index assessed after oral glucose load was higher only in males of dams 
given the fish oil supplement during the only first 12 days of pregnancy; once again no differences 
between the groups were found in female offspring.

These findings contrast with the lack of effect on insulin sensitivity in offspring at 12 weeks of age 
of dams given a diet containing 18% fish oil during the 2 weeks prior to mating and continued through 
pregnancy and lactation that have been reported; nevertheless, an increased number of pancreatic 
islets was also reported in the experimental group [40]. This study also reported an increase in resorp-
tions, lower body weight in male offspring, and a higher incidence of dead pups in the first 3 weeks 
of life in the group receiving the fish oil diet compared to controls, indicating a perinatal offspring 
selection that could have influenced the results. Thus although these findings indicate that nutritional 
intake of fish oil during pregnancy and lactation may program pancreatic responsiveness in the off-
spring, the results were disrupted by the negative effects on development probably as a consequence 
of the high dose applied and possibly also the prolonged treatment.

Therefore it seems that, in rats, exposure to a moderate amount of fish oil intake during early preg-
nancy, rather than high doses, is needed to reduce both insulin resistance and adipose tissue mass in 
the adult male, but not female, offspring. The fact that the potential mark in the embryo caused by the 
increased fish oil intake during early pregnancy occurred before the sexual differentiation of the 
gonads suggests that the differential hormonal environment in adult males versus females may be 
responsible for the differential gender response of adult insulin sensitivity to the diet.

The mechanism of the effects of fish oil intake during early pregnancy on adult insulin sensitivity 
is epigenetic and, as we discuss below, could be explained by their influence on miRNA expression as 
we recently reported [41].
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�Fetal Metabolic Programming and Epigenetic Modifications: Role 
of Noncoding RNAs

�Understanding Epigenetics and Noncoding Sequences

Epigenetics is popular in part because it contradicts some aspects of the central dogma of molecular 
biology, which holds that DNA maintains the information to encode all of our proteins and that three 
different types of RNA rather passively convert this code into polypeptides. Specifically, messenger 
RNA (mRNA) carries the protein blueprint from a cell’s DNA to its ribosomes, which will drive pro-
tein synthesis. Transfer RNA (tRNA) then carries the appropriate amino acids into the ribosomes for 
inclusion in the new protein. Meanwhile, the ribosomes themselves consist largely of ribosomal RNA 
(rRNA) molecules. This notion is essentially true in prokaryotes, whose genomes are almost entirely 
composed of closely packed protein-coding sequences that are flanked by 5′ and 3′ cis-regulatory ele-
ments that contribute – either at the transcriptional or translational level – to control its expression. 
Exceptions to this rule are genes that encode structural RNAs that are required for protein synthesis 
(i.e., rRNAs or tRNAs) and certain genes (less than 1% of the genome sequence) that express noncod-
ing RNAs (ncRNAs) with regulatory functions. Therefore, in prokaryotes at least, proteins comprise 

Fig. 20.3  Body and lumbar adipose tissue weights at the age of 12 months in female (a) and male (b) offspring of rat 
dams that were given diets containing 9% as non-vitamin fat based on soybean (SO), olive (OO), fish (FO), linseed 
(LO), or palm (PO) oil during the first 12 days of pregnancy. Different lowercase letters over the bars mean statistically 
significant differences (P < 0.05) (Results (mean ± SE) correspond to a previously published study [39])
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the primary functional and structural components of cells as well as the main agents by which cellular 
dynamics are controlled, in conjunction with cis-regulatory elements and environmental signals. This 
has long been assumed to be true in multicellular organisms.

Prior to the completion of the Human Genome Project, it was suggested that the number of protein-
coding genes that an organism may use was a valid measure of its complexity. However, evidence 
from the post-genomic era, showing that the ratio of noncoding to protein-coding DNA rises as a 
function of the development of complex life, suggests that ncRNAs may be intimately involved in the 
evolution and maintenance of developmentally sophisticated multicellular complexity [42]. In fact, 
98% of the human genome consists of non-protein-coding DNA, most of which was originally thought 
to be “junk DNA.” Recent data from the “Encyclopedia of DNA Elements” (ENCODE) Consortium 
found that 80% of our human genome contain elements linked to biochemical functions, while about 
75% of our full genome is transcribed at some point in certain cells [43]. The vast majority of the 
mammalian genome is differentially transcribed in precise cell-specific patterns [44] to produce a 
large suit of intergenic, interlacing, antisense, or intronic non-protein-coding RNAs transcripts, which 
show dynamic regulation during development, tissue differentiation, and disease [45]. Even regions 
previously described as “gene deserts” express specific transcripts in a tissue-controlled manner [46]. 
Moreover, there is increasing evidence of their functional relevance, including through epigenetic 
mechanisms, like guiding chromatin-modifying complexes to their sites of action [47]. This appears 
to comprise a far greater fraction of human genetic programming than expected in order to specify the 
architecture of the organism at a level of detail well beyond mere cell-type specification.

�Noncoding RNAs

Different types of non-protein-coding RNAs have been described, and according to their size, they 
can be classified as short, including microRNAs (miRNAs), small interfering RNAs (siRNA), PIWI-
interacting RNAs (piRNAs), transcription initiation RNAs (tiRNAs), or the newly described sperm 

Fig. 20.4  Insulin sensitivity index (ISI) at the age of 8 months in female and male offspring of rat dams that were given 
diets containing 9% non-vitamin fat based on soybean (SO), olive (OO), fish (FO), linseed (LO), or palm (PO) oil dur-
ing the first 12 days of pregnancy. ISI values were calculated from the plasma glucose and insulin values after an oral 
glucose tolerance test as previously described [39]. Values are expressed as mean ± SE. Different lowercase letters mean 
statistically significant differences (P < 0.05) between the groups of either female or male offspring
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transfer RNA-derived small RNAs (stRNAs); mid-size (small nucleolar RNAs (snoRNAs), PASRs, 
TSSa-RNAs, or PROMPTs); or long non-protein-coding RNAs (large intergenic non-coding RNAs 
(lincRNAs), T-UCRs, and other lncRNAs). Among the short RNAs, miRNAs are the most widely 
studied class of non-protein-coding RNAs and consist of approximately 22 nucleotides that mediate 
posttranscriptional gene silencing by controlling the translation of mRNA into proteins. MiRNAs are 
estimated to regulate the translation of more than 60% of protein-coding genes. They are involved in 
the regulation of different processes, including proliferation, differentiation, apoptosis, and develop-
ment. In addition, some miRNAs regulate specific individual targets, others can function as master 
regulators of a process, so key miRNAs regulate the expression of hundreds of genes simultaneously, 
and many types of miRNAs regulate their targets cooperatively [48].

It is through different epigenetic “marks” – DNA methylation, histone modification, chromatin 
folding, and miRNA alterations – that our cells can respond quickly to environmental changes. In 
general terms, the addition of a methyl group (methylation) to a cytosine residue (converting it to 
5-methylcytosine) on the DNA usually occurs at CpG sites, where cytosine (C) lies next to guanine 
(G). The state of methylation at CpG sites that are near the promoters of a gene is critical for gene 
activity and gene expression. Although there are exceptions, it is generally recognized that hyper-
methylation at CpG sites is associated with gene repression and vice versa.

The different epigenetic mechanisms may explain in part not only the effects of dietary factors at 
early critical developmental stages on the susceptibility to metabolic diseases in adulthood but also 
the means by which exposure to an altered intrauterine milieu or metabolic perturbation may influ-
ence gene expression and modulate the phenotype of the organism much later in life [49–51]. 
Nevertheless, whether the reported differences in miRNA expression levels are related to future dis-
ease susceptibility is still speculative. By targeting complex biological pathways, miRNAs contribute 
to diverse physiological and pathological processes including cardio-metabolic diseases and insulin 
sensitivity [52] (Fig.  20.5). However, the role of miRNAs in fetal programming remains largely 
understudied. Understanding the contribution of nutritionally modulated miRNAs during critical 
stages of development may open up new avenues for the pharmacological or dietary manipulation of 
miRNA action in offspring.

�Small Noncoding RNAs and Epigenetic Consequences of Maternal Fish Oil 
Intake

Several studies conducted in animals have evaluated the effect of maternal diet on the modulation of 
the expression of miRNAs in the offspring that may lead to the development of metabolic and cardio-
vascular disease risk factors – such as obesity, inflammation, insulin resistance, hypertension, cardiac 
development, and artery remodeling – in young offspring or in later life [53]. Most of the studies 
evaluated the effect of either a high fat (HF), a low protein (LP), or an obesogenic diet compared to a 
standard diet on the expression of miRNAs. They use different species, diets, tissues, age of offspring, 
and metabolic consequences, all of which impairs our ability to make meaningful comparisons 
between studies. However, increasing evidence indicates that prenatal and postnatal nutritional status 
may influence adult susceptibility to the development of cardio-metabolic risk factors, in part through 
miRNA action; miRNAs may “fine-tune” cellular and biological processes by regulating the expres-
sion of genes related to cardio-metabolic risk factors, thereby modulating the phenotype of the organ-
ism much later in life. Therefore, dietary modulation of miRNA expression might theoretically be a 
viable option to accompany current pharmacological therapy targeting miRNAs, but further research 
is required to understand how the diet, and especially maternal fish oil intake, can epigenetically influ-
ence the development of insulin resistance and cardiovascular risk factors.
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As summarized in Table 20.1, to our knowledge only two studies conducted in humans and two in 
rats have assessed the maternally induced epigenetic modifications of the offspring when there was 
significant fish oil intake during pregnancy. Of these, only our own studies in rats have related the 
intake of fish oil, specifically during early pregnancy only, with the modulation of miRNA and its 
relationship with insulin signaling in the offspring [41]. Following the protocol described above (para-
graph 5 in the section “Programmed effects of maternal fish oil intake on metabolic function in off-
spring” and Figs.  20.3 and 20.4), we studied the effects of the consumption of different type of 
FAs – soy oil (SO), olive oil (OO), fish oil (FO), linseed oil (LO), and palm oil (PO) – in an isoener-
getic diet during just the first 12 days of pregnancy on the expression of whole-genome miRNAs 
(miRNome) in adult offspring [41]. As shown in Fig. 20.6, the consumption of different fatty acids 
during early pregnancy induced changes in miRNA expression (only two miRNAs are shown) in the 
livers of adult offspring. One-year-old male offspring of rats that had received the FO diet during early 
pregnancy showed lower liver expression of miR-192 compared to SO, OO, LO, and PO diets; lower 
expressions of miR-10b-5p and miR-377-3p compared to SO, OO, and PO diets; reduced expression 
of miR-215 compared to OO and PO diets; and lower expression of miR-26b-5p compared to PO diet 
[41]. The reduced expression of liver miR-192, miR-215, and miR-10b resulted in a de-repression of 
their predicted targets, plasminogen activator inhibitor type 1 (serpine1), and Igf2. Other genes includ-
ing PPAR- γ, Pck2, Pdpk1, and Dok1, which are genes corresponding to proteins involved in the 

Fig. 20.5  Mother’s fish oil intake and its miRNA legacy. Nutrition during pregnancy and its possible implications for 
the development of cardio-metabolic disease and insulin sensitivity in later life. Dietary supplementation with fish oil 
during the first half of pregnancy has been shown to increase insulin sensitivity in adult male offspring rats through 
noncoding mechanisms [39, 41]. The miRNAs (“miR-“; or “let-“, which is also a class of miRNA) shown were reported 
to be either dysregulated in diabetes or target genes involved in glucose or insulin metabolism [41, 53]. These miRNAs 
were found to be modulated by fish supplementation in pregnant rats and their adult offspring [41]. Whether these 
molecular mechanisms also occur in humans remains unexplored
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insulin signaling pathway, were also found to be modulated by FO. Whether these genes are regulated 
by other miRNAs not evaluated in this study remains unexplored. As previously described [39] and 
summarized in Fig. 20.4, the FO group of male adults had an increased insulin sensitivity index com-
pared to the other dietary groups. Therefore, our findings of miRNA expression and of their target 
genes related to insulin sensitivity may explain epigenetically the long-term phenotypic changes of 
increasing insulin sensitivity observed in the male offspring of rats consuming a moderate amount of 
fish oil during early pregnancy.

These findings give an epigenetic explanation for the long-term increases in insulin sensitivity of 
male offspring of rat mothers given fish oil during early pregnancy through noncoding small RNAs 
(miRNAs). Understanding how the maternal nutritional status during pregnancy influences, through 
miRNAs or other epigenetic mechanisms, the susceptibility to disease in later life suggests new ave-
nues for the prevention or treatment of the rampant epidemic of cardio-metabolic disease and warrants 
further research.

�Conclusions

There is paucity of robust data from human studies showing that gestational supplementation with fish 
oil during the second and third trimester of pregnancy is associated with a reduction in the risks for 
metabolic syndrome or with increased insulin sensitivity in the adult offspring. Whether early supple-
mentation of fish oil may affect insulin sensitivity in adults needs to be determined in the future. The 
existence of “critical periods” of pregnancy, when changes in dietary composition lead to effects that 

Fig. 20.6  Expression levels of small coding RNAs (miRNAs) (a) and of selected genes related to insulin signaling (b) 
in the liver of a 1-year-old male offspring according to their mother’s dietary treatment during the first 12 days of preg-
nancy: diets contained 9% soybean (SO), olive (OO), fish (FO), linseed (LO), or palm oil (PO). Data is expressed as fold 
change (mean ± SD) relative to the SO diet group. SO diet, 1; OO diet, 2; FO diet, 3; LO diet, 4; PO diet, 5. Different 
letters in the same graph indicate statistical difference (P < 0.05) between dietary groups (Adapted from Ref. [41])
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persist into adulthood, has been proposed. The potential for developmental programming affecting 
insulin sensitivity in adults as a result of modified maternal dietary fatty acid composition – such as 
the supplement with fish oil – is likely to be greatest when applied at key stages of cell growth and 
differentiation, as is the case during embryonic development. In rats the intake of fish oil supplement 
during early pregnancy reduced fat accretion and age-related decline in insulin sensitivity in male 
offspring. Although it is not known yet how dietary fatty acids modify the epigenome, several mecha-
nisms – including noncoding RNAs – seem to be involved. Noncoding RNAs have been shown to 
modify DNA methylation and to change chromatin structure. Thus the finding that a high dietary 
supplement of fish oil during a specific developmental stage in rats decreased the expression of miR-
NAs, and was accompanied by increased insulin sensitivity in the resulting adults, indicates a putative 
mechanism by which intake of ω-3 LCPUFA may alter specific epigenetic regulatory processes. Due 
to the great complexity of the human genome and epigenome, it is expected that many more molecular 
mechanisms will be discovered to explain these epigenetic processes; additional studies using differ-
ent doses of fish oil or natural sources of ω-3 LCPUFA at specific periods of perinatal stage are 
warranted.
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Key Points

•	 The potential for ‘deprogramming’ of hypertension and the underlying mechanisms are poorly 
understood.

•	 Animal studies indicate that long-chain omega-3 polyunsaturated fatty acid insufficiency in the 
perinatal period is associated with raised blood pressure in later life.

•	 Overall evidence for maternal omega-3 polyunsaturated fatty acid intake influencing offspring 
blood pressure in humans is inconclusive.

•	 Some cohort studies suggest an association between higher maternal omega-3 polyunsaturated 
fatty acid intake in late pregnancy with lower offspring blood pressure in childhood.

•	 Post hoc analyses of dietary interventions increasing maternal omega-3 polyunsaturated fatty acid 
intake during gestation or lactation have shown no effect on offspring blood pressure.

•	 There is a lack of evidence from prospective randomised trials of maternal omega-3 polyunsatu-
rated fatty acid with offspring blood pressure as a prespecified outcome.

•	 There is a lack of evidence for associations of maternal omega-3 polyunsaturated fatty acid intake 
with offspring blood pressure in high-risk populations.

Keywords  Omega-3 polyunsaturated fatty acids • Blood pressure • Developmental origins • 
Pregnancy • Lactation • Fetal programming • Life course

Abbreviations

ALA	 Alpha-linolenic acid
BP	 Blood pressure
DBP	 Diastolic blood pressure
DHA	 Docosahexaenoic acid
EPA	 Eicosapentaenoic acid
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GA	 Gestational age
LCPUFA	 Long chain polyunsaturated fatty acids
MAP	 Mean arterial pressure
n-3 PUFA	 Omega-3 polyunsaturated fatty acids
n-6	 Omega-6 polyunsaturated fatty acids
SBP	 Systolic blood pressure

�Introduction

High blood pressure (BP) is a major risk factor for cardiovascular and cerebrovascular diseases, which 
in turn are the leading cause of morbidity and mortality worldwide [1]. For each 20 mmHg increase 
in systolic BP (SBP) or 10 mmHg increase in diastolic BP (DBP) the risk of cardiovascular disease 
increases by twofold [2].

Physiological control of BP involves the complex, yet precise, interaction between different organs 
and the continuous actions of the cardiovascular, renal, neural and endocrine systems. Under normal 
function, BP is tightly regulated, maintaining sufficient pressure to ensure constant perfusion of end 
organs and tissues, without causing pressure related structural damage [3]. This tight regulation of BP is 
achieved through combination of local and systemic mechanisms, whereby local mechanisms acutely 
regulate blood flow via vasoconstriction and dilatation, and global mechanisms act via the autonomic 
nervous system. The sympathetic branch of the autonomic nervous system affects BP control via direct 
adjustments to cardiac output and total peripheral resistance, and indirect adjustments to blood volume 
via changes in renal function. In contrast, the renal endocrine system is a powerful long-term regulator 
of BP, principally achieved via water and salt excretion related changes in blood volume.

�Pathophysiology of Programmed Hypertension

There is now an extensive body of experimental and clinical work demonstrating that the intrauterine 
environment is a predictor of BP, and describing the underlying mechanisms. Mechanisms implicated 
include the kidney – with evidence for critical periods of exposure [4]; the vasculature – with exten-
sive evidence that various forms of maternal malnutrition can affect nitric oxide dependent vasodilata-
tion and microvascular density [5], key local mechanisms influencing total peripheral resistance and 
thus BP; and the autonomic nervous system. A number of studies show increased sympathetic activity [6], 
decreased parasympathetic activity [7], and changes to autonomic function [8] in children born small 
for gestation age, a group with at risk of elevated BP from childhood through adulthood [9]. This is 
supported by experimental models showing autonomic and baroreflex dysfunction induced by a num-
ber of maternal nutritional manipulations [10]. Nonetheless, the fine details of these mechanisms 
driving programmed hypertension remain elusive, although may provide an indication of potential 
targets for interventions.

�Programmed Hypertension: Potential for Prevention or Early Treatment

High BP is one of the most modifiable risk factors and strong evidence supports that it can be affected 
by pharmacological agents and lifestyle interventions, including dietary strategies [11]. Effective 
strategies to counter programmed hypertension remain poorly described. Due to potential risks to the 
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developing fetus and infant, safety is a key consideration for interventions during this period. 
Accordingly, maternal nutritional interventions are likely a practicable means by which to prevent 
programmed hypertension, with omega-3 polyunsaturated fatty acids (n-3 PUFA) being one such 
nutritional hemodynamic agent.

�n-3 PUFA, Metabolism and Physiology

Embedded in the phospholipids of cellular membranes, fatty acids play vital biochemical and physiolog-
ical roles serving as lipid platforms to drive mechanistic and signalling pathways. In particular, the 
essential PUFAs, namely n-3 α-linolenic acid (ALA; C18:3n-3) and n-6 linoleic acid (C18:2n-6), which 
cannot be synthesised by mammalian cells and are essential for normal physiological function. ALA is 
on average the most readily consumed n-3 PUFA, obtained predominantly from plant sources, and can 
be endogenously converted into longer chain n-3 PUFAs, including eicosapentaenoic acid (EPA; 
C20:5n-3) and docosahexaenoic acid (DHA; C22:6n-3) via desaturase-mediated desaturation and elon-
gation. Linoleic acid and ALA compete for the same enzyme systems for biosynthesis to long-chain 
PUFA (LCPUFA) and, importantly, for incorporation into membranes. Nonetheless, the conversation of 
ALA to EPA & DHA is relatively inefficient in humans, partly due to competition with n-6 linoleic acid 
for the rate-limiting enzyme for conversion into arachidonic acid [12]. Alternatively, EPA and DHA can 
be obtained directly from the diet by consuming oily fish such as salmon, tuna and mackerel.

LCPUFAs are precursors for eicosanoids which act as local and systemic mediators for coagu
lation, immune, allergic and inflammatory responses as well as having effects on BP and vascular 
reactivity. EPA is metabolized by the cyclooxygenase pathway into 3-series eicosanoids (prostaglan-
dins, thromboxanes) and by 5-lipoxygenase into 5-series leukotrienes which have antagonistic physi-
ological effects to the 2-series eicosanoids derived from arachidonic acid. DHA also gives rise to 
anti-inflammatory lipid mediators [13]. Leukotrienes and lipoxins derived from EPA and arachidonic 
acid are additional lipid mediators that modulate inflammation and serve as endogenous regulators of 
vascular tone and BP. Importantly, those derived from arachidonic acid are pro-inflammatory and pro-
aggregatory agonists while those derived from EPA have opposing effects including anti-arrhythmic, 
hypolipidemic and hypotensive effects [14].

The beneficial effects of n-3 PUFAs have been explained by some authors in terms of a balance 
between total n-6 and n-3 FAs, rather than the absolute amount of each [15]. A high n-6/n-3 ratio has 
been hypothesized as being detrimental for human health, while conversely a ratio of ~1, estimated to 
be that consumed by our paleolithic forebears, is considered cardioprotective. During the last 
150 years, a dramatic increase in the Western diet towards consumption of n-6 PUFAs paralleled with 
a decrease of n-3 PUFAs intake has resulted in a drastic shift resulting in average n-6/n-3 ratio between 
15:1 and 20:1 [15].

Thus the dietary imbalance of LCPUFAs in favour of n-6 FAs can drive vascular and inflammatory 
responses, with consequent elevations of BP and other chronic diseases. Other vascular actions of n-3 
PUFA are relatively poorly understood, but include changes in membrane structures, gene expression, 
and direct interactions with ion channels.

�Anti-hypertensive Actions of n-3 PUFA

Studies have shown a number of antihypertensive effects of n-3 PUFA (Fig. 21.1). Consumption of 
n-3 PUFA reduces systolic and diastolic BP as well as resting heart rate in adults [16]. The reduced 
heart rate is thought to be due to direct effects on cardiac electrophysiology as well as indirect 
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pathways [16], which include augmenting vagal tone and improving left ventricular diastolic filing 
[17]. Short-term trials indicate a number of vascular mechanisms of n-3 PUFAs including increased 
nitric oxide production, enhanced vasodilatory responses, attenuation of vasoconstrictive responses to 
angiotensin II and norepinephrine, improved arterial compliance and flow-mediated dilatation, a non-
invasive marker of endothelial function [16]. N-3 LCPUFAs have beneficial effects on other aspects 
of endothelial health, including evidence that DHA decreases the expression of adhesion molecules 
on endothelial cells and monocytes, including E-selectin, intercellular cell-adhesion molecule-1 and 
vascular cell adhesion molecule-1. The magnitude of this effect is directly associated with the degree 
of incorporation of DHA into cellular phospholipids [18]. In human umbilical vein endothelial cells 
exposed to oxidized-LDL, EPA improves the balance between nitric oxide and reactive oxygen spe-
cies [19]. Incubation with EPA also attenuates saturated fatty acid-induced generation of reactive 
oxygen species, expression of adhesion molecules and cytokines, activation of apoptosis-related 
proteins, and apoptosis in endothelial cells [20].

More recently, the cytochrome P450 enzymes have been proposed as targets of n-3 PUFAs to 
modulate vascular tone. It has become evident from several in vitro studies that n-3 PUFAs may exert 
potent vasodilatory effects as fatty epoxides metabolized by cytochrome P450 epoxygenase in the 
endothelium [21]. In isolated coronary arterial cells, DHA-derived epoxides were shown to activate 
calcium-activated potassium currents producing vasodilatation. Furthermore, the DHA-mediated dil-
atory effects were dose-dependent, increasing calcium-activated potassium currents by 5%, 170%, 
and 220% at 0.1, 0.3, and 1.0 mM DHA, respectively [22]. In recent experiments, n-3 PUFA-derived 
mono-epoxides was also reported to possess nearly 1000-fold greater potency than their precursors 
EPA or DHA in reducing effects of calcium overload in neonatal rat cardiomyocytes [23].

Fig. 21.1  Antihypertensive effects of omega-3 fatty acids: mechanistic evidence. n-3 polyunsaturated fatty acids have 
a number of antihypertensive effects, including improved arterial health, increased vagal activity and improved cardiac 
health. ICAM-1 intercellular adhesion molecule-1, NO nitric oxide, HR heart rate, VCAM-1 vascular cellular adhesion 
molecule-1
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Observational studies and small trials suggest n-3 PUFA may improve autonomic function via 
augmentation of vagal activity or tone, although further studies are required to determine the appro-
priate dose required as either supplementation or as a component of dietary intake [16].

Taken together, these vascular and central mechanisms likely underpin the blood pressure lowering 
actions of n-3 PUFA.

�Maternal n-3 PUFA and Offspring BP

The “fetal origins” hypothesis proposes that alterations in fetal nutrition result in developmental adap-
tations that permanently change structure, physiology, and metabolism, most likely influencing sus-
ceptibility to develop metabolic disorders, such as type 2 diabetes, cardiovascular disease, obesity and 
hypertension in later life [24]. It has been postulated that a deficiency in n-3 PUFAs in the perinatal 
period may be one such early life “insult” with hypertensive consequences.

Indeed, maternal DHA is readily transferred via the placenta, is an important component of breast 
milk, and is rapidly accumulated in the synapses during fetal development and early postnatal life. 
DHA comprise 30% of the phospholipid fatty acids within the cortex and 15% within the hypothala-
mus, a key brain centre that controls BP.

�Maternal n-3 PUFA and Offspring BP: Experimental Animal Studies

To date, there is limited evidence from animal studies regarding the relationship between maternal n-3 
PUFA and offspring BP. Armitage and colleagues [25] investigated the effects of maternal n-3 PUFA 
deficiency, in addition to the effects of post-weaning repletion of n-3 PUFA in the offspring, with 
subsequent offspring BP. Pregnant dams were given a diet either deficient in n-3 PUFA or supple-
mented with n-3 PUFA, throughout pregnancy and until weaning. At 9 weeks of age, half the supple-
mented offspring were crossed to the deficient diet and half the deficient offspring were subsequently 
supplemented, while the remainder continued to consume the diet to which their mother was origi-
nally allocated. In the adult offspring, mean arterial pressure (MAP) was highest in those fed the n-3 
PUFA deficient diet throughout development and during post-weaning life (Fig. 21.2). Interestingly, 
the two groups with the lowest BP were those who were supplemented with n-3 PUFA throughout and 
those who were supplemented during pregnancy, but not post-weaning. This suggests that prenatal 
and early infancy is a critical period during which n-3 PUFA may modify adult BP in the rat, puta-
tively via accumulation of n-3 PUFA in the developing nervous system.

A similar study investigating n-3 and n-6 PUFA, and their ratios, found that BP was elevated in the 
offspring of those dams fed either a diet enriched in n-3 or n-6 PUFA prenatally [26]. Only male off-
spring from dams given the diet containing both n-6 and n-3 PUFA had elevated blood pressure, suggest-
ing that prenatal fatty acid balance may be important in influencing BP in a gender-specific manner.

Observations from Armitage and colleagues offer some clues as to mechanisms by which PUFA 
and its composition affect early development and BP control. Rats exposed to n-3 PUFA deficiency 
while in utero and during infancy were found to over ingest sodium and consequently consume lower 
amounts of water, as part of a sodium and water deprivation challenge [27]. Such behaviour is consis-
tent with abnormalities in sodium and osmoreceptors as well as the renin angiotensin mechanism, 
both of which influence BP and hydromineral balance. N-3 PUFA deficiency is also found to affect 
phototransduction in the retina, which share similar receptor morphology as the angiotensin II recep-
tor [25]. These changes may have emerged due to developmental changes in the membrane bound 
receptors.
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�Maternal n-3 PUFA During Pregnancy and Offspring BP: Human Studies

All of the n-3 and n-6 PUFAs accumulated by the fetus must ultimately be derived from the mother 
by placental transfer and studies have demonstrated the preferential selectivity in the placental mem-
brane binding sites for LCPUFAs, in particular DHA [28].

Despite the functions of n-3 PUFAs in fetal and newborn neurodevelopment and inflammation, 
there is only a relatively small body of evidence describing the associations of maternal n-3 PUFA 
intake with BP or measures of cardiovascular health in the offspring (Table 21.1).

In the Generation R Study, an observational cohort of 4455 mothers and children [29], higher 
maternal n-3 PUFA and lower n-6 PUFA concentration in the second trimester of pregnancy was 
associated with lower SBP but not with DBP in the offspring during childhood. In models adjusted for 
gestational age at sampling, pregnancy and childhood factors, and sex and age of the child, both 
higher total maternal n-3 PUFA concentration and DHA concentration were found to be associated 
with lower SBP in the children at 6 years of age (differences: −0.28 [95% CI −0.54, −0.03] and 
−0.29 mmHg [95% CI −0.54, −0.03] per SD increase of n-3 PUFAs [one SD is 1.5 wt%] and DHA 
[one SD is 1.1 wt%] respectively) [29]. Conversely, a higher maternal n-6 PUFA was associated with 
a higher childhood SBP (difference: 0.36 mmHg [95% CI 0.09, 0.62] per SD increase of total n-6 
PUFA [2.5 wt%]). Furthermore, a higher n-6/n-3 ratio was associated with an increased childhood 
SBP, but not with DBP. In separate analyses of the Generation R cohort, a higher maternal n-6/n-3 
PUFA ratio was associated with a higher childhood total body fat mass percentage, android:gynoid fat 

Fig. 21.2  Effect of dietary fatty acid supply on mean arterial blood pressure (MAP). Cross over diet was implemented 
at 9 weeks of age, where half the supplemented (CON) offspring were crossed to the deficient diet (CON-DEF) and half 
the DEF offspring were crossed to the control diet (DEF-CON). The remaining rats continued on their initial diets 
(CON-CON and DEF-DEF). This study demonstrated that (1) the highest MAP occurred in animals raised and main-
tained on a diet deficient in n-3 PUFA (DEF-DEF); and that (2) early n-3 PUFA deficiency with subsequent n-3 PUFA 
supplementation at 9 weeks of age (DEF-CON) still resulted in raised blood pressure when compared to those who 
received PUFA supplementation throughout (CON-CON). This is consistent with a deficiency in n-3 PUFA during the 
prenatal and perinatal period affecting adult hemodynamics. *Significantly higher than all other groups (P < 0.05); ‡ 
significantly higher than CON-CON (P  <  0.05). n-3 PUFA, omega-3 polyunsaturated fatty acids (Reprinted from 
Armitage et al. [25] Copyright © 2003 by AOCS Press, with permission of Springer)
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mass ratio, and abdominal preperitoneal fat mass area adiposity at 3, 4 and 6  years of age [30], 
potentially driving the observed association with BP.

The Avon Longitudinal Study of Parents and Children reported an inverse association between 
maternal n-3 PUFA intake assessed during the third trimester of pregnancy with offspring SBP at 
7.5 years of age in 6944 mother-child pairs (P = 0.04), although this effect was lost after adjusting for 
current anthropometry, maternal and social factors, birth weight and gestation (P = 0.7) [31]. There 
were no significant associations between maternal dietary n-3 PUFA intake and offspring DBP.

More recently, the Southampton Women’s Survey reported that higher oily fish consumption in late 
pregnancy was associated with reduced aortic stiffness, assessed by pulse wave velocity, in the child 
at 9 years of age (−0.084 m/s per portion of oily fish consumed per week; 95% CI −0.137, −0.031) 
independent of the child’s current oily fish consumption [32]; however there was no association with 
offspring BP or heart rate.

Promising findings on DHA supplementation and fetal heart rate have been reported. A randomised 
controlled trial involving maternal supplementation of 600 mg/day of DHA commenced at 14 weeks 
gestation was found to lower heart rate at 24, 32 and 36 weeks gestational age compared to placebo 
(P = 0.095) [33]. Furthermore, there was evidence that DHA intake during the last two trimesters of 
pregnancy results in more responsive autonomic function in the offspring.

Follow-up studies examining effects in adolescence have also yielded discrepant findings. A ran-
domised controlled trial in which 180 pregnant women were supplemented with marine n-3 LCPUFAs 
in the last trimester of pregnancy showed no association with BP, heart rate or heart rate variability, a 
marker of autonomic function, in the offspring at 19 years or age [34]. Similarly, marine-derived 
dietary n-3 LCPUFA expressed as quintiles of energy-adjusted intake during the second trimester of 
pregnancy showed no association with SBP, DBP, heart rate or heart rate variability in 443 offspring 
at 20 years of age in a Danish cohort [35].

�Maternal n-3 PUFA During Lactation and Offspring BP: Human Studies

For the infant, PUFAs are essential during the perinatal period where there is rapid growth and devel-
opment of new tissues and organ systems, and is primarily sourced from breast milk in nursing infants. 
The lactating mammary tissue synthesises FAs intracellularly from a supply of substrates extracted 
from the maternal plasma. The lipid drops formed in the mammary epithelial cells are secreted into 
the milk by exocytosis or association with the plasma membrane bilayer [36]. While the level of n-6 
arachidonic acid is relatively constant in human milk, the EPA and DHA levels are variable and 
dependent on the maternal nutritional habits [37], with maternal intake of fish oil, DHA, or DHA-
enriched foods effectively increasing both maternal and neonatal n-3 PUFA status [38].

Studies linking breast milk intake in infancy to lower BP during childhood have been reported. 
Breastfeeding has also been associated with consistent reduction in obesity risk later in childhood 
[39], with likely benefits for BP, although the n-3 PUFA content of breast milk is likely not a major 
factor contributing to this lower risk of offspring adiposity. LCPUFAs are present in breast milk but 
were not routinely available in infant formula until the early 2000s. As infants have limited ability  
to synthesise DHA, infants fed unsupplemented formula may experience a relative deficiency of 
LCPUFAs compared to breast-fed infants [40].

Longitudinal observational studies in term infants have demonstrated that children who were 
breast-fed for at least 3 months have lower SBP and DBP during later childhood and adolescence 
compared to children who were formula fed [41, 42]. Fifteen year old children born preterm and ran-
domised during infancy to being fed banked breast milk, had lower SBP and DBP compared to those 
who were randomised to infant formula [43].

21  Maternal n-3 Fatty Acids and Blood Pressure in Children
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Increased heart rate and decreased heart rate variability were found in infants fed a DHA-deficient 
milk formula compared to those fed DHA-supplemented formula or breast-fed infants [44]. In con-
trast, maternal supplementation with marine n-3 PUFAs during the first 4 months of lactation had no 
effect on BP, arterial stiffness or heart rate variability of the offspring at 2.5 years of age [45].

Postpartum intervention in infancy has proven effective in some randomised trials. A study of 71 
newborn infants who were randomised to a formula with LCPUFAs reported a significantly lower 
DBP at 6 years of age compared to those children who were fed a nutritionally similar formula in 
infancy but devoid of LCPUFAs (mean difference −3.0 mmHg [95% CI −5.4, −0.5 mmHg]) [46]. 
The association was weaker for SBP (mean difference −2.3 mmHg [95% CI −5.3, 0.7 mmHg])]. In 
late infancy supplementation with marine n-3 LCPUFA (924  mg/day) in 9  month old infants for 
3 months resulted in a lower SBP compared to those infants that did not receive n-3 PUFA (mean 
difference −6.3 mmHg [95% CI −11.7, −0.9,mmHg]). No effects were observed for DBP or MAP 
[47]. Although these do not directly study the effect of maternal n-3 PUFA intake, these trials of for-
mula supplemented with n-3 PUFA compared with deficient formula, can be used as proof-of-concept 
of the potential haemodynamic effects of n-3 PUFA intake during infancy per se. It is not unreason-
able to posit that similar findings could result in breast-fed infants of mothers consuming an appropri-
ate amount of n-3 PUFA. Importantly, these infants would also obtain the other well-described health 
benefits of being breast-fed, including reduced risk of later obesity (Fig. 21.3).

While there are currently no widely recognised guidelines for intake of n-3 PUFA during preg-
nancy and lactation, there are well established recommendations for the general population of two 
servings of oily fish per week providing an average of ~100 to 250 mg per day n-3 PUFAs of which 

Fig. 21.3  Summary of evidence of maternal n-3 PUFA intake and offspring BP across the life course. Current evidence 
linking maternal intake of n-3 PUFA and lower offspring blood pressure is inconclusive. While some observational 
studies have shown inverse associations, others have not, and intervention studies have reported no effect. There is a 
lack of evidence from prospective randomised trials of maternal n-3 PUFA with offspring blood pressure as a prespeci-
fied outcome. BP blood pressure, DHA docosahexaenoic acid, n-3 PUFA omega-3 polyunsaturated fatty acids, SBP 
systolic blood pressure

H.U.W. Dissanayake et al.
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50–100 mg is from DHA [48]. It is likely that there are increased n-3 PUFA requirements during 
pregnancy, however most pregnant women likely do not meet the increased demand in part due to 
competing recommendations to limit oily fish consumption to a maximum of two servings per week 
due to concerns of their mercury content. For women consuming a solely or predominantly plant-
based diet, there are other concerns in meeting these requirements. While plant-based foods can be 
rich in ALA, only a small amount of these short-chain n-3 PUFA appear to be endogenously converted 
to LCPUFA, and these dietary patterns provide only small amounts of EPA and DHA [48]. Accordingly, 
the use of supplements may be warranted in some women during pregnancy and lactation, who are 
otherwise unable to obtain sufficient n-3 LCPUFA from dietary sources.

The ability of n-3 PUFA in the fetus or during early infancy to reduce later BP may also depend on 
the background risk of the individual, particularly relating to the presence of other early life risk 
factors for hypertension. A recent randomized trial of fish oil supplementation over the first 5 years of 
life in children who were not considered to be at risk of cardiovascular disease, found evidence of 
interaction by birth weight, such that those with the lowest birth weight had less severe subclinical 
atherosclerosis if they had been allocated to receive the fish oil supplement [49]. Similar findings have 
since been demonstrated for BP, with intake of both plant and marine-derived n-3 PUFA being associ-
ated with lower BP [50]. It is plausible that those born with impaired fetal growth in particular, are a 
group in which sustained n-3 PUFA intake postnatally may be beneficial, given that birth weight is 
inversely associated with later BP, that on average children born with impaired fetal growth are more 
likely to have been exposed to lower n-3 PUFA in utero, and that impaired fetal growth is associated 
with lower serum DHA and EPA levels later in life [50] (Fig. 21.4). Indeed, the above studies reporting 

Fig. 21.4  Schematic proposed pathways linking n-3 deficiency with hypertensive disorders: potential timing for n-3 
PUFA interventions. Theoretical time points, including while in utero and postnatal, during which n-3 PUFA interventions 
could be applied to reduce or prevent the chronic disease outcomes of fetal programming. ANS autonomic nervous system, 
CVD cardiovascular disease, n-3 PUFA omega-3 polyunsaturated fatty acids, n-6 omega-6 polyunsaturated fatty acids
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the association of n-3 PUFA intake and BP lowering properties in those born with impaired fetal 
growth, found that similar associations were either not present or markedly weaker in those born with 
healthy birth weight [50].

�Conclusions

Accordingly, while a link between maternal intake of n-3 PUFAs and lower offspring BP is mechanis-
tically plausible, the evidence thus far is mixed and inconclusive, and limited principally by the lack 
of prospective randomised trials with BP as a pre-specified outcome.

There are a number of issues that will need to be duly considered in the design of such trials, and 
any recommendations that flow therefrom. What is the best vehicle for n-3 PUFA interventions in 
pregnant women? Consuming oily fish is generally recommended outside of pregnancy, for cardio-
vascular disease prevention, predominantly due to the inherent substitution of such a meal for a likely 
less healthsome meal. However, mercury levels in consumed fish are an important consideration, 
particularly during pregnancy, and as such consumption of species including swordfish and shark 
should be limited.

Fish oil supplements may be more amenable to some women, due to food preferences and toler-
ances, and most of the widely available supplements are low-mercury or mercury-free. Algae-derived 
DHA preparations overcome these concerns, and are also a suitable source of n-3 LCPUFA for women 
adhering to a plant-based diet. People adhering to such diets have higher ALA intake on average, the 
role of which during pregnancy remains poorly described.

Finally, identifying groups of women whose offspring will have the greatest likelihood of achiev-
ing clinically meaningful reductions in BP resulting from n-3 PUFA intake during pregnancy is an 
on-going challenge. As noted, such offspring are likely to be those at the highest risk of elevated BP 
due to an adverse maternal-fetal environment, including but not limited to those born premature or 
with fetal growth restriction, although clinical identification of women at risk of these outcomes early 
enough in pregnancy to enable the intervention to have a meaningful effect, remains challenging.

Yet despite these challenges, given the global burden of hypertensive-disorders and the strong 
evidence for developmental origins of hypertension, maternal n-3 intake is a potentially powerful and 
meaningful strategy to normalize offspring BP which warrants further careful and robust evaluation.
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Key Points

•	 The deficit in dietary methyl donors before and during pregnancy produces profound effects on 
child development and long-term health.

•	 The foetal programming of rat by deficiency in methyl donors produces manifestations of metabolic 
syndrome in liver and heart and altered neurodevelopment and neuroplasticity.

•	 Accumulating evidence shows that maternal status in methyl donor nutrients affects DNA methyla-
tion, in population studies.

•	 Low B12 in the first trimester of pregnancy predicts higher central obesity and higher insulin resis-
tance at 6 years in the offspring, especially when associated with high maternal folate status.

•	 Association studies and interventional studies converge in showing an influence of maternal folate 
on cognitive performances of offspring.

Keywords  Folate • Vitamin B12 • Epigenomics • Methylome • Birth weight • Metabolic syndrome • 
Cognition

Abbreviations

MTHFD1, MTHFD2	 Methylenetetrahydrofolate dehydrogenase 1 and 2
1-CM	 One-carbon metabolisms
AHCY	 Adenosylhomocysteinase
BHMT	 Betaine homocysteine methyltransferase
BMI	 Body mass index
CBS	 Cystathionine beta-synthase
CTH	 Cystathionine gamma-lyase
DHFR	 Dihydrofolate reductase
DMR	 Differentially methylated region
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DOHaD	 Developmental origins of health and disease
ER-α	 Oestrogen receptor alpha
ERR-α	 Oestrogen-related receptor alpha
EWAS	 Epigenome wide association studies
HAT	 Histone acetyltransferase
HDAC	 Histone deacetylase
HDM	 Histone demethylase
HIF-1α	 Hypoxia-inducible factor
HMT	 Histone methyltransferase
HNF-4	 Hepatic nuclear factor 4
HOMA-IR	 Homeostasis model assessment of insulin resistance
HSF1	 Heat shock factor protein 1
IGF1	 Insulin-like growth factor 1
IUGR	 Intrauterine growth restriction
MDD	 Methyl donor deficiency
MTHFD	 Methylenetetrahydrofolate dehydrogenase
MTHFR	 Methylenetetrahydrofolate reductase
MTR	 Methionine synthase
NASH	 Non-alcoholic steatohepatitis
PGC-1α	 Peroxisome proliferator-activated receptor γ coactivator1α
PPAR-α	 Peroxisome proliferator-activated receptor alpha
PRMT1	 Protein arginine methyltransferase 1
SAH	 S-adenosylhomocysteine
SAM	 S-adenosylmethionine
SHMT	 Serine hydroxymethyltransferase
SIRT	 Sirtuins
TYMS	 Thymidylate synthase

The developmental origins of health and disease (DOHaD) concept consider that the development 
events and the related environment influence during early life (at conception, and/or during foetal life, 
infancy and early childhood) can have a long-term impact on later health and disease risk. Consequences 
of negative gene-environment interactions for early health and development include increased risk of 
pregnancy complications such as intrauterine growth retardation and subsequent foetal programming 
outcomes such as obesity, increased insulin resistance and impaired cognitive development in chil-
dren. These conditions are also known to predict later outcomes of age-related chronic diseases, such 
as outcomes of metabolic syndrome and cognitive decline, through programming mechanisms.

Experimental and human population studies have established links between the deficit in dietary 
methyl donors (MDD) involved in the one-carbon metabolism and foetal programming in early and later 
outcomes in the offspring. This review will be focused on the associations and underlying mechanisms 
of MDD foetal programming on outcomes of obesity and metabolic syndrome and cognition.

�1-CM Participates in a Network of Pathways Related with Early 
Programming

1-CM plays a central role in the influence of metabolic and nutritional factors on DNA methylation 
and regulation of gene expression. This complex metabolic network is regulated by a number of genes 
and requires micronutrients such as folate, vitamins B12, B6, B2 among others to function correctly. 
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Some of them, folate, vitamin B12 and choline are methyl donors, which are involved in the synthesis 
of the precursor of S-adenosylmethionine, the universal donor of methyl groups needed for DNA 
methylation (Fig. 22.1). Thus, dysregulation in any of the regulatory components (nutritional, meta-
bolic or genetic determinants) of 1-CM can alter the epigenomic regulation of gene expression.

1-CM displays complex biochemical regulation and participates in a network of interconnected 
pathways necessary for the synthesis of purine nucleotides, thymidylate and amino acids. Cellular 
methionine originates from the remethylation pathway of homocysteine by methionine synthase, 
which uses vitamin B12 (methyl-cobalamin) as a cofactor. The deficit in folate and vitamin B12 leads 
to two metabolic consequences, the decreased synthesis of methionine and S-adenosylmethionine 
(SAM) and the accumulation of homocysteine. Choline is also a methyl donor for the synthesis of 
methionine in the liver. Coenzymes derived from vitamin B2 are cofactors of several enzymes of the 
1-CM, including methylenetetrahydrofolate reductase (MTHFR), while B6-derived coenzymes are 
cofactors of the enzymes involved in the transsulfuration pathway of homocysteine, which produces 
cysteine and glutathione. Novel aspects of the association of 1-CM with diseases concern low vitamin 
B6. Vitamins B6 and B2 are involved in the formation of kynurenines, which are neuroactive metabo-
lites with immunomodulatory effects.

Fig. 22.1  One-carbon metabolism pathways and so-called dietary methyl donors that acts as precursors of methyl and 
other one-carbon radicals (in yellow). In the folate cycle monocarbons are used for synthesis of purines and thymidylate. 
In the methionine cycle, the methyl group provided by methyl-tetrahydrofolate is used in homocysteine remethylation 
to methionine. The transsulfuration of homocysteine is catalyzed by cystathionine beta-synthase and cystathionine 
gamma-lyase, two enzymes that are B6-dependent. Abbreviations. THF tetrahydrofolate, MTHFD 1 and 2 methylene-
tetrahydrofolate dehydrogenase 1 et 2, MTHFR methylene-tetrahydrofolate reductase, SHMT1 “cytoplasmic serine 
hydroxymethyltransferase”, TYMS thymidylate synthase, DHFR dihydrofolate reductase, MTR methionine synthase, 
SHMT serine hydroxymethyltransferase, BHMT betaine homocysteine methyltransferase, MAT methionine adenosyl-
transferase, CBS cystathionine beta-synthase, CTH cystathionine gamma-lyase, AHCY adenosylhomocysteinase (Figure 
adapted from Ref. [19])
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Over the past two decades, many epidemiological and experimental studies have showed an 
association between homocysteine (homocysteine) and manifestations of foetal programming. The 
consequences of folate and vitamin B12 deficiency on the decreased cellular concentration of SAM, 
increased S-adenosylhomocysteine (SAH) and decrease of the SAM/SAH ratio illustrate their impor-
tance in maintaining the homeostasis of transmethylations. The decreased SAM/SAH ratio impairs 
the cell’s ability to ensure methylation of DNA, RNA, histones and co-regulators of nuclear receptors, 
all of which play a key role in epigenetic and epigenomic mechanisms [1].

�The Nutritional Status and Metabolism of Folate and Vitamin B12 
in Pregnancy and In Utero Life

The prevalence of deficiency in folate and vitamin 12 during pregnancy differs among countries and 
continents. The prevalence of vitamin B12 deficiency is high in India. In Europe, the prevalence of 
vitamin B12 deficit is lower than that of folate. The deficit in folate is higher in Northern than in 
Southern European countries. In Northern America, the folate fortification of cereals has been 
introduced since nearly two decades, but there is a debate concerning possible harmful effects of 
the supplementation and/or food fortification by folic acid in case of B12 deficiency [2]. It is well 
established that dietary methyl donor nutrients, including folate and vitamin B12, are vital for 
embryo, foetal and early development. The imbalance in status of folate and B12 has been associ-
ated with increased risk of adverse pregnancy outcomes [3]. However the links between the 1-CM 
network, epigenetic processes and phenotype are not clear. Different components of the process 
from diet and 1-CM to DNA methylation have been shown to affect development from the earliest 
stages and also long-term health outcomes. However these components have largely been studied 
as separate entities.

Fertility is influenced by folate and vitamin B12 in both males and females. Folate deficiency is 
associated with altered spermatogenesis and impaired ovarian reserve [4]. Pre-implantation embryos 
express almost all enzymes that participate in one-carbon metabolism, and the role of exogenous 
folate on their development is still under debate [5, 6]. Folate is crucial for proper foetal development 
and its deficiency is associated with Down syndrome and neural crest-related birth defects through 
mechanisms that may involve DNA methylation [7]. The effect of folate supplementation throughout 
pregnancy remains controversial, compared to its well-established protective influence in the precon-
ceptional period of life. A recent meta-analysis concluded that increased folate intake is associated 
with higher birth weight after the first trimester, but has no effect on length of gestation [8]. The 
mechanisms of vitamin B12 availability during the foetal life are complex. Intrinsic factor is the 
digestive transporter of dietary B12 that is needed for its absorption and transcobalamin the blood 
transporter that delivers vitamin B12 to tissues. There is a progressive decrease in holotranscobalamin 
and free transcobalamin in amniotic fluid and blood during pregnancy [9, 10] and a higher concentra-
tion in cord blood than in maternal blood [11]. However, in congenital transcobalamin deficiency, the 
foetus is not B12-deficient and develops normally to full term, suggesting alternate pathways of B12 
delivery. Transcobalamin and intrinsic factor of amniotic fluid have mainly a foetal origin [9]. Vitamin 
B12 bound to intrinsic factor can be a foetal source of B12  in utero, through the amniotic fluid 
swallowed by the foetus [12]. There is some specificity of the 1-CM during the foetal life regarding 
the absence of transsulfuration activity and the unique metabolism of serine and glycine in the foetus 
(see for review Kalhan SC, Mol Cell Endocrinol, 2016) [13].
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�1-CM Markers and Methyl Donor Status Influence Foetal  
Programming Outcomes

�Experimental Evidences (Fig. 22.2)

Rodents provide suitable models to investigate promoter and histone demethylations, with gene and 
tissue-specific effects [14, 15]. Maternal dietary supplementation of folate produces epigenetic effects 
in the progeny of the agouti mice model. A mutation designed Avy is caused by the retrotransposition 
of a CpG-containing intracisternal A particle (IAP) upstream of the transcription start site of the wild-
type agouti gene. The locus displays epigenetic inheritance following maternal but not paternal trans-
mission [16]. Maternal dietary supplementation with folic acid, vitamin B12, choline and betaine 
induces IAP methylation and shifts the phenotype distribution by increasing the proportion of coat 
colour. The offspring are also leaner, healthier and have a longer lifespan [17]. Reduced periconcep-
tional supply of folate, vitamin B12 and methionine in sheep led to greater body fat, insulin resistance 
and hypertension and at the molecular level, to variation in epigenetic patterns [18]. The foetal pro-
gramming of rat by deficiency in methyl donors, vitamin B12 and folate produces central manifesta-
tions of metabolic syndrome in liver and heart [19]. Deficiency in folate and vitamin B12 during 
gestation and lactation produces manifestations of foetal programming, with decreased birth weight, 
increased central fat mass, liver steatosis and cardiac hypertrophy, in pups from deficient rat mothers 
[20, 21]. These manifestations result from increased import of free fatty acids, impaired fatty acid 
β-oxidation and impaired energy metabolism in myocardium and liver. The underlying molecular 
mechanisms are linked to the decreased expression and activity of SIRT1 and PRMT1 and the subse-
quent hyperacetylation and hypomethylation of PGC1-α and epigenomic dysregulation of nuclear 
receptors, ER-α, PPARs, ERR-α and HNF-4. Interestingly, overnutrition produces similar effects with 
decreased expression and activity of SIRT1. The differential gene expression associated with DNA 
methylation is related to the outcomes of metabolic syndrome, including blood pressure. Some of 
these expression changes are involved in renin-angiotensin system and energy metabolism [22].

�Epidemiological Facts

Over the past two decades, many epidemiological studies and meta-analyses have clearly demon-
strated an association between markers of the 1-CM, including methyl donors and homocysteine, and 
birth weight and other manifestations of foetal programming [19].

Various studies in India and Nepal have reported an association between maternal vitamin B12 
status during pregnancy and central obesity and insulin resistance in childhood. Indian babies have 
low weight but are fat (lean-fat phenotype), and there is a higher prevalence of mothers with low 
serum vitamin B12 and folate deficiency, compared to Europe [23]. Offspring birthweight is inversely 
related to maternal homocysteine concentration and MTHFR gene variant rs1801133 (formerly 677 
C>T) predicts higher homocysteine concentration and lower birth weight, in the Pune Maternal 
Nutrition Study and Parthenon Cohort Study of India [24]. Pune Maternal Nutrition Study shows also 
that low cobalamin in the first trimester of pregnancy predicts higher central obesity and higher insu-
lin resistance at 6 years in the offspring, especially when associated with high maternal folate status 
[25]. A study in the rural district of Nepal confirmed that low pregnancy cobalamin status was associ-
ated with an increased risk of insulin resistance in the offspring by early school age [26]. In another 
cohort from India, maternal homocysteine at 30 gestational weeks was associated with higher post 
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Fig. 22.2  (a, b) Methyl donor deficiency (MDD) foetal programming effects on nuclear receptor pathways. MDD 
decreases the expression of peroxisome proliferator-activated receptor alpha (PPARα), oestrogen-related receptor alpha 
(ERR-α) and hepatic nuclear factor 4 (HNF-4). It impairs the co-regulation of these nuclear receptors (NRs) by peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), through its decreased methylation and/or 
increased acetylation. This imbalanced methylation/acetylation is the consequence of the decreased expression of argi-
nine methyl-transferase PRMT1, the decreased cellular ratio of S-adenosylmethionine (SAM)/S-adenosylhomocysteine 
(SAH) that directly influences PRMT1 activity and the decreased expression of deacetylase sirtuin 1 (SIRT1); These 
mechanisms produce some of the effects of MDD foetal programming through altered expression of genes involved in 
energy metabolism, fatty oxidation, and neuroplasticity (Figure adapted from Ref. [19])
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load glucose concentrations in the offspring at 5 and 9 years. Higher maternal folate status during the 
same period was associated with a higher degree of insulin resistance in the offspring [27]. A variant of 
adenosylmethionine decarboxylase was associated with childhood obesity, in another Indian study [28].

Epidemiological studies have also shown that 1-CM markers and methyl donor status during preg-
nancy influence the risk of small birth weight and of subsequent events related to foetal programming, 
in Europe and Western countries. Children born from mothers with homocysteine in the top quartile 
weighted less than the rest of the children [29]. Other studies have also reported an inverse association 
between maternal homocysteine and birth weight in the offspring [27, 30], while no association was 
found in a large study from Canada, a country in which folate fortification in cereals has been intro-
duced 15  years ago [31]. Maternal erythrocyte folate concentration during pregnancy was also 
reported to be positively associated with birth weight [32, 33]. A meta-analysis confirmed the inverse 
association between homocysteine and birth weight and estimated the OR for small-for-gestational-age 
(SGA) at 1.25 for maternal homocysteine above the 90th percentile [34]. In contrast, a double-blinded 
randomized controlled trial of folic acid supplementation, taken over 14–36 gestational weeks in 
women who also received folic acid supplements in the first trimester prevented the gestational decline 
of folate observed at 36 gestational weeks in the placebo group, but had no significant impact on 
infant size at birth [35]. In a more recent study, maternal concentrations of B12, B6 and Hcy did not 
associate with birth weight, but they predicted the 3-year weight gain [36].

The influence of folate intake seems to have an influence on outcomes of metabolic syndrome in 
childhood, in Europe, despite contrasted results among populations. In a population-based cohort 
from South UK, folate intake estimated by questionnaire did not influence childhood body composi-
tion [37]. In contrast, it was associated with birth weight and insulin resistance in a French study of 
obese adolescents [38]. Contrasted results have been also found with a genetic determinant of folate 
metabolism, the MTHFR 677C>T polymorphism. This gene variant not associated with obesity and 
BMI, in three cohorts from the UK and Denmark, or with metabolic syndrome, in an Italian popula-
tion study [39, 40]. In contrast, in France, Frelut et al. reported that MTHFR 677C>T was associated 
with low birth weight and high insulin resistance in morbidly obese adolescents [38]. A cohort study 
of 2819 mothers and their children showed that higher vitamin B 12 concentrations in mothers pre-
dicted higher childhood bone mass, whereas homocysteine concentrations were associated with lower 
childhood bone mass [41].

�Methyl Donors and Environmental Factors Influence the Epigenome 
in Early Life

�Experimental Facts

The epigenome appears to be particularly malleable during embryogenesis and in utero life and epi-
genetic changes that occur at this time may have roles in disease susceptibility after birth [42]. 
Epigenetic imprinting is influenced by maternal environmental exposure, including nutritional status. 
It has a permanent effect on the developing foetus and lifelong genome adaptation [43].

�Epidemiological Facts During Pregnancy and Postnatal Life

Accumulating evidence shows that maternal status in methyl donor nutrients affects DNA methyla-
tion. Pregnancy choline intake is associated with increased methylation of genes that regulate the 
foetal hypothalmic-pituitary axis reactivity in cord blood and in placenta [44]. Inverse associations 
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have been reported between maternal fasting plasma homocysteine and global methylation of cord 
LINE-I DNA [45]. DNA methylation was increased in 17-month-old infants of mothers that had used 
periconceptional folic acid at the recommended dose of 400 μg/d [46], a result, which was not found 
in the folate-repleted population from the Viva cohort in the USA, where food fortification with folic 
acid is widespread [47]. Recently maternal riboflavin and cysteine were shown to affect DNA meth-
ylation of metastable epialleles in the offspring [48]. The genetic determinants of 1-CM and folate 
status may also affects DNA methylation on offsprings. A study of mother-child pairs of Dutch 
national origin found an association between the maternal MTHFR 677C>T genotype and the epig-
enome of a selection of seven genes in newborns [49].

The methyl donor deficient diet influences the development and later health of offspring through 
altered expression of methylated region (DMR) and imprinted genes. A recent study of pregnant 
women, the Newborn Epigenetics Study found an association of maternal erythrocyte folate levels 
with DNA methylation changes of MEG3 DMR and birth weight [50]. Another study estimated the 
associations between maternal vitamins B12, B6 (pyridoxal phosphate and 4-pyridoxic acid) and 
homocysteine concentrations with offspring DNA methylation of 4 DMRs involved in foetal growth, 
namely, H19, MEG3, SGCE/PEG10 and PLAGL1. The most relevant result was the association of 
higher maternal PLP concentrations with offspring DNA methylation levels at the MEG3 DMR [36]. 
Imprinted genes are organized in clusters and are expressed predominantly from only one of the 
parental alleles. In the H19/IGF2 cluster, H19 encodes a non-coding RNA, while IGF2 influences 
embryonic development and foetal programming through expression of insulin-like growth factor 2 [51]. 
Igf2 is expressed almost exclusively from the paternal allele, and the tightly linked H19 from the 
maternal allele. The loss of imprinting for H19 and IGF2 has been observed in human blood cells 
[50]. Patients heterozygous for a H19 polymorphism and presenting with high plasma homocysteine 
concentrations due to renal failure (60 μmol/L) display a bi-allelic expression for H19 that correlates 
with decreased DNA methylation and which reverts to mono-allelic expression and increased Igf2 
expression after treatment with Me-THF [52]. These results show therefore that the influence of folate 
on Igf2 expression is not limited to early development but extends to the postnatal period. Similar 
results have been obtained with periconception global undernutrition. For example, the Dutch famine 
was associated with reduced DNA methylation at the IGF2 locus in the offspring 60 years later [53].

�Epigenome Wide Changes Influence Metabolism and Traits of Metabolic 
Syndrome in Later Life

Heritability estimates are between 30% and 70% for age-related conditions such as diabetes, Alzheimer’s 
disease, obesity and hypertension. The crucial role of the epigenome in this scenario is only beginning 
to be evaluated as powerful methods to analyse the whole DNA methylome emerge [54].

�Epigenome Influence on Metabolic Traits

Many interacting mechanisms and confounding factors participate in the links between DNA meth-
ylation, gene expression and metabotypes. Genetic variance in CpG sites or in their vicinity could 
influence DNA methylation. Previous GWAS with metabolic traits linked to disease outcomes have 
identified many so-called genetically influenced metabotypes (GIMs) [55], which have been shown to 
predict complex disorders. Associations between metabolic traits and DNA methylation may result 
from complex interactions in contrast to GIM, where a genetic variant may be directly causal for an 
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association between a SNP and a phenotype. DNA methylation is an important gene-regulatory 
mechanism expected to play a prominent role in disease/outcome-related metabotypes. For instance, 
DNA methylation can influence C-glycosyl tryptophan, a metabolite, which is also associated with 
birth weight [56]. Few longitudinal studies have compared the respective influence of environment 
and 1-CM among life. Bjornsson et al. studied the time-dependent changes in global DNA methyla-
tion of a panel of 1505 CpG dinucleotides from 807 genes within 337 individuals from two separate 
populations of widely separated geographic locations [57]. The author found 8–10% of individuals in 
both populations showing changes greater than 20% over an 11- to 16-year span. The data suggested 
an age-related loss of normal epigenetic patterns, which is a potential mechanism for late onset of 
common human diseases. The familial clustering of methylation changes raised the possibility that 
methylation might be directly related to genes controlling 1-CM or DNA methyltransferase activity.

�Epigenome Influence on Age-Related Outcomes of Metabolic Syndrome

DNA methylation is considered as a ‘key’ for understanding the molecular mechanisms of normal and 
premature ageing. However, very few epigenome wide association studies (EWAS) have been per-
formed for evaluating the association between the DNA methylome and age-related outcomes and 
none of them have considered the dietary methyl donors and metabolic determinants of 1-CM in their 
study design. A recent EWAS with BMI in 479 individuals of European origin showed an association of 
increased BMI with increased methylation at the HIF3A locus in blood cells and in adipose tissue [58]. 
To date, most of the knowledge on the influence of the epigenome on metabolic syndrome outcomes 
is generated from experimental data and cannot be easily extrapolated to human situations. An increase 
in adipose tissue mass has been associated with elevated secretion of proinflammatory adipokines, 
such as TNF-α and leptin, whose expression is determined by the epigenetic status of the relevant 
genes [59]. A group of obese women who responded well to a calorie-restricted diet had a lower level 
of promoter methylation on the TNF-α and leptin genes [60], suggesting that methylation levels of 
these genes could be used as epigenetic biomarkers in predicting response to low-energy diets. 
Furthermore, a study of obese men showed differential DNA methylation levels in several CpGs 
located in the ATP10A and CD44 genes depending on the weight-loss outcome [61]. Non-alcoholic 
fatty liver disease (NAFLD) is considered as a visceral manifestation of metabolic syndrome, which 
linearly correlates with all components of metabolic syndrome. In a study of liver biopsies from 
NAFLD patients, methylation of PGC1-α promoter, a co-regulator involved in energy metabolism 
was linked to HOMA-IR and plasma fasting insulin levels [62]. Bell et al. explored the hypothesis that 
epigenetic changes contribute to the rate of ageing phenotype in a sample of middle-aged female 
twins [63]. They reported 490 genomic regions that were differentially methylated with chronological 
age and a differentially methylated region (DMR) associated with total cholesterol. None was associ-
ated with blood pressure.

�Dietary Methyl Donors Influence the Effects of Toxic Dietary Factors 
on Epigenome

Toxic dietary factors can influence the epigenetic hallmarks related to folate status, in experimental stud-
ies. In mice, maternal exposure to bisphenol A, an oestrogenic xenobiotic, decreases DNA methylation 
in the retrotransposon upstream of the agouti gene and shifts coat colour distribution in the offspring. 
This effect is neutralized by maternal supplementation with folic acid, betaine and choline [64]. 
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Fumonisins from corn- and maize-based diets are associated with growth retardation in exposed infants 
in Tanzania [65]. Part of the toxicity could be related to impaired folate metabolism and epigenetic 
alterations. Indeed, fumonisin FB1 inhibits folate receptor expression [66, 67] and methyl donor defi-
ciency and fumonisin FB1 act synergistically on DNA instability through alteration of heterochromatin 
assembly [68].

�1-CM Markers and Methyl Donor Status During Pregnancy and Lactation 
Influence Postnatal Neurodevelopment and Cognition Through Epigenomic 
Mechanisms

�Experimental Facts (Figs. 22.2 and 22.3)

The deficiency of vitamin B12 and folate during pregnancy and postnatal life impairs the proper 
development of brain, in animal models. The increased homocysteine triggers oxidative stress and 
homocysteinylation of functional cargo proteins involved in the transport of neurotransmitters. 
Vitamin B12 and folate deficiency in dams during gestation and lactation produces deregulations of 
nuclear receptors in pups, a mechanism which is also observed in heart and liver. In particular, the 
imbalanced methylation/acetylation of PGC1-α disrupts the activation of ER-α with subsequent 
altered cerebellum neuroplasticity through impaired expression of synapsins [69]. In a N1E115 neu-
roblastoma cell model, the most discernible consequences of decreased cellular availability of vitamin 
B12 are reduced proliferation and accelerated differentiation through PP2A, NGF and TACE path-
ways and increased reticulum stress through decreased expression of deacetylase SIRT1 and greater 
acetylation of heat shock factor protein 1 (HSF1) [70, 71]. Folate deficit sensitizes H19-7 neuronal 
progenitors to differentiation-associated apoptosis, with increased expression of histone deacetylases 
(HDAC), leading to impaired differentiation, cell polarity, vesicular transport, synaptic plasticity and 
neurite outgrowth. Expression and phosphorylation at both Tyr705 and Ser727 of Stat3 are decreased 
in the brains of deprived foetuses and in differentiating progenitors. Vitamin shortage down regulates 
Stat3 signalling through miR-124 upregulation, leading to altered brain development [72].

�Population Studies

Association studies and interventional studies converge in showing an influence of maternal folate on 
cognitive performances of offspring. In Europe, children from mothers with increase of homocysteine 
during pre-pregnancy and early pregnancy were more likely to score lower in IQ tests at 6 years of age 
than children with mothers whose homocysteine are in the low–normal range [73]. The children had 
normal plasma homocysteine at the time of the development tests and no correlation between homo-
cysteine and their IQ scores. Folic acid supplement intake during early pregnancy was positively 
associated with neurodevelopment in 4-year-old children in Spain [73]. Maternal red cell folate at 
14 weeks of pregnancy was inversely associated with hyperactivity in 8–9 year old children [73] and 
positively associated with foetal head growth. Late pregnancy folate status (but not vitamin B12) was 
positively associated with cognitive test scores in 9–10 year-old children in India [74]. Multivitamin 
supplementation from early pregnancy throughout 3  months post-partum was associated with 
improved IQ tests in 7–9 year old children from rural Nepal [75]. The same study observed no added 
benefit to their IQ when supplementing these children from 12 to 36 months of age [76]. In contrast, 
another study found no association between mid–late pregnancy folate status or homocysteine and 
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neurodevelopment in 5-year-old black American children of low socioeconomic status [77], while the 
maternal MTHFR 677 T variant allele was associated with lower developmental scores at 24 months 
of age in Mexican children [78].

�In Conclusion

The deficit in dietary methyl donors before and during pregnancy produces profound effects on child 
development and long-term health. Childhood obesity and cognition development are growing con-
cerns. There are now experimental evidences suggesting that this deficit in maternal micronutrient 

Fig. 22.3  Overview of the mechanisms observed in the dam-progeny rat model of MDD (methyl donor-deficient diet) 
foetal programming. MDD produces sequential events related to increased homocysteine and decreased SAM and sir-
tuin (SIRT)1 activity. Decreased production of S-adenosylmethionine and altered SIRT1 expression lead to epigenomic 
dysregulations, with methylome changes and disruption of nuclear receptor coactivation by imbalanced methylation/
acetylation of the coactivator PGC-1α. Homocysteine accumulation produces cellular stress and protein homocysteinyl-
ation. The consequences include reduced proliferation and sensitized progenitors to differentiation, impaired neuroplas-
ticity and energy metabolism and increased cellular stress and inflammation. These consequences may trigger outcomes 
related to non-alcoholic steatohepatitis (NASH), cardiomyopathy and cognition in animals exposed to over nutrition or 
proinflammatory agents in later life
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status create an environment that may program a child towards higher risk of disease in later life by 
influencing prenatal epigenomic profiles, leading to lifelong genome adaptation. However, the 
influence of epigenome in the underlying mechanisms of MDD foetal programming has received 
insufficient attention to date. Common gene variants and epigenome are key determinants of early 
development and health outcomes that predict and/or participate in the development and progression of 
chronic ageing diseases. The correlations that have been observed so far are encouraging for the pros-
pects of further integrated analyses associating epigenome wide analyses and the metabolic and nutri-
tional factors that influence the methylome, in particular those related to the one-carbon metabolism.
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Key Points

•	 This chapter focuses on animal and human studies related to the role of taurine (Tau) in glucose 
and lipid metabolism.

•	 Maternal diabetes and maternal dietary deficiencies influences fetal development and increases the 
risks of developing glucose intolerance, insulin resistance, obesity and hypertension in the off-
spring in adulthood.

•	 Tau is a sulfur amino acid that plays an important part in multiple cellular functions related to 
osmoregulation, energy storage, anti-oxidation, cytoprotection and absorption of intestinal fat.

•	 Maternal dietary intake is the main source of fetal Tau and is transported from the mother to fetus 
through the placenta by Tau transporters (TauT). The fetus during development lacks the enzyme 
cysteine-dioxygenase (CDO) and cannot synthesize Tau from methionine and cysteine.

•	 The absence or deficiency of Tau during intrauterine life alters fetal and pancreatic development 
predisposing the offspring to T2D in adulthood.

•	 Tau supplementation to dams with diabetes or exposed to protein restricted diets reverted the damage 
to the endocrine pancreas in the fetus, rescuing the offspring from developing disease later in life.

Keywords  Taurine • Maternal taurine deficiency • Fetal taurine deficiency • DOHAD • Type1diabetes 
(T1D) and Type 2 diabetes (T2D) • Obesity

Abbreviations

α	 Alpha cells
ATP	 Adenosine triphosphate
Akt	 Protein kinase B
β	 Beta cells
BMI	 Body mass index
[Ca2+] i	 Intracellular Ca 2+ concentration
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CDO	 Cysteine dioxygenase
CHOL	 Cholesterol
C57 Bl/6J	 Black inbred laboratory mice
C-peptide	 Connecting peptide (A and B insulin chain)
C	 Control
CYP7A1	 Cholesterol-7-hydrolase
δ	 Delta cells
DNA	 Deoxyribonucleic acid
DM	 Diabetes mellitus
Flk-1	 Receptor for vascular endothelial growth factor
HbA1C	 Glycosylated hemoglobin
HF	 High Fat
HOMA	 Homeostatic model of assessment index
HPLC	 High-performance liquid chromatography
IUGR	 Intrauterine growth restriction
IGF-II	 Insulin-like growth factor-II
IR	 Insulin receptor
KKAy mice	 Genetically obese diabetic mice
LP	 Low protein
LP1	 Low protein diet during gestation and lactation
LP2	 Low protein diet all life
LDL	 Low-density lipoprotein
NOD	 Non-obese diabetic
OLEFT	 Otsuka Long Evans Tokushima Fatty rats
Pdx-1	 Pancreatic and duodenal homeobox 1
PGC-1α	 Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
pp.	 Pancreatic polypeptide
PPAR-α	 Peroxisome proliferator-activated receptor alpha
PPAR-ϒ	 Peroxisome proliferator-activated receptor gamma
RNA	 Ribonucleic acid
RIA	 Radioimmunoassay
SST	 Somatostatin
STB	 Syncytiotrophoblast
T1D	 Type 1 diabetes
T2D	 Type 2 diabetes
TAU	 Taurine
TauT	 Taurine transporters
TG	 Triglycerides
UCP	 Uncoupling protein 2
VLDL	 Very low density lipoprotein
WAT	 White adipose tissue

�Introduction

�What Is Taurine?

In 1838, Demarcay extracted an amino-acid from the bile of the ox (Bos Taurus) [1] that he called Taurine 
(Tau). This sulfur containing amino-acid was often called “non-essential” as it differs from most amino-
acids in that it is not metabolized or incorporated into proteins and remains free in the intracellular fluid.
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Since 1968, studies showed that Tau has a significant array of physiological functions associated 
with the conjugation of bile acids, cellular osmoregulation, and energy storage, absorption of intesti-
nal fat, glucose metabolism, anti-oxidation, and cytoprotective effects during cell development and 
survival.

Tau is undoubtedly considered one of the most important substances in the body. It is synthesized 
from ingested methionine and cysteine and oxidized in the presence of pyridoxal 5′-phosphate (as a 
cofactor) by the rate limiting enzyme cysteine–dioxygenase (CDO) in the liver [2]. At a cellular level 
Tau plays a crucial role in cell membrane stabilization, osmoregulation and detoxification [3]. It has 
the ability to modulate Ca2+ binding in a variety of tissues and to phosphorylate proteins. Tau serves 
as a regulator of mitochondrial protein synthesis by enhancing the electron transport chain activity 
and protecting the mitochondria against excessive superoxide generation.

High concentrations of Tau are found in tissues with high oxidative activity and may prevent leak-
age of the reactive compounds formed in the mitochondrial environment. Tau indirectly acts as an 
antioxidant by providing sufficient pH buffering in the mitochondrial matrix [4].

In most vertebrates, plasma Tau concentrations are lower than 1 mM and its intracellular concen-
tration ranges from 10 to 50 mM. All these values are usually altered by diet, disease and aging [5].

In humans, Tau is the most abundant amino acid found in the developing brain, skeletal muscle, 
liver, spinal cord, retina, pancreas, heart, white blood cells and platelets.

Epidemiological studies showed that communities that consume diets enriched with meat and 
seafood have lower risks of developing metabolic diseases such as obesity, diabetes, dyslipidemia, 
and hypertension [6].

It is important to note that lacto-ovo- vegetarian diets lack Tau, and who follow these diets have 
very low levels of Tau in plasma and tissues. Children raised in strictly vegetarian diets, have an 
increased incidence in childhood disease [7]. Multiple studies have shown that all these conditions 
can be reversed altering the diets by including meat and seafood products or by the administration of 
Tau [8] as a supplement.

The concept that Tau is a ‘conditionally essential’ amino acid arose from studies showing that in 
chronic conditions of reduced intake, increased need, or reduced conservation, the body loses its 
ability to maintain the required Tau pools necessary for its normal function.

�Taurine in Development

The β-amino-acid taurine (2-aminoethanesulfonic acid), although not a constituent of proteins, is 
essential for fetal growth and organogenesis [9]. Tau cannot be synthesized by the fetus as the 
enzyme required for its synthesis is absent during development in human fetal tissues [10]. Fetal Tau 
is mainly provided by maternal dietary intake and is the most abundant free amino acid present in the 
human placenta [11]. The fetal requirements of Tau are met by its uptake from the maternal blood by 
the Tau transporter (TauT) present on the syncytiotrophoblast (STB) microvillus plasma membrane. 
In the STB, the activity of the TauT is critical to achieve a high intracellular Tau concentration  
to maintain a gradient that favours Tau efflux towards the fetus, where it is readily used in organ 
development [12].

Intrauterine restricted babies (IUGR) exposed to maternal dietary deficiencies have lower plasma Tau 
concentrations compared with normal pregnancies supporting its importance for fetal growth [13].

Tau is also present in human milk [14]. Babies that are not breast feed are Tau deficient. Currently, 
all infant milk formula is supplemented with Tau to compensate these babies Tau insufficiency. Tau 
is crucial for the absorption of fat. This addition to milk formula was enough to improve the absorp-
tion of fat and to maintain plasma and urine concentrations of Tau to values found in breast fed 
children [15].
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�Tau Regulation in Adults

The balance of Tau concentration in tissues and circulation is regulated by the liver and the kidney. 
Tau deficiency is rare in adults. In Tau-restricted diets, Tau is conserved by reducing its urinary excre-
tion and enhancing reabsorption.

Patients with Gaucher’s disease, retinitis pigmentosa [16], receiving long- term Tau-free parenteral 
nutrition [14] or poorly controlled diabetes mellitus (DM) [17] have very low plasma levels of Tau.

Tau concentration is mainly regulated by the taurine transporter (TauT) which is widely expressed 
and distributed in most tissues. It transports Tau from the extracellular space into cells to help main-
tain a high intracellular content. Alterations in Tau tissue content are associated with the reduction of 
TauT leading to cardiopathy with cardiac atrophy, accelerated skeletal muscle senescence and altered 
metabolic response to exercise [18].

�Programming the Pancreas in Utero

In humans and rodents, the endocrine pancreas, or islets of Langherhans, comprises 2–3% of the total 
pancreatic volume and plays a vital function in maintaining nutritional homeostasis. The islets develop 
from ductal-like cells in the embryo, fetus, and neonate which further form primitive islets in the 
mesenchyme adjacent to the ducts. Final differentiation into the different cell types such as insulin-
expressing (β), glucagon (α), somatostatin (δ), and pancreatic polypeptide (pp) cells occurs by the 
expression of a cascade of transcription factors, such as the master regulator Pdx-1 [19], and by the 
actions of local peptide growth factors within the surrounding mesenchyme [20] (Fig. 23.1).

In humans the third trimester is essential to pancreatic development as it undergoes a remodeling 
process to enable its response to nutrients at birth [21]. In the rat 2–3 days before birth β-cells dupli-
cate in number by replication, cell recruitment, and maturation of undifferentiated β-cell precursors 
[22]. This process continues throughout neonatal life and declines at weaning. Simultaneously, during 
this period a remodeling process occurs with the absence of IGFs [23] (which are known to act as 

Fig. 23.1  Representative microphotograph of a rat pancreas section. The exocrine and endocrine pancreas is labelled. 
The arrows in the endocrine pancreas show two different cells types. The brown cells in the mantle of the islets 
correspond to glucagon (α) cells and the red cells in the core to insulin (β) cells
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survival factors) where a transient wave of apoptosis at day 14 occurs after a rise in neogenesis at day 
10 to conserve beta cell mass. This process by which part of the β-cell population with low glucose 
responsiveness for insulin release is replaced by cells with acute glucose stimulated insulin release 
takes place to give rise to a β-cell population that will be better adapted to control glucose metabolism 
in adult life [23].

Islets are also surrounded by a rich network of capillaries to allow nutrient and growth factor 
delivery, as well as accurate glucose sensing and dispersion of hormones into the systemic circulation 
[24]. Inadequate islet vasculature results in reduced insulin secretion and glucose intolerance [25]. 
The signaling mechanism between vasculature and islet cells involves the vascular endothelial growth 
factor-A (VEGF-A) and a deficiency in its expression can result in β-cell loss.

David Barker and Charles N. Hales after extensive epidemiological studies coined the term “fetal 
programming” in 2001 [26], suggesting that poor nutrition or altered delivery of nutrients during fetal 
development impairs the offspring long-term. More so, the timing of the nutritional challenges in 
early, mid or late gestation will have different effects on organogenesis and could increase the risk to 
disease later in life [27].

Multiple animal models have been utilized trying to extrapolate these results to humans, to under-
stand and explore the mechanisms of these “in utero” effects on the development of disease. All models 
of IUGR result in impairment of placental development and function which leads to a reduction of 
nutrient availability and oxygen to the fetus and are associated with a reduction in fetal growth [28].

Rodents were exposed to different types of dietary manipulations at different windows of develop-
ment such as calorie restriction (50% calorie reduction), protein restriction (LP 8% vs C 20% protein 
diets) or over nutrition given (high fat diets).

Maternal protein restriction or low protein diet (LP) is an extensively studied rodent model of 
intrauterine growth restriction. Our laboratory explored the effects of this LP diet (8% protein restric-
tion and otherwise isocalorific) during gestation on pancreas development and our results showed that 
the offspring had a reduced pancreatic weight at birth, diminished islet size and β-cell mass with 
decreased insulin content and pancreatic vascularity. This reduced β-cell mass was paralleled by a 
diminished rate of β cell replication and an increased developmental apoptosis. The slow recovery of 
β-mass was due to an increased length in the cell cycle kinetics with an extended G1phase [29]. 
Maternal and fetal plasma glucose levels were not altered by maternal protein restriction; however, 
plasma amino acid profiles were perturbed, and plasma concentration of Tau and its synthesis were 
decreased in both the mother and fetus [30].

These LP diets given at critical windows of development during gestation (first week, second week 
and third week) had different effects on the morphometric analysis of the endocrine pancreas followed 
by an altered postnatal glucose metabolism, with set phenotypes showing the same sexual dimor-
phisms as in humans [27].

The administration of LP diet during early gestation reflected primarily an influence on pancreatic 
embryogenesis and endocrine progenitor cells. The nutritional insult in mid-gestation represented a 
change in islet formation, which begins around day E12, while in late gestation, the LP diet influenced 
β-cell mass and maturation. These studies showed that the LP diet nutritional insult in early, middle or 
late gestation results in a relative deficiency of beta cell mass following birth due to the failure to develop 
larger islets. Females were particularly susceptible in mid-gestation and males in late gestation [27].

When nutritional restriction was extended into weaning, our laboratory showed that the effects 
were irreversible contributing to glucose intolerance later in life. We observed for the first time that at 
130  days of age, LP offspring of both sexes showed signs of impaired glucose tolerance and the 
mechanisms by which this deterioration occurred was different in males than in females. Specifically, 
males exhibited decreased insulin sensitivity as calculated by the homeostatic model assessment 
(HOMA) index, while females exhibited a significant reduction in mean pancreatic islet number, islet 
size and beta cell mass. In LP males, basal insulin levels were twofold higher and Akt phosphorylation 
in response to insulin was reduced in adipose and skeletal muscle at 130 days of age when compared 
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to control-fed animals. Hence, females became relatively more insulin deficient while males were 
more insulin resistant. It also suggests that there is a sexual difference in the mechanism by which 
these alterations occur that may be related to hormonal changes. LP males had reduction of plasma 
testosterone levels along with a significant increase in visceral adiposity relative to their body weight 
at 130  days [31]. These gender-specific findings are consistent with observations in humans that 
showed that men are more insulin resistant than women [32]. In LP-fed males, the two major classic 
peripheral insulin-responsive tissues, muscle and adipose, displayed a diminished response to insulin 
resulting in decreased disposal of excess circulating glucose and fatty acids. Increased body fat mass, 
visceral fat mass and an adverse lipid profile are all observed in the human metabolic syndrome which 
is characterized by decreased insulin sensitivity whereby the degree of insulin resistance is related to 
the percentage of total body fat mass [33]. Collectively, all of these factors contributed to the onset of 
glucose intolerance in later life (Fig. 23.2).

It has been suggested that postnatal catch-up growth due to changes to the diet like the increase of 
calories or the proportion of the components of the diet such as the increase of proteins, carbohydrates 
or fat at birth, following fetal growth restriction may increase the predisposition to diseases such as 
type 2 (T2D) diabetes and hypertension [34].

A theory has been proposed to explain these results through the predictive adaptive response [35] 
which states that the fetus is constantly interpreting the environment created by the maternal milieu 
and placental function and predicts the environment into which it is likely to be born. However, this 
can be detrimental when inadequate or excessive nutrients are present following birth protein 
deprivation.

In order to further understand the effects of LP diets on offspring we performed the gold standard 
hyperinsulinemic–euglycemic clamp and hyperglycemic clamp to assess insulin sensitivity and β-cell 
function. Two groups were compared, one was given the LP diet during gestation and lactation (LP1) 

Fig. 23.2  Diagram outlining the effects of low protein diets (LP) and LP supplemented with taurine (Tau) during preg-
nancy and lactation on neonatal and adult offspring. On the left, the LP diet alone alters β-cell function and number in 
the offspring with impaired glucose homeostasis. On the right, the addition of Tau to the diet (LP+Tau) restored β-cell 
morphology and function preventing glucose intolerance in adulthood. Sexual differences are noted
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and another group kept the LP diet all life (LP2). These clamp studies showed that LP2 had better 
glucose metabolism than the LP1. In males, LP2 exposure had a tendency to increase hepatic insulin 
sensitivity and increase C-peptide levels in response to glucose during the hyperglycemic clamp and 
had improved β-cell function compared to the LP1 [36].

These results confirmed the adaptive response theory, showing that dietary changes at birth or 
weaning have detrimental effects on the offspring and when the environment is maintained throughout 
life the offspring thrives better. It also followed the observations seen in humans, where fetal growth 
restriction and catch up growth impacts insulin action and glucose metabolism in adulthood [37].

�Role of Taurine Regulating the Endocrine Pancreas

Tau is localized mainly in the α (glucagon) and in some δ (Somatostatin) cells in the endocrine pan-
creas, whereas it is absent in β (insulin) cells [38]. This presence of Tau in the islets raised a lot of 
interest in the last decades into understanding its cellular and physiological role.

In 1996, Cherif et al. showed that Tau controls insulin secretion and appears to be age-dependent. 
In adults Tau reduces insulin secretion whereas in the fetus, Tau stimulates the insulin release induced 
by the secretagogues, leucine and arginine [39].

In fetal islets of dams exposed to a protein restricted diet (LP), the addition of Tau to the media did 
not stimulate insulin secretion. Interestingly, the addition of Tau to the maternal LP diet restored insu-
lin secretion in the fetal islets to normal values and increased the expression of genes involved in 
β-cell proliferation, indicating the importance of Tau during fetal pancreas development [40].

Tau has been shown to be severely reduced in both maternal and fetal plasma as well as in fetal 
islets during maternal protein restriction [30]. Measuring Tau levels by HPLC we found that they were 
significantly lower (P < 0.001) at day 1 after birth in LP offspring compared to those of control-treated 
mothers. At 130 days there were no differences in Tau levels between the two groups [36].

When Tau was added to the LP diet (LP+Tau) during gestation and lactation, the loss of β-cell mass 
was prevented in the offspring probably by an increase of IGF-II expression [41] that was also trans-
lated to an increased number of cells positive for IGF-II in the islets. Previously, we showed that 
IGF-II acts as a survival factor in islet cells [23] stimulating DNA synthesis and protecting β-cells 
from apoptosis [42, 43]. In this LP+Tau group, Tau may induce IGF-II to promote the increase of 
β-cell proliferation and reduce apoptosis, thus normalizing islet size in these offspring.

In rodents, the islets are a richly vascularized tissue, where the blood supply arrives from a highly 
specialized network of microvessels arranged as a local intra-islet portal system [44] through which 
blood flows from the central core of β-cells to the cell mantle. Previous studies have shown that vas-
cular islet blood vessel development was very sensitive to the lack of protein availability in utero. LP 
fetuses had a marked reduction in the islet blood vessel density [45]. When the LP diet was fed until 
adult age, there was a 65% decrease in the islet blood flow [30].

We demonstrated that Tau restored the expression and presence of VEGF in the islets by increasing 
the number of VEGF-positive cells in LP-fed pups at all ages. VEGF receptor Flk-1 was also increased 
in islet cells stating that Tau has an important role during fetal vascular and endocrine system develop-
ment [46] (Fig. 23.2).

Tau has been recently implicated in the regulation of mitochondrial function through various 
actions, such as modulation of mitochondrial transfer RNA, buffer action and calcium movement  
[47, 48], supporting the idea that Tau might play an important role in energy production. Microarray 
analysis of the pancreas revealed that one of the pathways most affected by fetal protein malnutrition 
was cellular respiration as genes encoded for the TCA (tricarboxylic acid cycle) and mitochondrial 
proteins were affected. Furthermore, those islets were unable to enhance their ATP (adenosine tri-
phosphate) production when stimulated with glucose. Maternal LP+Tau normalized the expression of 
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all the altered genes and ATP production [49]. This was supported by another study where Tau 
increased the amount of ATP in UCP2 (uncoupling protein2) -overexpressing β-cells, probably by 
both increasing mitochondrial Ca++ influx through the Ca++ uniporter, and the ATP:ADP ratio and 
restoring glucose-stimulated insulin secretion [48].

Whether this beneficial effect of Tau was sustained until adulthood was not clearly understood.  
A study demonstrated that maternal Tau supplementation restored insulin response to a glucose chal-
lenge in 11-week-old female offspring of LP-fed dams, but Tau supplementation to control animals 
had detrimental effects including weak glucose intolerance [50].

Additionally, another study has demonstrated that the addition of Tau to a similar model of mater-
nal protein restriction used by us (gestation and lactation) restored both β- cell mass and insulin secre-
tory responses to glucose load in male offspring at 20 weeks of age, possibly by its protective role in 
maintaining mitochondrial morphology and function in β-cells and expression of the mtDNA-encoded 
COX I (mitochondrial DNA-cyclooxygenase 1) gene in islet cells [51].

Using the hyperinsulinemic–euglycemic clamp and hyperglycemic clamp we demonstrated that in 
both genders, maternal Tau supplementation improves glucose metabolism in adult LP offspring. In 
males, Tau supplementation tended to improve hepatic insulin sensitivity and increase body insulin 
sensitivity above that of the controls and completely restored β-cell function. Similar results were 
previously reported but unlike that study, we did not observe the effect of Tau on first-phase insulin 
secretion. In females, Tau improved glucose utilization and overall insulin sensitivity.

�Role of Taurine and Diabetes

Type 1 diabetes (T1D) results from insulin deficiency due to the autoimmune-mediated destruction of 
the insulin producing pancreatic islet β-cells (insulitis). This inflammatory response arises from 
incompletely understood interactions between 𝛽 cells, the immune system, and the environment in 
genetically susceptible individuals [52].

Tau levels are reduced in both plasma and platelets in patients with T1D [17] and type 2 diabetes 
(T2D) [53]. The reduction in Tau could be explained by the renal complications of these conditions 
due to impaired renal reabsorption or enhanced urinary clearance and fractional excretion in addition 
to a possible decrease in the net intestinal absorption [54].

In clinical studies the use of Tau to improve glucose metabolism in diabetic patients is not clear.  
A clinical trial conducted in a group of T1D patients treated with insulin and oral supplementation of 
Tau twice a day, at a dose of 0.5 g over 30 days improved carbohydrate metabolism and decreased 
triglycerides [55]. Although these results were promising, the number of patients studied was very 
small to have a power analysis. Another study showed that long-term Tau administration once a day, 
at a dose of 1.5 g per day for 90 days did not modify glucose metabolism in IDDM patients making 
Tau effects in humans arguable [17].

Currently, there are no accepted recommendations for daily taurine intake.
In an additional study conducted on T2D patients, Tau showed similar results to the previous.  

In this case HbA1C levels between patients and placebo did not change [56].
As mentioned before the average daily taurine intake in man is between 80 and 1000 mg, originating 

mainly from products of animal origin and can vary depending on the diet [57].
In animal models Tau reduces oxidative stress induced by hyperglycaemia [58], attenuates the age 

related increase of oxidative damage, decreases carbonyl group production [59], suggesting a role as 
a glycation scavenger. In diabetes, the depletion of Tau enhances the formation of glycosylated pro-
teins and this overload of detoxification mechanisms [60] could promote the accumulation of reactive 
carbonyl and advanced glycosylation end products [61]. Therefore, dietary addition of Tau could 
reduce glycosylated hemoglobin levels.
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Tau also regulates the immune response [62] and has anti-inflammatory properties [63]. Previous 
data from our laboratory showed that Tau given during gestation to NOD mice (a mouse model of 
T1D) resulted in increased in β-cell DNA synthesis, increased islet area, and reduced apoptosis in 
both sexes along with an elevated number of islet cells containing immune reactive IGF-II in mice at 
14 days after birth, and prior to any evidence of insulitis [64] .

In the NOD female, peri-insulitis is first found at around 4–5 weeks after birth and affects 70–90% 
of islets by 9–10 weeks [65]. At 8 weeks, Tau supplemented female mice had a 90% reduction in the 
mean area of insulitis per islet suggesting that the immune infiltration within the islets was impaired 
(Fig. 23.3). This could imply that recognition of the beta cell auto-antigens by macrophages or den-
dritic cells were reduced, leading to diminished T cell recruitment or action. Tau is abundant in neu-
trophils and Tau- chloramines, reducing inflammation and the number of inflammatory cells [66] 
(Fig. 23.4). Tau has no effect on males at the same age. Although the onset of diabetes was delayed 
for both females and males, only 1 in 5 females developed diabetes after 1 year showing that short 
term Tau exposure during fetal life had a long term consequence, either in β-cell responsiveness to 
autoimmune attack or in autoimmune inter-cellular communication [64] (Fig. 23.5).

Fig. 23.3  Effects of taurine on insulitis. (a) Immuno-histochemical localization of insulin within islets (arrows) from 
control (left) or taurine-supplemented (right) female NOD mice at 8 weeks of age. Peri-insulitis is seen in the control 
animal (arrow), but is absent in the taurine treated one. Magnification bar 10 μm. (b) Area of insulitis. (mean ± SEM) 
in female or male control (black bars) or taurine-treated (white bars) mice. Values are from 12 animals for each group. 
*p < 0.001 vs control mice (Figure taken from Arany et al. [63], with permission)
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Tau supplementation from birth in NOD mice increased glucose tolerance in adult females and 
improved islet insulin release due to a better [Ca 2+] i response to glucose stimulus. However, no 
changes in pancreatic islet morphology were seen in either gender. In vitro, islets exposed to Tau 
showed a protective action against cytokine- induced β-cell secretory dysfunction [67].

In Otsuka Long Evans Tokushima Fatty (OLETF) rats, Tau acted as an antioxidant to attenuate islet 
fibrosis, which is important in the progression of pancreatic beta cell failure induced by oxidative 
stress in T2DM [68]. Metabolomics studies of sulfur amino acids [69] conducted in Zucker diabetic 
fatty (ZDF) rats showed a reduction of methionine and its metabolites (homocysteine, cysteine) in the 
liver suggesting that this deficiency contributed to a reduction of Tau synthesis and led to insulin 
resistance and development of T2D seen in this model.

Tau is concentrated mainly in the α and δ-cells [38] in the endocrine pancreas and may indicate that 
this amino acid could regulate glucagon secretion. Leptin-deficient obese (ob) mice given Tau showed 
a reduction in insulin and glucagon hypersecretion, and ameliorated β-cell responsiveness to δ-cells 

Fig. 23.4  Proposed mechanisms of taurine on the onset of TD1 in NOD female mice. The effects of the Tau during 
gestation and lactation were sustained reducing insulitis and maintaining β-cell mass
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in islets. It also decreased islet hypertrophy, increased δ-cell mass, regulated Ca2+ handling in β and 
α-cells, and modified the expression of transcription factors and genes that participate in islet cell 
differentiation and function. This data suggested that Tau may prevent glucagon and insulin compen-
satory hyper- secretion in obesity and T2D, by maintenance of somatostatin (SST) paracrine interac-
tions in the endocrine pancreas [70].

Another mechanism has been postulated by which this amino-acid may improve glucose control in 
diabetic conditions [71–73] by its interaction with the insulin receptor [74] through stimulation of the 
insulin signaling pathway by the activation of Akt in different insulin target tissues [75–78] increasing 
glucose uptake in muscle and liver [79].

�Taurine and Obesity

Tau plasma levels are lower in obese subjects [80, 81] as compared with their non-obese counterparts 
[82] and in diet-induced and congenital animal models of obesity [82]. It has been demonstrated in 
Swiss mice that the addition of Tau to High fat (HF) diets after weaning prevented β-cell morpho-
functional alterations after 6 months of treatment [83]. Similar diet given over 8 weeks to Sprague–
Dawley rats at weaning, resulted in higher serum adiponectin levels and reduced total serum cholesterol 
(TC) level compared to the HF group [84]. It is important to point out that adiponectin increases fatty 
acid combustion and energy consumption in muscle and liver. Through these mechanisms, adiponec-
tin contributes to improve insulin-induced signal transduction, and hence insulin sensitivity [85].

Fig. 23.5  Survival of NOD female and male mice with or without diabetes with increasing age (in weeks). 
Control (NOD-early onset diabetes). (dark), (n = 37–40). Taurine supplemented (NOD- late onset of diabetes). 
(light), n  =  (45–51) animals (p  <  0.001). (Wilcoxon test). Kaplan–Meier survival plots (Figure modified from 
Arany et al. [63], with permission)
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Tau reduced body weight (BW) and abdominal fat pads in genetically (Kondo spontaneous mild 
T2D obese) KKAy mice. Meanwhile in OLETF (obese T2D) rats, it did not significantly reduce BW 
but they had an improved insulin sensitivity, reductions in serum lipid, leptin and glucose concentra-
tions with no changes in adiponectin [86]. Tau prevents the elevation of LDL and very LDL (VLDL) 
cholesterol in diet-induced hyper-lipidemic animals. Several studies showed that the cholesterol-
lowering effect of Tau was associated with the stimulation of cholesterol catabolism into bile acids. In 
fact, the expression and activity of hepatic cholesterol 7-hydroxylase (CYP7A1), a rate-limiting 
enzyme of bile acid synthesis, was increased by Tau treatment [87].

Tau synthesis has been shown to change during the process of differentiation and hypertrophy of 
the adipocytes [75]. The decrease of Tau plasma levels was associated with a decrease in the expres-
sion of cysteine dioxygenase (CDO), a rate-limiting enzyme in the liver [2]. Recently it was reported 
that CDO mRNA was also expressed in white adipose tissue (WAT) [88]. Primary cell culture of 
adipocytes isolated from parametrial WAT of C57BL/6J incubated in KRHA buffer at 37 C showed 
that Tau concentration increased gradually suggesting that adipocytes secrete taurine. To further 
examine whether CDO is involved in Tau secretion in adipocytes, CDO was overexpressed in 3T3-L1 
cells by means of a retroviral vector, and Tau and cysteine concentrations were measured in culture 
media. The level of Tau secreted into culture media for 3 d was increased significantly by CDO over-
expression in comparison with the control level. In contrast, the level of used cysteine, which is the 
substrate of CDO for synthesis of Tau, was decreased significantly. These results suggest that CDO 
increases the synthesis of taurine from cysteine and that Tau is secreted from adipocytes [82].

On the other hand, “in vivo” high-fat diet-induced obese mice had decreased CDO expression in 
WAT and had decreased plasma Tau concentration. Similar results were seen in KKAy mice, a model 
of genetically obese diabetic mice in which a slight decrease in plasma Tau concentration was accom-
panied by a 50% reduction of CDO mRNA level in WAT [82]. When Tau was supplemented to these 
KKAy mice an up-regulation of PGC-1α, PPARϒ, and PPARα and their target genes leading to 
increased energy expenditure, including fatty acid β-oxidation, was observed in WAT suggesting its 
role in preventing obesity [82].

In human studies Tau content was significantly lower in a healthy obese population (48 μmol/l) 
with a body mass index (BMI) of 30 and in patients with diabetes (32 μmol/l) with a (BMI) of 28 and 
compared to age- and sex-matched non-obese control subjects (85 μmol/l) with a BMI of 25 [89, 90].

Although the mechanisms by which Tau ameliorates obesity are at present unclear, these observations 
indicate that metabolic dysfunctions such as obesity and diabetes may be an effect of Tau deficiency.

In overweight men with a genetic predisposition for T2D the daily administration of 1.5 g Tau for 
8 weeks had no effect on insulin secretion, insulin sensitivity, or blood lipid levels suggesting that at 
that dosage dietary Tau may enough to prevent T2D development [91]. However, oral Tau improved 
insulin sensitivity in overweight non-diabetic men [92].

Obese women given 3 g/day Tau for 8 weeks in combination with nutritional counseling were able 
to increase adiponectin levels and decrease markers of inflammation (high-sensitivity C-reactive 
protein) and lipid peroxidation (TBARS) [80].

�Conclusions

Tau is an essential amino acid that can be synthesized in the liver and in WAT and is present in the 
plasma and tissues of humans and in multiple species of animals after birth. It is deficient in the fetal 
plasma when maternal daily requirements are low as a consequence of dietary deficiencies or by 
maternal diabetes. Multiple studies showed that Tau is also deficient in animal models of obesity, T1D 
and T2D. This shortage of Tau alters glucose metabolism, reduces insulin sensitivity, β- cell number 
and function. All these effects were reverted by the administration of Tau.
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In humans Tau was reduced in both plasma and platelets in T1D and T2D and in obese subjects. 
The addition of Tau to the diet did not show the same results than in rodents. Although some studies 
showed some partial benefits on glucose and lipid metabolisms the results were controversial, mostly 
by the reduced number of subjects tested. Further clinical studies are needed to prove Tau effects as a 
lipid and glucose regulator in metabolic diseases and as a putative regulator of obesity.
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Key Points

•	 Nutrient reduction, deprivation, or imbalance before implantation could result in somatic hypoevo-
lutism at birth and alterations in endocrine and metabolic functions in postnatal life.

•	 Maternal malnutrition can cause alterations in both growth and maturation of specific developing 
brain regions and secretion of hormones such as GH, TRH, PRL, and gonadotropins.

•	 Maternal malnutrition exerts a suppressive effect on the immune response of both mother and 
fetus, with inevitable repercussions on the development of the immune system.

•	 Maternal malnutrition can affect the proliferation of myogenic precursors reducing the number of 
muscle fibers, especially in the fetal stage.

•	 Maternal malnutrition can affect future reproductive maturation with possible consequent impaired 
fertility and quality of gametes.

•	 The abnormal intake (in defect or excess) of tryptophan in the maternal diet, during pregnancy, has 
effects on different body areas of the progeny and on reproductive function.

Keywords  Malnutrition • Postnatal development • Fetal programming • Tryptophan • Brain • 
Myogenesis • Fibrogenesis • Adipogenesis • Gametogenesis
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HIV	 Human immunodeficiency virus
IGF	 Insulin-like growth factor
IHD	 Ischaemic heart disease
IL-2	 Interleukin-2
IUGR	 Intrauterine growth restriction
NTDs	 Neural tube defects
PMS	 Premenstrual syndrome
PRL	 Prolactin
T3	 Triiodothyronine
T4	 Tetraiodothyronine
TSH	 Thyroid-stimulating hormone

�Introduction

A lifelong healthy and varied diet is important, and, particularly during pregnancy, the mother’s diet 
should provide energy and nutrients to both herself and fetus’ growth and for future lactation. The 
nutritional status of the mother at conception is a key factor for development and fetal growth, so a 
healthy, balanced diet is essential, both before and during pregnancy. Moreover, in the last 
10–15 years, much evidence has emerged linking nutrition during fetal life to the potential risk of 
disease in adulthood. According to the so-called “Barker hypothesis,” chronic diseases in adulthood 
would be a result of the “fetal programming,” through which any stimulus or insult during embryonic 
development would have a permanent effect on the structure and physiology of the human body. 
Experimental observations clearly indicate that the preimplantation phase is the period of the great-
est vulnerability for the future embryo in relation to several endogenous and/or exogenous factors, 
including nutritional ones [1]. Nutrient reduction, deprivation, or imbalance before implantation 
could result in somatic hypoevolutism at birth [2], alterations in endocrine and metabolic functions 
in the postnatal life [3], and, often, impaired maturation of the reproductive system [4]. From clini-
cal, epidemiological, and experimental observations, both in vivo and in vitro, several nutrients seem 
to influence the regular course of pregnancy and the embryo-fetal development in different animal 
species, including humans (Fig. 24.1). In fact, experimental results in mice have shown that under-
nutrition in pregnancy significantly reduces the number of puppies, increases the resorption of 
fetuses, and increases neonatal mortality [5]; in sheep, it retards intrauterine development of the 
fetus [6]; in rats, it reduces the weight of puppies at birth [4]. With regard to the human species, 
evaluating the specific influence of different nutrients on prenatal development is difficult, since a 
severe maternal undernutrition, with a reduction in caloric intake, will trigger a proportional increase 
in catabolic activity of the maternal tissues that cause the release in blood and then in maternal-fetal 
circulation of many aminoacids, vitamins, and minerals that will balance the deficit “diet” of the 
fetus. Considering selective deficiency of essential micronutrients during the embryo-fetal develop-
ment, some malformation syndromes, such as congenital defects of the neural tube, are known to be 
a result of such deficits (Table 24.1) [7]. The intrauterine environment seems to “program” the devel-
oping fetus to be able to deal with a postnatal environment similar to the intrauterine one (“predictive 
adaptive response”). If the postnatal environment is discordant with the intrauterine one, diseases 
could establish. People undergoing a rapid transition from undernutrition in the early years of life to 
overnutrition in later years are more exposed to type 2 diabetes and other chronic diseases in their 
lifetime.

G. Musumeci et al.



327

Fig. 24.1  Diagram of interrelations between fetal development and the long-term effects on the body

Table 24.1  Advantages of micronutrients supplementation

Reduction in incidence of NTDs and neonatal malformations Folic acid
Polyvitamins
Zinc

Reduction in preterm birth incidence Folic acid
Polyvitamins
Zinc

Reduction in low birth weight incidence Folic acid
Polyvitamins
Zinc

Reduction in incidence of PMS Calcium
Reduction in gestosis incidence Calcium

Vitamin C
Vitamin E

Improved bone mineral composition in the newborn Calcium
Reduction in maternal mortality Vitamin A

β-carotene
Reduction in fetal mortality Polyvitamins
Higher levels of immune cells in HIV-positive pregnant women Polyvitamins
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The mother is the source of all molecular elements that allow a regular development and growth of 
the embryo until birth; therefore nutrition plays a key role, both before and during pregnancy. In the 
following paragraphs, we will analyze some aspects of the influence of maternal nutrition on “fetal 
programming” and any consequent alterations of a maternal malnutrition.

�Fetal Programming

Over the past 20 years, epidemiological studies have shown a relationship between the early growth 
of the individual and the risk of diseases such as type 2 diabetes, cardiovascular disease, and meta-
bolic syndrome. Studies on monozygotic twins, both on children of undernourished mothers and on 
animal models, have provided strong evidence that the uterine environment plays an important role in 
mediating this relationship. The hypothesis “Developmental Origins of Health and Disease” (DOHaD) 
suggests that environmental conditions during fetal and early postnatal development influence the 
health and ability of an individual for the lifetime, with permanent effects on growth, structure, and 
metabolism. This concept is nowadays widely accepted and is called “programming.” Nevertheless, 
the mechanisms by which events of the prenatal life may affect cell function and then the metabolism 
of an organism after several years are just beginning to emerge. Alterations of these mechanisms may 
induce permanent structural alterations of organs resulting from suboptimal concentrations of an 
important factor during a critical period of development, persistent structural and/or metabolic altera-
tions due to epigenetic changes leading to alterations in gene expression, and permanent effects on 
cellular aging regulation. The phenomenon known as “fetal programming” (Table 24.2) implies that 
nutritional and/or hormonal changes in the embryofetal microenvironment may affect the fetal 
genomic expression and exert permanent effects on a wide range of physiological processes [8]. Over 
20 years ago, Hales and Barker proposed the hypothesis of the thrifty phenotype [9], according to 
which nonoptimal conditions of nutrition in uterus permanently alter the structure of organs of the 
fetus, which also adapts its metabolism to ensure its own survival. This is possible through the “sav-
ing” of some organs, in particular the brain, to the detriment of others, such as the heart, pancreas, 

Table 24.2  Fetal programming in tissues and organs

Bone Bone mineral composition
Liver Metabolism of cholesterol

Fibrinogen synthesis
Factor VII synthesis

Kidney Renin-angiotensin system activation
Musculoskeletal apparatus Glycolysis

Insulin resistance
Immune system Autoimmunity of thyroid
Respiratory apparatus Lung volume
Cardiovascular apparatus Endothelial function

Vascular compliance
Left ventricle thickness

Endocrine system Glucose metabolism
GH-IGF1 axis
Hypothalamic-pituitary-adrenocortical axis
Hypothalamic-pituitary-gonadal axis
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kidney, and skeletal muscle (Fig. 24.2). This hypothesis was the result of suggestive epidemiological 
studies by Barker et al. [10] and Hales et al. [11] that showed how individuals with a lower weight at 
birth and at 1 year of age had a higher mortality rate by ischemic heart disease (IHD) [10], a higher 
incidence of diabetes type 2, and abnormal glucose tolerance [11] – effects that are amplified by an 
inadequate postnatal nutrition. The DOHaD hypothesis includes several critical time windows, includ-
ing preconception, fetal, and early postnatal periods, during which it is possible to establish the “fetal 
programming.” Actually, the first time window should be considered puberty, since sexual reproduc-
tion begins long before fertilization. Indeed, the prerequisite for fertilization is the existence of the 
germline and the subsequent gametogenesis, which will be completed at puberty onset. So, for a good 
outcome of the fetal programming, an optimal nutrition is crucial not only during pregnancy but also 
in adult life from puberty.

Alterations in nutrient intake during prenatal life may be responsible not only for structural changes 
in organs but also for the onset of postnatal endocrine-metabolic disorders such as insulin resistance, 
type 2 diabetes, obesity, and puberty disorders [3]. It must also be taken into account that a general or 
selective deficiency in essential nutrients is not the sole cause of potential congenital malformative 
deficits. Indeed, many important endocrine and paracrine factors are involved in the growth and dif-
ferentiation of embryonic tissues. Among them, insulin and insulin-like growth factors (IGFs) play a 
crucial role, not only during development but also during postnatal life. In fact, these molecules are 
considered, as amply demonstrated in animals, the most potent regulators of cell proliferation, 
apoptosis, oogenesis, embryogenesis, and ovarian secretion [12]. During intrauterine life, IGFs, in 

Fig. 24.2  Hypothesis of the thrifty phenotype
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particular IGF-1 and IGF-2 to a certain extent, play an important role in regulating the nutrient 
metabolism (especially in the later stages of gestation), while in the immediately neonatal period, they 
promote and control the use of energy for growth and for the definitive differentiation of tissues, 
especially musculoskeletal and nervous ones, and the progressive adaptation to the extrauterine envi-
ronment [13]. IGFs perform essential functions such as increasing protein synthesis and, at the same 
time, limiting their catabolism.

Lastly, it is important to underline the emerging area of research concerning the role of epigenetics, 
which is broadly defined as “heritable modifications in gene function which cannot be explained by 
changes in the DNA sequence” [14]. Epigenetic alterations in utero may have the ability to program 
diseases in adulthood. Scientific research has begun to investigate if epigenetic changes through nutri-
tional interventions can affect the health of an individual, for example, in old age.

Given the vastness of the topic, in the following paragraphs, only some aspects of “fetal program-
ming” will be analyzed, including the importance of mother’s diet during pregnancy and its effects on 
the development of certain tissues and organs of particular importance and the possible consequences 
on postnatal life.

�Immune Response

Results of recent researches confirm that maternal-fetal malnutrition exerts a suppressive effect on the 
immune response of both mother and fetus [15]. Indeed, nutritional imbalances, both deficiency and 
excess, can have inevitable repercussions on the emerging immune system and its development through-
out life [15]. The pathways by which maternal malnutrition may influence the fetal immune system 
include alterations to the hypothalamus/pituitary axis, limited nutrients availability for embryonic and 
fetal development, and altered transfer of immunity from mother to child (placental transfer and breast 
milk transfer) [15]. Undernutrition, in fact, induces a significant hypertrophy of lymphoid organs, and 
overnutrition, especially if characterized by the abundance of fat, may have a suppressive effect on the 
immune response [15]. Maternal malnutrition is a serious risk even during postnatal life and childhood, 
when the child no longer enjoys the, albeit precarious, maternal protection [16]. Malnutrition during 
weaning and in early childhood can affect important aspects of the whole postnatal life such as somatic 
growth and protection against infectious diseases [15]. Primary and secondary lymphoid organs (e.g., 
gut-associated lymphoid tissue) undergo rapid expansion during the late fetal and early neonatal periods, 
during which time they may be uniquely sensitive to nutritional insults [15]. Moreover, the gastrointes-
tinal immune system mainly develops through the relationship with bacteria [17]. The development of 
bacterial flora begins at birth and continues, especially in human, with a precise temporal series of bacte-
rial strains that change depending on the nutritional steps of the baby, from breastfeeding to weaning 
[18]. Furthermore, the bacterial flora intervenes directly on the digestive function and for this reason acts 
as an indirect supplier of nutrients to the gastrointestinal tract [17], with subsequent effects on the devel-
opment of the gut immune system of the child [16] (Table 24.3).

�Pre- and Postnatal Brain Development

The development of the brain depends on complex processes of interaction between genetic and 
environmental factors. Among the environmental factors, nutrition, from conception to adulthood, is 
particularly important for the role of nutrients in specific metabolic pathways, so that a diet lacking in 
essential nutrients during the pre- and postnatal development may be responsible for permanent brain 
alterations [19]. From the 24th week of pregnancy until the early stages of postnatal life, the brain is 
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particularly vulnerable to adequate nutrition, given the strong neuronal proliferation and myelination 
that characterize neuronal development [20]. Among the fundamental nutrients, tryptophan, folate, 
and B vitamins are of particular relevance. Folate and B vitamins have a specific role in C1 metabo-
lism and particularly in the production of S-adenosylmethionine, a methyl donor also necessary for 
the production of neurotransmitters; moreover folate and B vitamins are essential in the processes of 
transcription, nucleotide synthesis, and methylation.

An optimal supply of folate is essential during pregnancy. In pregnant women, given the increased 
folate request for rapid cell proliferation in the uterus and placenta tissues and for the fetus growth, 
there is a decrease in concentration of folate of about 50%, compared to the norm. From this comes 
the need for folic acid integration during pregnancy, thanks to its protective role against possible neu-
ral tube defects [21, 22], especially in the closing stages (21–28 days after conception). This has led 
to recommendations, worldwide, on the consumption of 400 μg of folic acid daily, from conception 
to the end of the first trimester of pregnancy [23]. Scientific data, even if not entirely consistent, sug-
gest that the concentration of folate during pregnancy can affect the neurological development and 
behavior of offspring. Indeed, according to some studies, the low concentration of maternal folate is 
linked to increased inattention, hyperactivity problems, and emotional problems in the progeny [24], 
considerations that deserve further investigation. Few studies, however, have investigated the status of 
maternal folate after the recommended period, in the second and third trimester of pregnancy, to 
determine if the effect of folate is specific for some stages of pregnancy or if extended to the whole 
gestational period.

The B vitamins are necessary for essential metabolic pathways of the brain, being crucial for a 
healthy brain development and maintenance throughout life [25]. Also the B vitamins appear to have 
direct roles on neuronal development through their involvement in the C1 metabolism, and their 
effects on cognitive health may be independent or mediated by nutrient-nutrient and/or gene-nutrient 
interactions. Given the importance of C1 metabolism in a wide range of processes, it is not surprising 
that its possible perturbations can have strong effects on both brain development and brain aging. In a 
recent clinical study, performed in patients with mild cognitive impairment, there was evidence that 
the integration, for a period of 2 years, with folic acid and vitamins B6 and B12 reduced their cogni-
tive decline; in addition, in these patients a brain atrophy reduction of about 30% was observed by 
magnetic resonance imaging [26].

Tryptophan is an essential amino acid that must be taken with food since it cannot be synthesized 
by the body. It is the precursor of serotonin, a neurotransmitter synthesized by serotonergic neurons 
of the central nervous system and by enterochromaffin cells, that is involved in the regulation of 

Table 24.3  Immunity in pregnancy and micronutrients supplementation

Stop to UV-induced immunosuppression β-carotene
Better NK cells function
Better response to DTH skin test Vitamin C
Better response to DTH skin test Vitamin E
Reduction in levels of IGF-2
Increase in IL-2 levels
Improvement in immune response to hepatitis B
Vaccination
Proliferation of immune cells
Control in T-helper cells number Polyvitamins
Better response to DTH skin test
Reduction in infectious disease morbidity
Antibody levels increase in influenza vaccination
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several body functions. The literature widely shows the link between dietary tryptophan and serotonin 
production, so the abnormal intake (in defect or excess) of tryptophan in the maternal diet, during 
pregnancy, has effects on different body areas of the progeny. For example, it is highlighted that the 
strong decrease of serotonin, caused by a maternal diet deficient in tryptophan, causes alterations of 
both growth and maturation of specific developing brain regions [13] and secretion of hormones such 
as GH, TRH, PRL, and gonadotropins [27, 28]. In contrast, the excess of serotonin in the CNS can 
cause alterations, hindering the normal differentiation of the serotonergic neurons of the raphe nuclei 
of the brainstem and preventing the serotonergic processes from reaching the hypothalamus [29], with 
a consequent reduction in the production of GH by the pituitary gland [30] and, therefore, of IGF-1 
by the liver [16, 31].

Improving knowledge about potential epigenetic mechanisms, during pregnancy and postnatal life, 
will provide information on important links between folate, B vitamins, tryptophan, and status of 
brain health.

�Pre- and Postnatal Myogenesis, Fibrogenesis, and Adipogenesis

Myogenesis, adipogenesis, and fibrogenesis are mechanisms directly involved in fetal and neonatal 
development of skeletal muscle [32], since skeletal muscle, fat, and connective tissues originate from 
mesenchymal stem cells. The commitment of these cells to myogenic, adipogenic, or fibrogenic lines 
can be considered a competitive process, and it is “due” to numerous inductive regulators. As a result of 
the controlled distribution of nutrients during embryonic and fetal development, skeletal muscle and 
adipose tissue, compared to brain and heart, have a lower priority, making the development of the skel-
etal muscle and adipose tissue particularly vulnerable to maternal nutritional deficiency [33]. The critical 
period for development of skeletal muscle, connective, and adipose tissues is mainly the fetal stage; 
therefore, just in this stage, the maternal undernutrition affects the proliferation of myogenic precursors 
reducing the number of muscle fibers. Instead, maternal nutrition has relatively minor effects on the 
development of skeletal muscle during the embryonic stage, since only a very small number of muscle 
fibers are formed during this stage. Even maternal overnutrition influences fetal development of skeletal 
muscle, intensifying intramuscular adipogenesis and fibrogenesis. Normally, during fetal development 
of skeletal muscle, a small portion of progenitor cells differentiate into adipocytes generating intramus-
cular fat; maternal overnutrition increases the expression of markers of adipogenesis in fetal skeletal 
muscle, at half gestation, compromising myogenesis in favor of adipogenesis which leads to a further 
increase of intramuscular fat, an event also associated with insulin resistance in skeletal muscle caused 
by paracrine effect of intramuscular adipocytes [34]. In addition to myofibrils and adipocytes, mesoder-
mal progenitor cells can also differentiate into fibroblasts, which give rise to the connective tissue of 
endomysium, perimysium, and epimysium in fetal skeletal muscle during late gestation [32]. Maternal 
overnutrition increases the production of collagen and reticulation of the skeletal muscle, heart, and large 
intestine of fetus, suggesting an important role of maternal nutrition also in fetal fibrogenesis. The 
switching induced by overnutrition, from myogenesis to fibrogenesis, leads to impairment of muscle 
function, including the oxidative capacity. In addition, the attenuation of myogenesis reduces the num-
ber of muscle fibers, exerting permanent negative effects on muscle strength. To be considered, finally, 
that during the aging process, there is a progressive loss of muscle mass, accompanied by an increase in 
adiposity and fibrosis with consequent decrease in structural integrity and functional capacity of muscle; 
therefore the proper differentiation of mesenchymal stem cells during fetal development is crucial for 
the individual’s health over the long term [27, 32, 34].

An altered tryptophan intake in the mother’s diet during pregnancy has an indirect effect on the 
regular development of skeletal muscle. In fact, as mentioned in the previous paragraph, a deficiency 
or an excess of this aminoacid causes hyposerotonemia or hyperserotonemia that, although with 
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different pathways, induces alterations in the normal brain development with functional defects on the 
hypothalamus/pituitary axis resulting in lack of hormones such as GH, TSH, T3, and T4. These defi-
ciencies are associated with low body weight and alterations in the normal development of muscle 
tissue [27, 35, 36]. In particular, the reduced production of GH by the pituitary gland [30] will induce 
a deficient production of IGF-1 by the liver [16, 31], and it is known that low levels of IGF-1  
have negative consequences on the differentiation of muscle and bone tissue and, therefore, on the 
body growth [16, 31]. In addition, recent experimental data show that in pregnant rats, even the hyper-
serotonemia, induced in experimental conditions, causes alterations in the offspring such as lower 
body mass index (BMI) and a lower rate of survival [30, 37].

Ultimately, the mechanisms behind the observed changes in fetal skeletal muscle, in cases of 
maternal malnutrition, remain largely unknown. In addition to the alteration of inductive regulators, it 
is likely that microRNAs are involved in myogenesis and adipogenesis regulation, although further 
studies are needed. Furthermore, it is thought that epigenetic changes, such as DNA methylation, may 
modify the cell line commitment during muscle and adipose tissue fetal development.

�Pre- and Postnatal Gametogenesis and Reproductive Function

The DOHaD hypothesis led to the identification of new goals of fetal programming, in particular the 
effects on future reproductive function. Germ cells, during their differentiation, undergo intense epigen-
etic modifications, even though the critical times for the action of epigenetic markers are different between 
males and females. Males are probably more sensitive during fetal life, as, in male germ cells, DNA 
methylation is reacquired during the proliferation of spermatogonia (fetal life). In contrast, the female 
gametes may be more sensitive to epigenetic disturbance during folliculogenesis, as DNA methylation 
occurs during the growth and maturation of oocytes (adult life) [38]. In addition, malnutrition during fol-
liculogenesis, which is a phase characterized by active angiogenesis and protein synthesis, results in a 
deficient oocyte quality. Because gametogenesis begins and takes place mostly during pregnancy, the 
status of maternal nutrition can influence the future reproductive maturation with possible consequent 
impaired fertility and quality of gametes, thus creating a transgenerational effect [39]. Increasingly, the 
literature provides a growing amount of information on the consequences of nutritional deficiencies in 
parental germ cells, even before the ovum is fertilized [40]. Recently, it was shown that the DNA damage 
of spermatocytes in the adult, as a result of micronutrient deficiencies, can significantly increase the risk 
of congenital malformations in the offspring and even carcinogenesis [16]. Infertility in the progeny can 
be induced by a variety of mechanisms, such as oxidative stress and epigenetic changes [41]. Actually, 
epidemiological studies on maternal nutrition and its effects on fertility of the offspring are rare, and the 
existing data are generally focused on the long-term effects of low birth weight due to maternal malnutri-
tion. In fetuses with intrauterine growth restriction (IUGR) and in babies born dead, a compromised 
development of gonads was observed [42]. Cryptorchidism is common in children born with IUGR and 
has been associated with lower sperm counts in adulthood [43]. An early onset of puberty was observed 
in girls whose mothers had a high BMI during pregnancy [44]. The high maternal BMI seems to deter-
mine a negative effect on the concentration of inhibin B and seminal plasma quality on male children, 
indicative of a decreased function of Sertoli cells [45]. Although these data need further confirmation, an 
interaction between inadequate maternal nutrition (excess or reduced nutritional intake, imbalance in 
micronutrients, alcohol intake) and reproductive maturation in progeny has been demonstrated in most of 
the studies. For example, it is well known that exposure to alcohol in utero influences the development of 
the fetus causing cognitive, neuropsychological, and behavioral problems in the progeny [46], but it also 
seems that maternal consumption of alcohol during pregnancy impairs the development of Sertoli cells 
and is associated with decreased sperm in sons [47]. In addition, there was an increased risk of cryptor-
chidism in boys who have undergone prenatal alcohol exposure [48].
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In the context of maternal malnutrition, a maternal diet deficient in tryptophan has an effect even 
on reproductive function. Studies conducted on the offspring of rats fed with diet free of tryptophan, 
from the first day of pregnancy, showed a sex-dependent effect on the reproductive system: females 
showed a normal onset of puberty; on the contrary males showed neither testicular descensus nor 
spermatogenesis. The effects were, however, less marked if mothers were fed with a diet free of 
tryptophan from the 14th day of pregnancy [4].

�Conclusion

As discussed in the sections of this chapter, the DOHaD hypothesis is supported by both epidemio-
logical evidence, correlating newborn size, growth and child nutrition with status of adult health, and 
animal experiments, showing that maternal under- and overnutrition during pregnancy lead to anoma-
lies in metabolism and body composition in adulthood. Nowadays, it is believed that a “program-
ming” in the early stages of life could be important in the etiology of diseases such as obesity, type 2 
diabetes and cardiovascular disease, suggesting, therefore, that these common diseases can be 
prevented through optimal development of both fetus and newborn.

Fetal nutrition is influenced by diet and by the size and composition of the mother’s body. In 
humans, strong evidence that maternal nutrition programs the risk for disease in the progeny is cur-
rently limited, although it seems to indicate the accumulation of oxidative stress and the consequent 
rapid cell aging as major molecular mechanisms (Fig. 24.3). Several studies support the idea that 
maternal antioxidant therapy can reverse some of the deleterious effects of oxidative stress suffered in 

Fig. 24.3  Oxidative stress as a basic mechanism of the programming development and of aging
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the early stages of prenatal life. Nevertheless, studies both in animals and humans [49, 50] show that 
a proper assessment can be possible only in postnatal life, and, therefore, further studies need to deal 
with the potential beneficial effects of postnatal supplementation with antioxidants. Other data on 
specific nutritional interventions, derived from the follow-up of children born after nutritional 
interventions during pregnancy, do not always agree even if they show beneficial effects on vascular 
function, lipid concentrations, glucose tolerance, and insulin resistance.

What has been observed clinically in humans has been confirmed in animal experiments, and this 
allows the use of new knowledge to reduce the onset of many diseases. Therefore, it is necessary to know 
both the factors that determine fetal growth and the conditions that limit the maternal-fetal supply of 
nutrients and oxygen to the fetus (Fig. 24.4). So much has already been done, but more studies need to 
understand how the fetus adapts to a limited supply of nutrients from the mother, how these adaptations 
can influence structure and physiology of the body, and which are the molecular mechanisms by which 
nutrients and hormones can alter gene expression. We believe that to improve the outcomes of preg-
nancy, promote growth and healthy child development, reduce the risk of chronic diseases, and slow 
down the metabolic decline associated with aging, it is necessary to develop dietary strategies to opti-
mize nutrition, not only during pregnancy but already when this is programmed, by assuming adequate 
micronutrients and complementary foods, never forgetting the importance of breastfeeding.
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Key Points

•	 Caffeine ingestion during pregnancy is a common phenomenon.
•	 Growing evidences indicate that prenatal caffeine ingestion can induce developmental toxicity.
•	 Developmental toxicity induced by prenatal caffeine ingestion is related to the susceptibility to 

adult metabolic diseases.
•	 Prenatal caffeine ingestion can significantly increase maternal blood corticosterone level and open 

the placental glucocorticoid barrier, thereby leading to overexposure of foetus to the maternal 
glucocorticoids.

•	 Excessive glucocorticoids and caffeine can exert powerful effects on the epigenome to influence 
the expression of important developmental genes, thereby leading to intrauterine programming 
alteration of the hypothalamic–pituitary–adrenal (HPA) axis and glucocorticoids-insulin-like 
growth factor 1 (GCs-IGF1) axis.

•	 We have proposed the common mechanisms of increased susceptibility to metabolic diseases in 
IUGR offspring, which is mechanism about ‘two programming’ and ‘two hit’ mediated by the 
overexposure to maternal glucocorticoids.

Keywords  Caffeine • Developmental toxicity • Hypothalamic–pituitary–adrenal axis • Intrauterine 
programming • Epigenetic modifications • Metabolic diseases

Abbreviations

11β-HSD	 11β-hydroxysteroid dehydrogenase
BMCCs	 Bone mesenchymal stem cells
CRH	 Corticotropin-releasing hormone
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DOHaD	 Developmental Origins of Health and Disease
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GCs-IGF1	 Glucocorticoids-insulin-like growth factor 1
GR	 Glucocorticoid receptor
Hdac	 Histone deacetylases
HPA	 Hypothalamic–pituitary–adrenal
IUGR	 Intrauterine growth retardation
MAPK	 Mitogen-activated protein kinase
MR	 Mineralocorticoid receptor
MS	 Metabolic syndrome
NAFLD	 Non-alcoholic fatty liver disease
NO	 Nitric oxide
P450scc	 P450 cholesterol side-chain cleavage enzyme
RAS	 Renin–angiotensin system
SF-1	 Steroidogenic factor 1
SR-BI	 Scavenger receptor BI
SREBP1	 Sterol-regulatory element-binding protein 1
StAR	 Steroidogenic acute regulatory protein

�Introduction

Intrauterine growth retardation (IUGR) is defined by a developing foetus weighing 10% or two stan-
dard deviations less than the mean body weight of normal foetuses at the same gestational age [1]. 
IUGR is the most common type of developmental toxicity and refers to the poor growth of a foetus 
while in the mother’s uterus during pregnancy. The global incidence of IUGR is approximately 2.75–
15.53% [2]. Recent epidemiological studies have revealed that IUGR can induce foetal distress, neo-
natal asphyxia, and perinatal death. Furthermore, IUGR offspring after birth are more likely to exhibit 
delayed physical and intellectual development and increased susceptibility to adult metabolic diseases 
[3–5]. Thus, the incidence of some adult diseases is influenced by the uterine environment, in addition 
to genetic and postnatal factors.

Caffeine (1,3,7-trimethylxanthine) is a methylxanthine alkaloid that is widely present in coffee, 
tea, soft drinks, foods, and some drugs [6]. Many previous studies have reported that caffeine inges-
tion can enhance mood and alertness, awareness, attention, and reaction time [7]. Owing to their 
excitation action on the central nervous system and beneficial effects on the cardiovascular system, 
caffeinated beverages are frequently consumed by different segments of society. According to statisti-
cal data from the WTO in 2009, the world’s total export of caffeinated products totals 65 billion 
dollars per year. Furthermore, caffeine has gradually replaced theophylline as the drug of first choice 
for apnea of prematurity in clinical applications [8, 9]. Caffeine ingestion during pregnancy is a com-
mon phenomenon. It was reported that the intake of caffeine per capita in America is 2.64 mg/kg/day 
and that the mean caffeine exposure of women during pregnancy is 1.76 mg/kg/day [10].

As one of the most widely consumed products, caffeine has been extensively studied to evaluate its 
safety on human health. Following the introduction of the concept ‘developmental origins of health 
and disease (DOHaD)’ in the 1980s, research began on the adverse effect of prenatal caffeine expo-
sure on adult metabolic diseases, although some epidemiological data demonstrated that adult caf-
feine intake can prevent and reduce the effects of the metabolic syndrome (MS) [7]. Realising the 
potential negative effects of caffeine, the US Food and Drug Administration set guidelines for the 
daily intake of caffeine for pregnant women in the 1980s. Moreover, epidemiological studies and 
animal experiments have indicated that prenatal caffeine ingestion leads to reproductive and develop-
mental toxicities [11–13], and prenatal caffeine ingestion may be the developmental inducer of various 
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adult metabolic diseases in offspring [14, 15]. Recent animal experiments in our laboratory have 
demonstrated that caffeine ingestion during pregnancy can induce IUGR and increase the susceptibility 
to adult metabolic diseases, such as non-alcoholic fatty liver disease (NAFLD). Based on the above-
mentioned experiments, we have proposed a hypothesis regarding the alteration of hypothalamic–
pituitary–adrenal (HPA) axis-associated neuroendocrine metabolic programming, of which the  
core mechanism is the alteration of the programming of glucocorticoid-insulin-like growth factor 1 
(GC-IGF1) [16, 17]. This article reviews the current progress in understanding the developmental 
toxicity and intrauterine programming mechanism of the foetal origin of metabolic disease induced 
by prenatal caffeine ingestion.

�Developmental Toxicity Induced by Caffeine

Developmental toxicity is defined as adverse structural or functional alterations caused by an 
environmental insult before and after birth, including short-term and long-term adverse effects [18]. 
The typical short-term effects include spontaneous abortion, congenital malformation, and IUGR; the 
typical long-term effects include intellectual and physical development retardation and increased 
susceptibility to adult metabolic diseases [3–5].

�Adverse Pregnancy Outcomes Induced by Caffeine Exposure

Previous studies have suggested that prenatal caffeine ingestion is correlated with various develop-
mental toxicities, including spontaneous abortion [13, 19–22], congenital malformation [23, 24], and 
IUGR [25, 26].

As a typical developmental toxicity, IUGR was discussed with regard to its correlation with prena-
tal caffeine ingestion in a previous review [6] that included 26 epidemiological surveys from different 
periods (before the year 2000 and 2000–2010). Among the reports before 2000, six reports indicated 
that prenatal caffeine ingestion was associated with IUGR, and three reports did not indicate a correla-
tion. For the period from 2000 to 2010, the results of six reports were negative for the correlation 
between prenatal caffeine ingestion and IUGR, and 11 studies obtained an ambiguous correlation 
owing to serious deficiencies (effects of confounders such as nicotine or alcohol) in these studies. As 
mentioned above, the correlation between prenatal caffeine ingestion and IUGR remains controver-
sial. Different doses of caffeine ingested, clinically insignificant magnitudes of IUGR, and other con-
founding factors (e.g. age and health condition of the pregnant women) may be possible reasons for 
the conflicting results. Therefore, animal experiments are necessary to validate the developmental 
toxicities induced by prenatal caffeine ingestion.

Previous studies in animal models have identified that foetal mortality has a dose-dependent rela-
tionship with prenatal caffeine ingestion, and the congenital malformation ratio was shown to increase 
in a group that received a high dose of caffeine [27]. Multiple studies support the same conclusion [28, 29]. 
Moreover, the ratios of stillbirth, IUGR, and osteodysplasty were shown to be markedly increased in 
a high-dose caffeine exposure group [30]. Prenatal caffeine ingestion can also reduce the birth weight 
of male rhesus macaques [31]. Recently, a series of animal experiments by our laboratory also indi-
cated that prenatal caffeine ingestion during the second and third trimesters reduced the body weight 
and height of the foetus and increased the IUGR rate in dose-dependent manners [17, 26, 32]. 
Therefore, caffeine can induce developmental toxicities and is a definite inducer of IUGR (animal 
studies on caffeine developmental toxicity are listed in Table 25.1).
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�Increased Susceptibility to Adult Metabolic Diseases in Offspring

MS is an aggregation of a number of symptoms (including hypertension and hyperglycaemia dys
lipidaemia), and its pathophysiological basis is insulin resistance. It can induce various metabolic 
diseases, such as NAFLD, diabetes, and cardiac–cerebral vascular disease. Recently, clinical studies 
have identified that an adverse intrauterine environment can increase the incidence of various meta-
bolic diseases [33–49], indicating that MS may originate from intrauterine development. Separated 
from other symptoms, hypercholesterolemia is also the pathogenic basis and diagnosis target of MS 
[50]. Persistent dyslipidaemia in IUGR rats, resulting from an adverse intrauterine environment, can 
increase the susceptibility to MS in adulthood [51–54], indicating that hypercholesterolemia may 
have an intrauterine origin.

Some epidemiological studies have revealed that caffeine ingestion in adolescence can increase 
the susceptibility to MS [55, 56]. In addition, caffeine ingestion in infancy can induce insulin resis-
tance in female rats [57]. However, epidemiological evidence that indicates a correlation between 
prenatal caffeine exposure and adult metabolic diseases is rare. Animal experiments by our labora-
tory revealed that prenatal caffeine ingestion could induce neuroendocrine metabolic programming 
alterations in offspring following the glucocorticoid-associated alteration of peripheral glucose and 
lipid metabolic pathways [17, 58], which presented as low blood glucose and high blood lipid levels 
under low activity of the HPA axis, and high blood glucose and low blood lipid levels under high 
activity of the HPA axis. As a result, this disorder of peripheral glucose and lipid metabolic function 
can increase the susceptibility to MS in offspring [16, 26]. Meanwhile, prenatal caffeine ingestion 
can induce changes in pancreatic development and lead to diabetic symptoms (high blood glucose 
and low blood insulin levels) after high-fat diet feeding [59]. Moreover, prenatal caffeine ingestion 
can damage the ultrastructure of foetal hepatocytes and alter the programming of lipid synthesis and 
output, presenting as enhanced lipogenesis in female offspring and reduced lipid output in male 
offspring, when fed a high-fat diet, catch-up growth appears in adult offspring, with increased lipid 
synthesis and reduced output, thereby aggravating hepatic lipid accumulation and causing NAFLD 
[16]. It has been shown that prenatal caffeine ingestion can increase the susceptibility to hypercho-
lesterolaemia [26]. Cholesterol metabolism in foetal cartilage is also affected by prenatal caffeine 
exposure, resulting in an accumulation of cholesterol in articular cartilage and increased susceptibi
lity to adult osteoarthritis [60]. Glomerulosclerosis, the vital mechanism of hypertension, can be 
induced by prenatal caffeine ingestion [61]. In conclusion, caffeine ingestion in developmental 
stages (gestation and adolescence) can increase the susceptibility to multiple adult metabolic 
diseases.

Table 25.1  Examples of developmental toxicities caused by caffeine exposure

Study Developmental toxicities induced by caffeine

Collins et al. (1982) Increasing the congenital malformation ratio
Ikeda et al. (1982)
Smith et al. (1987)
Gilbert and Rice (1991) Reducing the birth weight of male offspring
Nehlig and Debry (1994) Increasing the ratios of stillbirth, IUGR, and osteodysplasty
Liu et al. (2012) Reducing the body weight and height of the foetus, increasing the IUGR rate
Xu et al. (2012)
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�Damage Mechanisms and Influencing Factors of Caffeine  
Development Toxicity

Because of its high lipid solubility, caffeine can be rapidly absorbed from the mother’s gastrointestinal 
tract and distributed to foetal tissues by passing through multiple tissue barriers (such as the placental 
barrier and the blood-brain barrier) [62]. Therefore, prenatal caffeine ingestion can act directly and 
indirectly on the matrix and the placenta and ultimately affect foetal development.

�Effects on the Mother

In pregnant women, the peak plasma caffeine concentration is reached between 30 and 60 min after 
absorption from the gastrointestinal tract [63]. The biological half-life (t1/2) of caffeine varies widely 
among individuals, and it depends on multiple factors such as age, gender, liver enzyme function level 
(related to caffeine metabolism), and pregnancy. The t1/2 of caffeine is approximately 2–6 h in healthy 
adults, and it increases to 18 h in the third trimester [14]. The activity of CYP1A2 (primary enzyme 
for caffeine metabolism) decreases during pregnancy, which may make the t1/2 longer in pregnant 
women and induce the cumulative effects of caffeine [64].

The HPA axis is an important component of the endocrine system. As the terminal effector organ 
of the HPA axis, the adrenal gland is responsible for synthesising glucocorticoids and plays an impor-
tant role in growth and development [65]. Steroidogenic acute regulatory protein (StAR) and P450 
cholesterol side-chain cleavage enzyme (P450scc) are vital rate-limiting enzymes in adrenal steroido-
genesis [66–68]. It has been reported that the alteration of the maternal glucocorticoid level may be 
an important endocrine mechanism of foetal developmental toxicity [65, 69]. Previously, we have 
shown that that prenatal caffeine ingestion can significantly increase the maternal blood corticoste-
rone level [70]. Further findings from an in vitro study indicate that caffeine can promote the expres-
sion of StAR and increase the rate of steroid hormone synthesis [71]. As discussed later in this review, 
the level of maternal glucocorticoids, resulting from prenatal caffeine ingestion, is considered the 
cause of increased susceptibility to adult metabolic diseases in offspring.

�Effects on the Placenta

The placenta is an important organ responsible for material exchange between the foetus and the 
mother. Moreover, the endocrine function of the placenta plays an important role in foetal develop-
ment [72]. Placental lesions are the most common cause of IUGR and are primarily caused by the 
increased apoptosis and the decreased proliferation of trophoblast cells [73]. Bax (pro-apoptotic) and 
Bcl-2 (anti-apoptotic) are two genes closely related to apoptosis, and the balance between their 
expressions is crucial for maintaining the normal function of the placenta [74]. p53 is a widely 
expressed tumour suppressor gene in placental trophoblast cells and can accelerate apoptosis through 
up-regulating the expression of Bax and downregulating the expression of Bcl-2 [75]. Our laboratory 
found that prenatal caffeine ingestion could increase the expression of p53 and Bax while decreasing 
the expression of Bcl-2, which is consistent with Nomura’s result [76]. It was suggested that caffeine 
could accelerate apoptosis in placental trophoblast cells by increasing the expression of p53 [25]. A 
recent study showed that prenatal caffeine ingestion could decrease leptin expression in placental 
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trophoblast cells, which increased the expression of p53  in the placenta [77]. It was reported that 
many factors such as inhibition of adenosine receptors, disorder of the rein-angiotensin system (RAS), 
oxidative damage by nitric oxide (NO), and CYP1A1 are involved in placental damage caused by 
caffeine [78].

�Effects on the Foetus

The 11β-hydroxysteroid dehydrogenase system (11β-HSDs) includes two dehydrogenases (11β-
HSD1 and 11β-HSD2) with glucocorticoid metabolic function. 11β-HSD1 activates glucocorticoids 
by reduction, whereas 11β-HSD2 inactivates glucocorticoids by oxidation [79]. A previous study 
confirmed that caffeine could inhibit the expression of 11β-HSD2 in primary hippocampal neurons of 
foetal rats, as well as increase the expression of 11β-HSD1 and glucocorticoid receptor (GR) [17]. In 
addition, it was found that caffeine might decrease the expression of 11β-HSD2 by increasing 
promoter methylation. As a result, the concentration of glucocorticoids in the foetal hippocampus 
increases, leading to the excessive activation of GR and a toxic effect on the hippocampus, thereby 
causing high stress sensitivity of the HPA axis in offspring.

�Caffeine Ingestion and Foetal Programming of Metabolic Diseases

An increasing number of studies have shown that the alteration of offspring endocrine and metabolic 
programming caused by an adverse intrauterine environment [80], especially inhibition of the devel-
opment of the HPA axis (with high postnatal stress susceptibility), may be the potential mechanism of 
the intrauterine origin of MS [81, 82]. Based on numerous systematic studies by our laboratory [16, 17, 
26, 32, 70, 83, 84], the mechanism of intrauterine neuroendocrine metabolic programming of increased 
susceptibility to adult diseases in offspring caused by prenatal caffeine ingestion was recently pro-
posed. It suggested that foetal overexposure to maternal glucocorticoids caused by prenatal caffeine 
ingestion could alter the intrauterine programming of the HPA axis and GC-IGF1 axis in offspring, 
which results in the postnatal dysfunction of the HPA axis and the functional alteration of glucocorti-
coid-associated glucolipid metabolism and the increased susceptibility to multiple adult metabolic 
diseases. Postnatal chronic stimulations (such as overnutrition and high mental stress) could acceler-
ate the alteration of neuroendocrine metabolic programming, thereby inducing a variety of metabolic 
diseases.

�Maternal Glucocorticoids and the Placental Barrier

Under physiological conditions, maternal glucocorticoids are involved in early foetal growth and 
development, and the intrauterine glucocorticoid level is the key factor involved in adjusting foetal 
tissue formation and functional maturation. However, exposure to high glucocorticoid levels could 
cause foetal dysplasia [65]. During pregnancy, the endogenous maternal cortisol concentration is five 
to ten times higher than that in the foetal compartment. The concentration gradient is maintained by 
the placental glucocorticoid barrier [85], and 11β-HSDs are involved in the regulation of this placental 
glucocorticoid barrier (Fig. 25.1). It has been proven that 11β-HSD1 [17] and 11β-HSD2 are expressed 
in the placenta [86]. Previous reports show that a variety of adverse intrauterine environments (such 
as hypoxia, ischemia, and stress in pregnant woman) can downregulate the expression of 11β-HSD2 in 

Z. Jiao et al.



345

the placenta and then destroy the placental glucocorticoid barrier, resulting in the overexposure of the 
foetus to the maternal glucocorticoids [87–89]. A study by our laboratory [17] showed that caffeine 
exposure during pregnancy could enhance the corticosterone levels in maternal and foetal blood and 
could up-regulate placental 11β-HSD1 and downregulate placental 11β-HSD2. A study by Yang et al. 
showed that caffeine could directly downregulate 11β-HSD2 [90]. These results reveal that caffeine 
exposure during pregnancy can increase the level of maternal blood glucocorticoids and open the 
placental glucocorticoid barrier by the action of 11β-HSDs, thereby leading to overexposure of  
the foetus to maternal glucocorticoids.

�Foetal Programming of Metabolic Diseases Caused by Excessive 
Glucocorticoids

�Excessive Glucocorticoids and Programming of the HPA Axis

The HPA axis is an important neuroendocrine axis responsible for systemic stress response, and is a vital 
vulnerable target during the intrauterine period [91]. Glucocorticoid exposure during pregnancy could 
cause postnatal functional abnormalities in the neuroendocrine system in offspring, and the permanent 
alteration of the endocrine system has a significant long-term impact on physical health [92]. Prog
ramming alterations of the HPA axis are most likely to be responsible for the intrauterine origin of MS 
[93]. Previous studies showed that low basal activity and high stress sensitivity of the HPA axis in IUGR 
offspring may have resulted from caffeine exposure during pregnancy [17, 26]. These results indicate 
that intrauterine programming alterations of the HPA axis induced by prenatal caffeine ingestion may be 
the major mechanism for the increased susceptibility to adult metabolic diseases.

In rats, caffeine ingestion during pregnancy induces low-functional programming alterations of the 
HPA axis in the offspring [26]. Animal experiments found that after caffeine ingestion during preg-
nancy, the expression of corticotropin-releasing hormone (CRH) was reduced in the foetal hypothala-
mus and StAR and P450scc as well as the synthesis of endogenous corticosterone were significantly 
decreased. The activity of the HPA axis in these offspring rats reflected a low basal activity after 
weaning [26]. To date, no other laboratory has reported an underlying mechanism for the low-
functional programming alteration of the HPA axis caused by caffeine ingestion during pregnancy. It 
is known that there are specific binding sites for steroidogenic factor 1 (SF-1) in all of the promoter 
regions of the adrenal steroid synthetase system, including StAR, P450scc, 3β-HSD, P450c21, and 
P450c11, indicating that SF-1 is one of the most important transcriptional factors in the regulation of 

Fig. 25.1  The placental glucocorticoid barrier. 11β-HSD1/11β-HSD2 can catalyse an oxidation-reduction reaction, 
which results in the reciprocal transformation between active cortisol and inactive cortisone. 11β-HSD2, acting as glu-
cocorticoid barrier, is expressed abundantly in the placenta during pregnancy
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steroid synthetase expression [94–96]. Studies have shown that both DNA methylation and histone 
acetylation can affect the expression of SF-1 [97, 98]. One study found that caffeine up-regulates the 
expression of StAR in foetal adrenal cortical cells and then increases the synthetic rate of cortisol 
[71], indicating that caffeine has a direct excitatory effect on adrenal steroid synthesis function. 
However, it was found through animal experiments [17] that foetal overexposure to maternal gluco-
corticoids reduced the expression of foetal adrenal SF-1 and the steroid synthetase system. Furthermore, 
the total rate of DNA methylation was increased, and the acetylation of histone H3K9 and H3K14 was 
decreased in the promoter region of SF-1; meanwhile, the expression of the DNA methyltransferases 
(Dnmt1 and Dnmt3a/3b) and the histone deacetylases (Hdac1 and Hdac2) increased. Thus, the altera-
tions of epigenetic modifications and the expression of SF-1 caused by high maternal glucocorticoid 
levels may be the main reasons for the reduced expression and function of the steroidal synthetase 
system, instead of a direct effect of caffeine. A recent study found that caffeine exposure during preg-
nancy could also reduce the expression of the foetal adrenal scavenger receptor BI (SR-BI) gene by 
increasing the DNA methylation level. SR-BI had a direct effect on the influx of blood cholesterol to 
the adrenal gland; thus, reduced SR-BI expression could reduce steroidogenesis function [99].

The activity of the HPA axis in adult offspring rats with prenatal caffeine exposure showed a high 
stress sensitivity and gender difference after a fortnight ice-water swimming test [26]. It is known that 
the hippocampus is the negative feedback regulating centre of the HPA axis, where cortical receptors 
(CRs), including mineralocorticoid receptor (MR) and GR, are expressed. Both MR and GR can bind 
to glucocorticoids. In addition to participating in the control of the HPA axis, MR can protect hippo-
campal neurons, whereas excessive activation of GR can induce neuronal damage [100]. Therefore, a 
decrease in the expression ratio of MR and GR reflects the damage level of hippocampal neurons to 
some degree [101]. Caffeine exposure in pregnancy increases the hippocampal expression of GR and 
11β-HSD1 [17], and the excessive activation of GR could injure the neurons. The expression ratio of 
MR and GR was shown to dramatically decrease when chronic stress was experienced after birth; 
therefore, chronic stress further aggravated the damage to the hippocampal neurons, thereby reducing 
the negative feedback adjustment ability of the hippocampus to the HPA axis. As a result, the HPA 
axis presented high stress sensitivity. The adrenal gland is the end-organ of the HPA axis, and our 
laboratory recently found [102] that in the case of prenatal caffeine ingestion, the reduction of adrenal 
steroid synthetic function is related to the inhibition of the IGF1 signalling pathway caused by the 
activation of the local 11β-HSDs/CR system. The function alteration of the adrenal gland could persist 
until after birth, characterised by mild accelerated growth with a normal diet and moderate to severe 
accelerated growth with a high-fat diet; both scenarios were associated with the inhibition of the IGF1 
signalling pathway caused by activation of the local 11β-HSDs/CR system. A gender difference was 
also found.

�Excessive Glucocorticoids and Programming of the IGF1 Signalling Pathway

IGF1 is a type of polypeptide hormone mainly synthesised by the liver, and it participates in the pro-
liferation, differentiation, and metabolism of multiple cells and tissues [103–105]. After binding to its 
receptor (IGF1R), IGF1 phosphorylates MEK/ERK and activates mitogen-activated protein kinase 
(MAPK) to promote cell proliferation and resist cell apoptosis; on the other hand, it can phosphorylate 
PI3K/Akt and regulate cell glucolipid metabolism via transcriptional factors such as sterol-regulatory 
element-binding protein 1 (SREBP1). In the early development of the foetus, IGF1 is mainly synthe-
sised by the liver, whereas multiple tissues establish autocrine and paracrine of IGF1 at post-conceptual 
ages [106–108]. Therefore, the synthesis of IGF1 by the liver during the intrauterine period directly 
plays a decisive role in birth weight, organic structure, and functional development of the foetus [103, 
105, 107]. It has been shown that the blood IGF1 level is reduced in IUGR foetuses [109, 110], and 
the accelerated growth after birth is always accompanied by an increase in the IGF1 level [111, 112]. 
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It is postulated that the alteration of the IGF1 pathway in the liver is the main reason for IUGR caused 
by an adverse environment during pregnancy and the principal factor in catch-up growth when there 
is sufficient nutrition after birth.

Research has shown that the glucocorticoid level regulates the expression of IGF1 in multiple tis-
sues and cells [113], specifically the increased secretion of IGF1 under low glucocorticoid levels and 
inhibition of the secretion of IGF1 under high glucocorticoid levels [114, 115]. The hepatic IGF1 
pathway in foetal rats exposed to prenatal caffeine ingestion is suppressed by high maternal glucocor-
ticoid levels, which manifests as phenotypic variations such as hyperglycaemia and lipid lowering 
[32]. The low activity of the HPA axis in IUGR offspring resulting from caffeine ingestion during 
pregnancy can last until after birth; the hepatic IGF1 signalling pathway is enhanced under low levels 
of glucocorticoids, and rat offspring shows the phenotypic changes of hypoglycaemia and hyperlipi-
daemia [16, 26] and a more obvious catch-up growth on a high-fat diet [16, 116]. The risk for MS was 
shown to increase in offspring that underwent adverse intrauterine development and catch-up growth 
in early life [117].

IGF1 plays a vital role in skeletal development. IGF1 in circulation and bone tissues is important 
for the processes of proliferation, differentiation, and apoptosis of bone mesenchymal stem cells 
(BMSCs), chondrocytes, and osteoblasts [118–120]. High maternal glucocorticoid levels caused by 
caffeine ingestion during pregnancy were shown to significantly reduce the expression of the relevant 
genes in the IGF1 signalling pathway in foetal long epiphyseal cartilage, resulting in a reduction in 
cartilage extracellular matrix synthesis [84]. In addition, overexposure to glucocorticoids results in 
reduced cartilage differentiation, decreased cartilage cell proliferation, decreased matrix synthesis, 
and the attenuation of articular cartilage. The responsible mechanism could be the decreased 
expression of the IGF1 pathway in the epiphyseal cartilage of foetal rats caused by high maternal 
glucocorticoid levels [121].

�Mechanism of Foetal-Originated Metabolic Disease Induced by Prenatal 
Caffeine Ingestion

To date, a complete and systematic theory for the intrauterine programming mechanisms of foetal-
originated metabolic disease caused by an adverse intrauterine environment is lacking. In the last 
5 years, our laboratory has utilised an IUGR rat model produced by caffeine ingestion in pregnancy 
to investigate the intrauterine mechanisms of foetal-originated metabolic diseases, such as foetal 
NAFLD, diabetes, glomerulosclerosis, and osteoarthritis. Based on the research results, we have 
proposed the common mechanisms for the increased susceptibility to metabolic diseases in IUGR 
offspring, which is a mechanism involving ‘two programming’ types and a ‘two-hit’ scenario medi-
ated by the overexposure to maternal glucocorticoids (Fig. 25.2):

‘The first programming’ is permanent alteration of various specific organ functions (such as the 
reduction of adrenal steroid synthetic function and the enhancement of liver lipid de novo synthesis 
function), and it is relevant to ‘the thrifty phenotype’ and abnormal epigenetic modifications. This 
programming can last until afterbirth and even adulthood. ‘The second programming’ is the GC-IGF1 
axis programming in various foetal tissues, which can induce a low IGF1 level in utero and high IGF1 
level after birth, thereby causing IUGR and catch-up growth after birth in the case of nutritional suf-
ficiency. It is the foundation of the structural and functional compensation of multiple organs in IUGR 
offspring after birth. These two types of programming interact with each other and finally result in the 
alteration of the general glucolipid metabolism and the increased disease susceptibility of multiple 
organs. The ‘the second hit’ refers to a postnatal unhealthy lifestyle (such as chronic stress and high-
fat diet), which can accelerate or aggravate the occurrence of metabolic diseases in the offspring.
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�Conclusion

With the increased consumption of caffeinated foods and beverages, safety issues related to caffeine 
have attracted much attention. Although some studies have revealed that prenatal caffeine exposure 
could induce reproductive and developmental toxicities, the mechanism of the toxicities induced by 
caffeine remains unclear. As discussed in this review, overexposure of the foetus to maternal gluco-
corticoids resulting from prenatal caffeine ingestion can induce alterations in intrauterine neuroendo-
crine metabolic programming and abnormal functional development of various organs. This aberrant 
developmental trajectory has a long-term effect on glucose and lipid metabolism, which may contrib-
ute to the increased susceptibility to various metabolic diseases. Along with the advancement of mod-
ern medical science, researchers will improve the understanding of caffeine-induced effects on women 
and children. Exploring the underlying mechanism of developmental toxicity induced by caffeine 
intake will help to prevent potential adverse effects. Meanwhile, future studies may deepen our knowl-
edge of the developmental origins of adult metabolic diseases and provide the theoretical foundation 
for the early prevention and treatment of metabolic diseases.
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Key Points

•	 Maternal starvation during pregnancy causes lifelong effects on offspring.
•	 Metabolic syndrome is one such effect initially attributed to selection of a thrifty genotype, 

although this hypothesis has since been discredited.
•	 The cause of subsequent adult problems is attributed to foetal programming (the Barker hypothesis).
•	 Foetal programming is thought to involve changes in imprinting or other epigenetic patterns but 

might also involve non-coding RNA.
•	 These patterns might persist through to adult life and even to subsequent generations.
•	 Theories about transgenerational transmission of information resulting from environmental 

exposures have reawakened Lamarckian explanations for transmission of epigenotypes.
•	 It might be too early to completely put the thrifty genotype hypothesis to rest, until databases for whole 

genome sequencing are available for cases exposed to maternal starvation as foetuses and controls.
•	 A theory is presented for new germ line and/or somatic mosaicism as an effect of high rates of cell 

division in the early embryo and selection, in adverse intrauterine environments, of cell lines or 
tissues with favourable mutations or inherited polymorphisms.

•	 This Darwinian process of variation and selection could be analogous to the prolific accumulation 
of mutations and cell clones in embryonic lymphocyte precursors.

Keywords  Foetus • Maternal malnutrition • Metabolic syndrome • Foetal programming • Somatic 
mosaicism • Whole genome sequencing • Thrifty genotype hypothesis • Phenotype

Abbreviations

CpG	 Cytosine-guanosine dinucleotide sequence
DNA	 Deoxyribonucleic acid
H19	 Gene for a long non-coding RNA molecule in the Prader-Willi/Angelman syndrome dif-

ferentially imprinted region
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HDL	 Plasma high-density lipoprotein
IAP	 Intracisternal A particle, a retrotransposon in the agouti gene of a strain of mice
IGF1	 Insulin-like growth factor 1
IUGR	 Intrauterine (foetal) growth retardation
IVF	 In vitro fertilisation
kJ	 Kilojoules
MECP2	 Gene for methyl-CpG-binding protein 2
miRNA	 Micro-inhibitory RNA
mRNAs	 Messenger RNA molecules
P12A	 Substitution of arginine for proline at amino acid residue 12 (P12A) in the PPARγ protein, 

a genetic polymorphism
PPARs	 Peroxisome proliferator-activated receptors
RNA	 Ribonucleic acid
siRNA	 Small interfering RNA, or short interfering RNA, or silencing RNA
UBE3A	 Ubiquitin protein ligase E3A gene

�Introduction

The metabolic syndrome has been identified in adults who were exposed in utero to maternal starva-
tion or intrauterine growth retardation [1], followed by more plentiful nutrition and/or a period of 
rapid growth. Although its manifestations are not appreciated until adulthood, it has been attributed to 
the lifelong effects of foetal programming [2]. Foetal programming is currently considered to be an 
adaptation by which foetuses tailor their growth and development to the current nutritional conditions. 
That adaptation might in many situations even be passed on to subsequent generations and might not 
be appropriate to different subsequent prevailing environmental conditions. The mechanism of foetal 
programming might be multifactorial and complex. It could involve genetic imprinting, which 
includes deacetylation and methylation of histones; methylation of CpG sequences in DNA; altered 
relationships between genomic DNA, nucleosomes and the nuclear matrix; or other molecular mecha-
nisms including non-coding RNA. Imprinting of gene tns off their expression was first described in 
genes largely associated with foetal growth in placental mammals. One of a pair of alleles for a gene 
promoting or inhibiting foetal growth was turned off or imprinted depending on the sex of the parent 
from which it was inherited [3].

Famines causing widespread starvation of women during pregnancy have been “natural” experi-
ments that enabled the comparison of diseases in exposed humans with siblings or other controls born 
after unexposed pregnancies. Variation in individual degree of starvation, postnatal extent of starva-
tion or confounding factors such as family history, socio-economic status, maternal health, age or 
parity, other exposures such as epidemics and the long time between exposure and adult assessment 
could be avoided or ameliorated by the study of large populations, of those with records of universal 
starvation and poverty and where individual health records of birth weight, gestational age, fertility, 
infant mortality and adult morbidity and mortality were available. Theories attempting to explain 
foetal programming included the thrifty genotype hypothesis which argued that deprived environ-
ments selected genes for thriftiness which were poorly suited to subsequent times of plenty [4]. If this 
was the case, evolutionary bottlenecks due to famine plus or minus migration should have selected 
genes for thriftiness in the entire population so that everyone should now have inherited these [5]. 
Conditions like metabolic syndrome have appeared very rapidly in some populations and reduced in 
frequency a generation or so later, a process that is too fast to be explained solely by classic theories 
of germ line evolutionary selection [6, 7]. These have added support to the foetal origins or Barker 
hypothesis that foetal programming did not necessarily alter genomic DNA but probably involved 

M. Edwards



359

epigenetic mechanisms: a “thrifty phenotype”. A subsequent “drifty” phenotype theory argues that 
there is a real increase in the frequency of genes for obesity due to genetic drift, allowed by relaxation 
of selection against an obese phenotype [5]. A period of rapid growth might be more important in 
relation to metabolic programming, so no measured IUGR need be present [8]. Metabolic syndrome 
was not observed after a Russian famine where maternal malnutrition had been long-standing, and 
there was no postnatal improvement in nutrition and catch-up growth spurt [9].

There is evidence that metabolic syndrome is influenced by certain gene sequences [10]. Foetal 
insulin phenotype determined by glucokinase mutations has been shown to affect both birth weight 
and the later development of type 2 diabetes [11]. The question as to whether the process is entirely 
explained by epigenetic processes or is additionally associated with changes in somatic or constitu-
tional genomic sequence might be answered with current advances in genomic sequencing and bioin-
formatics technology. These will enable the detection or exclusion of genomic changes, including 
those in intergenic non-coding RNA sequences, in different tissues of populations with and without 
metabolic syndrome or other adult diseases attributed to foetal programming.

�Epidemiological Studies

These have been reviewed recently [12]:

•	 Norwegian research in the 1970s [13] identified an association between poverty during adolescence 
and later onset of coronary heart disease and a correlation between infant mortality, a surrogate of 
poverty and later male adult mortality from any disease, from cerebrovascular disease and from 
arteriosclerotic heart disease. There was a less marked but still significant correlation between total 
infant mortality in 1896–1925 and arteriosclerotic heart disease in 1964–1967 in adult females. 
At later dates when the standard of living throughout Norway had improved to “upper middle 
class” levels, the correlation had disappeared. There was a strong correlation between infant mor-
tality and later adult development of lung cancer. These correlations were interpreted to relate to 
nutrition during adolescence, although authors considered the possibility of cigarette smoking as a 
confounding factor. As conditions are likely to have been similar when the subjects were adoles-
cents and when they were in utero, it is also possible that maternal malnutrition could have contrib-
uted to this association.

•	 An association between low birth weight and development of coronary heart disease and type 2 
diabetes in adults was identified in the United Kingdom in the 1980–1990s, leading to the thrifty 
phenotype hypothesis [2].

•	 A remote valley of Overkalix in northern Sweden was isolated by winter snow and steep mountains 
in the nineteenth to early twentieth century. People exposed to famine as preadolescent boys [14], 
for whom contemporary parish and municipal registers recorded dates of birth and harvest results, 
were found to have grandchildren who were more likely to die of heart disease or diabetes.

•	 The Dutch famine or Hunger Winter of 1944–1945, when occupied cities were blockaded for sev-
eral months to prevent food deliveries or migration, was preceded and followed by normal nutri-
tion. Food rations were limited to an average of 1600–3200 kJ per day from December 1944 to 
April 1945. Physical and mental health of adults have been analysed in a number of studies indicat-
ing worse outcomes for congenital abnormalities [15], obesity [16], metabolic syndrome [8], 
schizophrenia and unemployment in people whose birth dates and locations indicated exposure to 
maternal starvation at different stages of development in utero during the famine. Although genal 
intelligence was not affected in army conscripts [17], specific impairments of adult cognitive 
ability were noted in the sixth decade [18], most markedly in those exposed to maternal malnutrition 
early in the pregnancy. Malnutrition at any stage of pregnancy was associated with glucose intolerance 
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and reduced head circumference [8, 18]. Starvation restricted to the last trimester was associated 
with reduced foetal and postnatal growth but not with adult metabolic syndrome. Starvation in 
mid-pregnancy was associated with microalbuminuria in adults, and exposure in the first trimester 
was followed by metabolic syndrome in adults [8].

•	 The “Great Leap Forward,” which involved a famine, starvation, limited ability to migrate away 
from the starved region within China and detailed follow-up records of the population kept by the 
regime [19].

•	 The Avon Longitudinal Study of Pregnancy and Childhood in the United Kingdom. This showed 
that men who had been malnourished in mid-childhood and exposed to deprivation, measured by 
early age of commencement of cigarette smoking, had larger sons but did not have larger daughters. 
The grandsons of men exposed to starvation in preadolescence had higher mortality but not their 
granddaughters. After paternal grandmothers were exposed to malnutrition, their granddaughters 
had increased mortality but not their grandsons. This was attributed to epigenetic changes, possibly 
involving miRNA [12].

•	 A large proportion of the adult Pima people in Arizona and the population of Nauru have had a very 
high prevalence of metabolic syndrome after introduction of a western diet [20, 21]. In subsequent 
generations exposed to higher-energy diet, the incidence of metabolic syndrome has dropped in 
Nauru, although it still remains high [22]. The drop in incidence was attributed initially to the loss 
of genes from the population that predisposed to diabetes [20] but could have been influenced by 
improvement of nutrition during pregnancy [6] or to changes in the proportion of people of differ-
ent ages in the population.

•	 A large analysis of population studies in Central America, sub-Saharan Africa and South and 
Southeast Asia showed a range of poorer outcomes of mental, educational and physical health in 
adults after they were subjected to maternal malnutrition during pregnancy [23]. Metabolic syn-
drome was not as prevalent in these populations, which was an interesting difference to what was 
found in more wealthy countries.

�Molecular Studies

Disturbances of imprinting have been implicated in foetal programming, and in a number of common 
diseases including metabolic syndrome and cancer. Imprinting in most genomic sites is reversible, 
being reset in the zygote according to the sex of the parent, but this can depend on an intact imprinting 
centre near the imprinted region of a chromosome. If an imprinting centre is deleted or inactivated, the 
imprint will not be reset when passed to offspring, as occurs in familial Angelman syndrome [24], and 
the disease can be passed on by unaffected parents to subsequent generations. Imprinting is limited to 
some chromosomal segments, its extent within a tissue can vary normally with age, and its distribu-
tion within different tissues of the body can be limited. Imprinting is possibly responsible for the 
long-term activation and deactivation of interacting sets of genes during development and aging. Loss 
of imprinting with age has been implicated in the aetiology of many neoplasms, in which genes pro-
moting growth are released from methylation [25]. Mosaic imprinting where only a proportion of 
body cells have an imprinting abnormality has been identified in Beckwith-Wiedemann syndrome 
[26]. For some genes, it is normal for imprinting to occur in some tissues but not in others: the UBE3A 
gene involved in Angelman syndrome is an example of this [27]. Inheritance of Prader-Willi or 
Angelman syndrome can be caused by mutations in their imprinting centre that prevent the normal 
erasure an resetting of imprinting pattern that occurs in gametogenesis and parent-of-origin imprinting 
during embryogenesis. Imprinting changes of the X or Y chromosomes have been postulated to 
contribute to foetal programming [12].
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The peroxisome proliferator-activated receptor alpha (PPARα) which increased the numbers of 
peroxisomes in hepatocytes was identified as the target of hypolipidaemic fibrate drugs. The PPARs 
are nuclear receptors which, as transcription factors activated by lipids and other ligands and cofac-
tors, bind regulatory sequences within many target genes to influence diverse cellular processes. They 
have been implicated in the pathophysiology of metabolic syndrome and have a wide range of other 
effects [28]. While initial research on the PPARα isoform involved fatty acid catabolism, it also influ-
ences inflammation and atherogenesis and promotes cyclic AMP response element binding in the 
nucleus of hippocampal neurons, influencing neuronal plasticity, synapse formation and memory 
[29]. The gamma-isoform (PPARγ) has an important role in the development and function of white 
and brown fat and in a wide variety of immunological processes. It is the target of the thiazolidinedi-
one drugs in treatment of type 2 diabetes to increase adipogenesis in adipose tissue, reduce adipogen-
esis in the muscle and liver and stimulate the release of adiponectin from adipose tissue, increasing 
sensitivity to insulin. PPARδ is activated during fasting to increase fatty acid oxidation in mitochon-
dria, thermogenesis and energy consumption. It also affects inflammatory processes, wound healing 
and myelination. A recent review summarised research into ligands being developed to stimulate 
PPARδ activity in metabolic syndrome, increasing HDL levels, reducing plasma triglycerides and a 
range of pro-inflammatory and atherogenic mediators [28]. The protean actions of PPAR genes sug-
gest they are important contributors to the expression of metabolic syndrome and might be relevant in 
the study of the effects of intrauterine malnutrition. A polymorphism affecting as many as 23% of 
people in some ethnic groups, a substitution of arginine for proline at amino acid residue 12 (P12A) 
in the PPARγ protein, increases susceptibility to type 2 diabetes, while mutations in the segment of 
the PPARγ gene that encodes the lipid ligand-binding domain are associated with polycystic ovary 
syndrome and severe manifestations of metabolic syndrome. There appears to be an interaction 
between birth weight, which could reflect intrauterine nutrition, the P12A polymorphism and the 
development of insulin resistance and hyperinsulinaemia in adults [30].

The wide variety of functions and expression patterns of genes involved in response to starvation 
and the metabolic syndrome, such as adiponectin, leptin and many others, will be relevant to the 
development of associated inflammatory, immune and neoplastic complications in virtually every 
system. Female, but not male, rats exposed in utero to maternal starvation and treated after birth with 
pharmacological doses of leptin were protected from the effects of maternal starvation and did not 
develop signs of the metabolic syndrome [31]. Specific abnormalities including raised levels of pro-
inflammatory molecules and reduced expression of genes coding for antigen-presenting molecules 
developed in male rats treated with leptin after birth to normally nourished mothers.

In a mouse model, the agouti gene codes for a paracrine melanocortin receptor antagonist synthesised 
in hair follicle cells. Polymorphisms in the gene result in different patterns and colours of hair pigmenta-
tion. Maternal nutrition and early environmental influences alter the methylation of an intracisternal A 
particle (IAP) [32] retrotransposon within the agouti gene [33–35]. If the IAP is not methylated, it acts 
as an ectopic promoter, and yellow agouti protein, which is normally expressed only in hair cells, is 
expressed widely within the body, causing metabolic syndrome and carcinogenesis. Exposure of the 
moth to folate or phytoestrogens that promote methylation of the gene [36] or to environmental com-
pounds that reduce methylation such as bisphenol A [37] modifies the development of metabolic syn-
drome in offspring. Variable levels of agouti expression are observed in isogenic mice, attributable to 
different levels of methylation of the gene. It is significant that 45% of the human genome consists of 
transposons, and about 3% consists of retrotransposons [38]. Stochastic alteration of methylation and 
other epigenetic processes by variation in maternal nutrition and subsequent environmental influences 
could also affect the expression of a wide range of genes in the adult human.

If epigenetic changes are inherited across multiple generations, there is limited molecular evidence 
to explain how a Lamarckian process like this happens. Treatment of embryonic mice by feeding 
endocrine disruptors to the mothers caused persistent changes in methylation and transcription 
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in animals that were exposed as embryos, but they were not transmitted to the next generation [39]. 
This would suggest either that epigenetic changes are not passed to subsequent generations, or if they 
are, some process other than methylation or altered transcription must be involved. Without evidence 
of persistent change in methylation in subsequent generations, some protein, histone, chromatin, RNA 
or other molecular memory could substitute for an epigenetic mark [40] that results in the persistence 
or reappearance of an ancestral epigenetic pattern, but the mechanism is presently unknown. 
Expression of microRNAs can persist for prolonged periods and multiple generations [41], but the 
mechanism for their persistence is unexplained, unless they promote their own transcription in addition 
to altering the expression of other genes. Whole genome sequencing of well-characterised case and 
control populations will possibly enable testing of a hypothesis that the effects of ancestral starvation on 
adult offspring involve somatic and/or germline genomic modifications, i.e. a “thrifty genotype”.

Behaviour is likely to be significantly affected by starvation, or at least the circumstances causing 
the starvation. The behaviour of the mother can alter the epigenotype of rat pups [42]. Maternal anxi-
ety, likely to be increased if there is maternal starvation, has been associated with altered methylation 
of the imprinted IGF1 and H19 loci in newborn babies [43]. The incidence of schizophrenia was 
increased in the adult offspring of mothers starved in the Dutch Hunger Winter [44] and the Great 
Leap Forward [19].

Maternal malnutrition in various animal models was associated with raised glucocorticoid levels and 
hypertension in offspring [45]. This was also shown to occur if the mother was treated with corticosteroids 
as a surrogate for the stress of starvation and was postulated to reset foetal hypothalamic-pituitary-adrenal 
activity [46, 47]. Epidemiological studies of humans have shown a relationship between birth weight, 
reflecting intrauterine nutrition, and adult levels of cortisol and blood pressure [48].

�Possibilities for Future Research

The questions that need to be answered about effects in the adult of foetal starvation include:

•	 How can it be prevented? If intrauterine starvation is unavoidable, how can normal health be 
maintained?

•	 What molecular mechanisms affecting the health of adults, and possibly their descendants, might 
enable prevention or treatment of adult effects after unavoidable maternal and/or foetal starvation. 
Does maternal malnutrition just alter the foetal epigenome, or does it involve genomic sequence 
alterations? Specific treatments might be different in each case. Does foetal starvation result in 
selection of certain genes and loss from the population, or from the individual cells making up the 
embryo, of other gene sequences through early embryonic or cell deaths?

•	 If as seems likely, the effects are multifactorial, what are the major ones that might be amenable to treat-
ment? The MECP2 mutation in Rett syndrome causes multiple disturbances of methylation and gene 
expression. Addressing a specific treatable target, IGF1 signalling holds promise in an animal model of 
Rett syndrome [49] and might inform the management of common complex problems like the meta-
bolic syndrome. Genomic or epigenetic changes, even if they are heritable, might be managed with 
drugs that amplify or inactivate specific mRNAs or other means of regulating gene expression.

�Infection/Colonisation

The relationship between symbiotic or pathogenic/saprophytic organisms and humans is of potential 
importance as it involves the transfer of organisms largely between mother and child [50], so a large 
proportion of the genes inherited by a child from its mother are actually in the bacteria colonising the 
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baby’s formerly sterile epithelia. There is a détente between microorganisms and the human host, 
possibly mediated by micro-inhibitory RNA (miRNA) and other regulators of gene expression, 
including methylation and histone deacetylation. The population of s-biotic bacteria in the gut might 
be altered in the mother if she is malnourished and possibly in the respiratory epithelium and skin of 
the child if the level or type of nutrition changes. This mechanism might contribute to the different 
effects during adulthood of intrauterine malnutrition, where the mother might also have been mal-
nourished with altered gut flora and postnatal malnutrition. It might partially explain different patterns 
of “inherited” disease seen after starvation of the mother during her pregnancy versus starvation of the 
father during his adolescence [12]. Metabolic syndrome and other mortality from common diseases 
of multifactorial origin are common in many indigenous adult populations, but there are also high 
rates of childhood bacterial infection [51], dental disease and malnutrition. Chronic bacterial infection 
due to dental, periodontal and respiratory disease is associated, possibly causally, with a number of 
adult diseases, so studies of maternal malnutrition can be complicated by coexistent socioeconomic 
factors (and an emerging repertoire of known genetic factors) that predispose to chronic infection.

�Genomic Mutations, Epigenesis vs Mutation in Genes Involved 
in Methylation or RNA Regulation

Metabolic syndrome has been attributed to changes in the epigenotype, caused by environmental 
influences during intrauterine or later development and altering the phenotype of metabolic syndrome 
within congenic strains of laboratory animals or human identical twins. These experimental groups 
were formerly thought to consist of individuals that were genetically identical. It seemed reasonable 
then to conclude that if epigenetic differences were caused by experimental manipulation in congenic 
strains of animals, or if they were associated in discordant monozygotic human twins with alterations 
in prenatal or postnatal environment, there would be no need to look for alterations in genomic DNA 
that could have caused or be associated with epigenetic changes. The spontaneously hypertensive rat 
is a congenic strain inbred for many generations but is still heterozygous at every 2.5 × 10−5 nucleo-
tides on whole genome sequencing [52], which would be in keeping with estimates of new mutation 
in other species. There might have been pre-existing discordance for imprinting in human twins 
regardless of their environmental differences. One of monozygotic twins, having less access to pla-
cental nutrition, can have IUGR and adult-onset metabolic syndrome, while the other twin, with 
higher birth weight, has a lower risk of metabolic syndrome [53]. Beckwith-Wiedemann syndrome is 
associated with abnormal foetal growth and somatic mosaicism for an imprinting defect of chromo-
some 11 or other less common mechanisms [54]. Mosaicism refers to a mixture of cells containing the 
genotype present at conception and a population with a new mutation or perhaps a new imprinting 
pattern. It is more frequent in one of monozygotic twins [55, 56]. A number of conditions have been 
found to be discordant in monozygotic twins [57–59], including epigenetic differences that seem to 
develop with age [60], suggesting either that disease-causing mutations or imprinting abnormalities 
can occur after conception of these twins or even that monozygotic twinning might be caused somehow 
by mosaicism for mutations [57] or imprinting patterns.

Metabolic effects that are not passed on to future generations might be due to somatic mutations 
that do not involve the germ line, and this might be related to the timing of the intrauterine stimulus. 
Human monozygotic twins, besides having different epigenotypes [61], can have significant differ-
ences in DNA sequence, including copy number variations caused by postzygotic mutations [62], 
occurring after the conception of the embryo. A growing list of patients is reported with subclinical 
and often unsuspected or mild expression of disease because of dilution of its effects by mosaicism, 
or nonpenetrance because the mosaicism spared the cell line usually involved in pathogenesis, but was 
only detected in an accessible tissue like blood [63]. To date no whole genome sequencing study has 
compared adult somatic and germ line sequences in metabolic syndrome with controls or compared 
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genome sequences in different tissues of the same subject [61, 64]. This potentially applies to animals 
thought to be congenic.

Although famines have enabled “natural experiments” involving humans, conclusions from epide-
miological research have been limited by the possibility of biased ascertainment, where the group 
actually analysed is relatively small and unrepresentative of the exposed population, especially if 
subjects might preferentially participate because they have health problems. Genetic selection by 
famine has been dismissed because of rapid changes in disease prevalence. Any decrease in birth rate 
was attributed to reduction of fertility. Genotype is however a plausible influence on fertility during 
famine [10]. The birth rate dropped at the same time as an increase in mortality in China during the 
starvation associated with their Great Leap Forward [19]. A similar phenomenon was observed in the 
number of young people eligible for conscription, who were conceived during the Dutch famine [15]. 
It was concluded that a rebound increase in birth rates following relief of the famine negated any 
selective effect of the famine [5]. Famine has been thought to affect conception but embryonic sur-
vival has not been considered or mentioned in earlier research [10, 65]. Fertility might be noticeably 
affected if conception of a genetically “fit” embryo was delayed until after the very early loss of 
genetically “unfit” one(s). In multiple pregnancies in animals, the death of a foetus might not influ-
ence litter size because of selective death of foetuses [66]. In about 10% of human twin pregnancies, 
one of the twins is known to have vanished during the pregnancy [57]. The smaller twin might have 
died in utero but for postzygotic mutation(s) predisposing to a thrifty genotype in some of the cells of 
the conceptus, that later founded a surviving embryo, and later development of metabolic syndrome. 
Past epidemiological studies of humans were unlikely to have detected early foetal loss, because this 
could masquerade as a late or irregular menstrual cycle or as infertility. Mortality and fertility data 
were usually collected retrospectively and were limited to records of live births or foetal mortality in 
advanced pregnancy, and comparisons might have been influenced by social class [7].

With whole genome sequencing, especially of single cells or single cell types, it will become pos-
sible to test a hypothesis that reduction in birth rate might have been due to very early mortality of 
embryos, or genetic selection of cells within embryos, in addition to, or rather than reduced concep-
tion [10, 67]. The embryo implanting into the decidua relies on residual energy stores of the ovum and 
surrounding cells, and metabolic processes determined by maternal RNA and proteins, and on absorp-
tion of nutrients from the uterine decidua [68]. The implanting embryo is surrounded by dendritic 
cells which influence immunological tolerance [69]. Maternal malnutrition, obesity, autoimmune or 
vascular diseases might affect the behaviour of these cells, as shown in other tissues [70, 71]. Selection 
pressure must be high at the best of times in the early intrauterine environment when only 30–40% of 
ovulations result in clinically recognisable pregnancy, and 30% of conceptions survive to live birth 
[72]. After pregnancy is confirmed by ultrasound at 6 weeks, between 4.2% and 12.7% of pregnancies 
are miscarried [73]. There is high rate of embryonic loss after aneuploid embryos conceived by IVF 
are excluded by laboratory screening [74]. As most embryo implantations fail, foetal and/or intrauter-
ine factors that alter the success of implantation could have significant effects on birth rates, or if birth 
rates are unchanged, on genotype frequencies [10] in surviving embryos or in the case of somatic 
mosaicism, in cells within surviving embryos. This could lead to physiological and pathological 
changes in adulthood. A plausible hypothesis is that the decidua around the embryo would be less 
hospitable in malnourished mothers or in those with pathology contributing to later placental insuffi-
ciency, such as the metabolic syndrome itself. Entire embryos, or cells within embryos (see below), 
might be selected for survival by genotypes most suited to the intrauterine environment. It is estimated 
that the average baby has 50–100 new mutations [75]. Evidence for the concept of foetal loss and its 
relationship with epigenetic inheritance, leading to the loss of certain genotypes in offspring, has been 
available since heterozygous yellow agouti mice were interbred [66, 76]. In women who are starved, 
or those whose pregnancy is complicated by placental insufficiency and/or intrauterine growth 
retardation, the selective pressure would be higher. Among the new mutations likely to be present in 
a newborn animal, some could be found that confer a selective advantage in some intrauterine 
conditions, e.g. starvation or placental insufficiency, but are unfavourable in later times of rapid 
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growth or high caloric intake. Maternal starvation could thus be a driver of somatic mutation and pos-
sibly also of selection of cells with mutations favourable to the current environment. Selection of cells 
within the embryo, or of total embryos based on their epigenotype, could be enabled by mutation or 
other mechanisms. Looking for missing polymorphism genotypes, present in parents, affected chil-
dren and their unexposed siblings, but lost and undetectable in embryos lost too early to be sampled, 
might assist the search for genetic contributors to metabolic syndrome in adults [67].

�Somatic Mosaicism

There is opportunity for selection within organs of cells with somatic mutations, as by age 15 years 
the average human is predicted to have 10−7–10−6 mutations per nucleotide per somatic cell [75], 
which could equate to 100–1000 mutations per non-replicating diploid cell and 1000–10,000 per 
replicating cell. Non-replicating adult cells can also accumulate genomic mutations which could also 
affect function, epigenotype and phenotype [75]. If the mutation affected genes for double stranded 
siRNA, it might be possible for these to act in a paracrine or endocrine manner. The germ line in a 
15 year old adolescent would have 10–1000 mutations [75]. Although conceived by IVF and therefore 
cultured in vitro, a very high proportion of human embryos from healthy parents have somatic mosa-
icism for copy number variations [77]. To these, can be added an unknown frequency of smaller inser-
tion, deletion and point mutations in protein-coding and regulatory genomic sequences in cells within 
embryos, implying that there is a significant opportunity for selection of cells within each embryo and 
that the body of each adult is the product of a complex evolutionary process just within their own life 
span. Attribution of differences in phenotype and methylation patterns to postnatal environmental dif-
ferences and metabolic programming might be refined when it becomes possible to compare whole 
genome sequences of different tissues in different types of monozygotic twins [62] or congenic strains 
of laboratory animals. Acknowledgment of this possibility is starting to appear in recent publications 
including fascinating new research into childhood obesity [78].

�Reverse Transcription?

It has been shown that germ cells take up small RNA molecules to alter chromatin structure and affect 
gene expression for many generations in worms [41]. A similar process has occurred following ances-
tral starvation. Double-stranded RNA coming from somatic tissue mutations might even alter the 
genomic sequence [79] by a process involving reverse transcription, or analogous to it, and be passed 
on to the next generation in the genomic DNA. This would involve an epigenetic process but its fixa-
tion in subsequent generations might involve genomic DNA changes in addition to, or rather than, a 
Lamarckian mechanism. These might only be detectable with whole genomic sequencing research 
involving multiple generations including one exposed to starvation, controls, descendants and multi-
ple tissue types, not just bloods.

�Conclusions

There is no molecular evidence that epigenetic changes caused by starvation or other environmental 
influences are part of an ordered predictable (or programmed) response. The targets of drugs or 
xenobiotics that influence DNA methylation appear to be nonspecific [37]. As with other Darwinian 
selection processes, the environmental influence could cause random and nonspecific stochastic 
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effects on individual cells within the organism. Somatic and germ cells with favourable epigenotypes 
and/or genotypes could then be selected on the basis of their ability to survive and proliferate in the 
developing organism in the prevailing environmental circumstances. An orderly process of imprinting 
occurs in human development so that genes are appropriately silenced and activated depending on the 
age of the organism and the tissue type. There seems to be little dispute that this can be explained by 
the interaction of cells with each other within the organism, coordinated by genomic sequences and 
their products including proteins and coding or non-coding regulatory RNAs. By the same reasoning, 
it is plausible that environmental conditions within an organism, such as maternal starvation, could 
select germ cells and somatic cells with genotypes that promote certain patterns of imprinting, which 
might then be transmitted to subsequent generations of body cells to adulthood in humans and even to 
descendants. There are political incentives and bias in ethics committees in favour of funding and 
adopting epigenetic theories to reinforce the idea that everyone is born with equal potential and that 
ancestral deprivation or discrimination against groups has molecular transgenerational effects. This 
might be the case: at present it is easy to find research funded and published in influential journals on 
single-cell genome-wide methylome study and transcriptome sequencing of single cells [80]. There 
are strong incentives to publish positive findings on transgenerational epigenetics, but it is harder to 
publish negative studies [81]. It remains to be seen whether it is as feasible to obtain funding for, and 
acceptance by ethics committees of, whole genome sequencing of single cells or single tissues in 
people of different ages exposed in utero to starvation or other environmental insults and suitable 
controls. Until that happens, the thrifty genotype hypothesis needs to be kept on the list of possible 
mechanisms for adult disease after maternal malnutrition.

A modification of the thrifty genotype theory could begin by asking how postzygotic mutation 
could be thought of as an adaptive process? Arguments against genetic selection occurring within 
short periods of history mention the long generation time of humans. But there is a very short time 
between the generations of cells that form a human embryo. For example, an enormous somatic varia-
tion of point mutations and somatic recombinations in genes for antibodies occurs in a relatively short 
period of development, resulting in different people having a repertoire of lymphocytes which can 
synthesise antibodies to virtually all of millions of possible foreign complex molecules, to most of 
which they will never be exposed. How can different people each happen to have a set of antibodies 
that recognise identical foreign molecules, if this occurs by a random process independent of any 
vertical (parental inheritance) or horizontal transmission of information between people (at least until 
they infect each other with a transmissible disease)? It has been universally accepted that this is 
enabled by the enormous random genetic mutation or variation with each division of embryonic 
lymphocytes, in association with selection, within the thymus against lymphocytes which recognise 
self-antigens, and in favour of those which recognise foreign molecules introduced into the body, 
i.e. a Darwinian process of evolution within each of us as we develop. If this is the case, there could 
be a similar process of selection within every embryo’s body (including possibly their germ line) for 
the rapidly dividing cell that is most suited to the local environment, whether it be in a starving mother 
or one offering a poor intrauterine environment due to her own manifest or incipient metabolic syn-
drome. That process of genomic variation and selection could indeed be mediated by changes in 
methylation or gene expression that are being detected by current research. It might be detectable if 
involving mosaic genomic variation, when single cells or tissues can be sequenced and compared 
between databases of subjects exposed to maternal malnutrition and controls.
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Key Points

•	 Maternal nutrition has direct consequences for foetal well-being, both in the form of immediate 
effects and long-term impacts.

•	 India faces a dual burden of undernutrition and overnutrition, with adolescent girls and women in 
the childbearing age group, both in rural and urban areas affected.

•	 Maternal nutrition is a modifiable factor, and research in India has established the role of supple-
mental maternal nutrition on birth weight of the offspring.

•	 Both macro- and micronutrients are shown to impact birth outcomes.
•	 Early nutrition has influence on birth weight, childhood morbidity and long-term disease risk.
•	 Postnatal growth patterns and lifestyle factors, including diet and physical activity patterns, play a 

synergistic role on later life disease risk.
•	 Research in India has shown the need to adopt a life-course approach to deal with chronic disease.
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�Background

Nutrition of a mother through her lifetime has significant impact on the health and well-being of her 
offspring. Appropriate nutrition, in particular during adolescence, pregnancy and lactation, affects the 
growth and development of the foetus, thereby translating into healthy statistics for birth outcomes, 
childhood health and long-term health and economic benefits [1]. Nutritional programmes around the 
world have rightly focussed on women and mothers during pregnancy, with many countries recognis-
ing the importance of appropriate maternal nutrition as a strategy to reduce increasing maternal, infant 
and neonatal morbidity and mortality rates.

�Overview on Nutritional Status of Indian Women

India, a lower middle-income country, is host to a huge population of poorly nourished women. 
According to the National Family Health Survey (NFHS 2005–2006), the prevalence of undernour-
ished women, based on a body mass index (BMI) less than 18.5 kg/m2, was 36.5%; nearly half of 
these (15.8%) had a BMI less than 17 kg/m2, pointing to the widespread prevalence of moderate to 
severe undernutrition. The prevalence of anaemia among women in their childbearing years, aged 
15–49 years, ranges from 32.7% in the state of Kerala to 76.3% in West Bengal (Source: District Level 
Household and Facility Survey). This exemplifies the wide variation across states in India. Among 
adolescent girls alone, 15–18 years of age, nearly 35% have a BMI less than 18.5 kg/m2 in Kerala, 
while the figure in Rajasthan is nearly 60%; anaemia levels vary from 35% in Kerala to almost double 
this prevalence among adolescents in Bihar [2].

On the other end of the spectrum of malnourishment, overweight and obesity levels among Indian 
women have also shown a steady rise. According to the National Family Health Survey 3 (2005–2006), 
the overall prevalence of overweight women aged 15–49 years was 13%, with about 3% falling in the 
obese category (BMI greater than 30 kg/m2). What is even more discouraging is the fact that this 
double burden of malnutrition is not restricted to a particular socio-economic stratum. With rapid 
urbanisation, increasing migration from rural to urban locations for work opportunities and the 
accompanying changes in lifestyle and dietary practices, the socio-economic reversal of risk factors 
for lifestyle disorders is evident across rural and urban populations [3] (Figs. 27.1 and 27.2).

The prevalence of malnutrition among women in India is clearly linked to their educational status. 
NFHS-3 data shows no education associated with twice the levels of undernutrition and 12 or more 
years of education associated with three times higher level of overweight/obesity.

�Maternal Nutritional Status and Foetal Programming

Early life factors, including the nutritional status of mothers, impact the intrauterine milieu and have 
ramifications for the foetus through intergenerational effects [4]. Poor nutritional and environmental 
influences during critical stages of development cause permanent changes in structure, physiology 
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and metabolism of the growing embryo and foetus (Fig. 27.3). This “foetal programming” paradigm 
proposed by Prof. David Barker triggered a whole school of research on the Developmental Origins 
of Health and Disease (DOHaD) [5, 6]. Poor intrauterine nutrition (including those resulting from 
maternal hyperglycaemic states) and development impact birth weight, and abnormal birth weight has 
been shown to have long-term consequences.

Fig. 27.1  Prevalence of obesity across migration/residence status (Source: PLOS Medicine 2010 Ebrahim et al.)

Fig. 27.2  Prevalence of diabetes across migration/residence status (Source: PLOS Medicine 2010 Ebrahim et al.)
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Evidence from around the world has focussed on the critical period when foetal programming has 
long-term effects. The first 1000 days which encompasses the pregnancy and first 2 years of life has 
been shown to be the most crucial period for interventions that could impact short-term survival and 
reduce long-term effects [7].

�Consequences of Lower/Higher Birth Weight

India faces a substantial burden of low birth weight (LBW) babies. Babies with birth weight less than 
2500 g account for nearly 30% of births according to the NFHS 3 (2005–2006).

Low birth weight babies are prone to neonatal infections and this raises neonatal morbidity and mor-
tality; those that survive into infancy could follow different pathways during childhood. Infants and 
children that remain undernourished are prone to impaired immune functions and recurrent infections 
and have poor muscular and skeletal growth, lower cognitive function and IQ resulting in reduced 
schooling and poor adult economic potential. Also, following a period of impaired nourishment during 
critical periods of development, foetuses develop a “thrifty phenotype” whereby a “defence” mechanism 
comes into play; there is a sparing of the brain and vital organs, downregulation of overall growth, mus-
cular and skeletal tissues and increased growth of simple energy-storing adipose tissue, reduced insulin 
sensitivity, a pro-inflammatory tendency and heightened basal cortisol levels. This translates to long-
term effects in the form of increased susceptibility to unhealthy growth patterns including an early adi-
posity rebound, overweight and obesity, increased cardiometabolic risk factors such as impaired glucose 
tolerance, lipid abnormalities and high blood pressure [8, 9]. Research in the mid-1980s following the 
Barker hypothesis showed an inverse relation between low birth weight and later risk of coronary heart 
disease [10, 11]. The studies, largely based in the UK and other western populations, established an 

Fig. 27.3  Critical period of development
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association between lower birth weight and later elevated risk of non-communicable diseases, in particular 
type 2 diabetes and cardiovascular disease [12, 13]. Higher birth weight, a consequence of maternal 
overnutrition and hyperglycaemic states, is a precursor for childhood overweight and obesity. The fol-
lowing figure (Fig. 27.4) provides a summary of the consequences of low and high birth weight.

�India

Studies in India have long contributed to the evidence base on maternal malnutrition, foetal program-
ming and long-term outcomes.

�Maternal Nutrition Studies

�Hyderabad Nutrition Trial

Nearly four decades ago, India’s policy response to the dire situation of childhood malnutrition – the 
Integrated Child Development Services (ICDS) scheme – was launched by the Government of India 
on October 2, 1975 [14]. While its central focus was the improvement of nutritional status of pregnant 
and lactating women and children less than 6  years of age, it also included complementary pro-
grammes for early childhood education, health, hygiene and nutrition education for the mothers and 
delivery of other national programmes (immunisation, anaemia control and basic health care) from 

Fig. 27.4  Consequences of low and high birth weight
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the ICDS centres. As the programme saw stepwise expansion in the 1980s and 1990s, the National 
Institute of Nutrition (NIN) in Hyderabad, Andhra Pradesh state, in Southern India conducted an 
impact evaluation trial to study the effect of nutritional supplementation in pregnancy on the birth 
weight of the offspring. A controlled, cluster randomised trial of the nutrition supplementation of 
pregnant mothers was carried out between 1987 and 1990. Mothers in 15 intervention villages received 
a nutritional supplement of a locally made preparation “upma” that provided 2.09 MJ and 20–25 g 
protein to mothers and about 1.25 MJ and 8–10 g protein to children up to 6 years of age, while no 
supplement was provided to the mothers and children in 14 control villages. All children born between 
January 1, 1987, and December 31, 1990, in the study villages (N = 4338) formed a birth cohort 
within the trial groups. Mean birth weight recorded within 48 h of delivery and available in 2964 
(68%) newborns was higher in the 15 intervention villages (2655(SD 430) g) than that in control villages 
(2594(SD430) g); the mean difference was 61 g (95% CI 18–104), p = 0.007. Incidence of low birth 
weight was higher (34.3%) in control than in intervention villages (31.3%). The incidence of low birth 
weight was also lower (27%) in infants born to mothers who consumed supplements at least 3 days in 
a week compared to those who did so occasionally (36.3%) [15]. Maternal nutritional supplementation 
had a small but definite impact on birth weight.

�Pune Maternal Nutrition Study

The contributory role of maternal nutritional status in the low birth weight scenario was again estab-
lished in the Pune Maternal Nutrition Study [16].Women in six villages near Pune in the southern 
Indian state of Maharashtra were studied through pregnancy and assessed for nutrition and physical 
and metabolic activity, with detailed studies using foetal ultrasound and postnatal growth. The moth-
ers in this study had an average BMI of 18.1 kg/m2, while babies weighed 2.7 kg on an average. 
However, compared to Caucasian babies (average birth weight of 3.5 kg), these babies were thinner 
by ponderal index (24.1 kg/m3 versus 28.2 kg/m3). However, both subcutaneous and visceral fats were 
higher in MRI studies in the Indian babies compared to their Caucasian counterparts. This added to 
the evidence from earlier studies by the Pune team that had established for the first time – the “thin-
fat” hypothesis. This posited that Indians had greater levels of fat at lower levels of BMI, and type 2 
diabetes in Indian adults was shown to occur at a younger age, in individuals with lower levels of BMI 
but greater central adiposity, measured by waist-hip ratio [17, 18].The PMNS established that such 
pathways are established quite early in life.

�Maternal Macro- Versus Micronutrients

Further, studies in PMNS mothers established the critical role of micronutrients rather than macronutri-
ents in the diet. Birth size was directly related to a higher intake of green leafy vegetables, fruit and milk. 
The mothers had high levels of vitamin B12 deficiency (nearly 70%), with 90% of these women showing 
high methylmalonic acid (MMA) levels (≥0.26 μmol/L) – a specific indicator of vitamin B 12 defi-
ciency. The low B12 levels, rather than folate levels, were associated with prevalence of high homocys-
teine levels (30%). Higher maternal total homocysteine levels predicted lower birth weight for gestational 
age [20].The role of 1-C metabolism that involves the donation and regeneration of 1-C groups, includ-
ing the methyl group, has since been widely debated [21]. Maternal nutrition should provide an adequate 
supply of methyl donors such as folate, vitamin B12, betaine, methionine and choline – all important 
nutrients essential for optimal foetal organogenesis, growth and development [22]. The Pune work has 
shown the association of these maternal micronutrients in predicting birth weight, body composition, 
insulin resistance and cognitive function of the offspring of PMNS mothers [23, 24].
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�Pune Intervention Study

An ongoing randomised controlled trial – Pune Intervention Study that involves adolescent males and 
females receiving a daily supplement for at least 3 years or until their first delivery – seeks to test the 
role of pre-conception nutrition. The micronutrient supplement composition based on the United 
Nations Multiple Micronutrient Preparation (UNIMAP) formulation [25] provides approximately one 
recommended dietary allowance (RDA) of 15 vitamins and minerals. The findings from this study 
will add to the evidence base for appropriate nutrients even from adolescence to have optimal foetal 
growth and birth outcomes.

�Mumbai SARAS Kids Study

A similar intervention study among women in an urban Mumbai (Maharashtra state, India) slum pro-
vided micronutrient-rich foods in the form of a snack made from green leafy vegetables, fruit and 
milk, before and throughout pregnancy. The study enrolled 6513 women, 2067 babies were born, and 
the birth weight in the intervention group was greater by 26 g (p = 0.20), with a slightly greater dif-
ference of 48 g (p = 0.05) if women started the supplement >3 months before conception. The study 
interestingly found a significant interaction with maternal BMI; there was no effect on newborn 
weight in mothers in the lowest BMI category (<18.6 kg/m2) compared to those born to mothers in the 
higher BMI categories (BMI>18.6 kg/m2) [26].The children in this cohort are currently being fol-
lowed for assessment of cardiometabolic risk factors and cognitive function.

�Longitudinal Studies

Studies of a prospective nature established in India have provided a rich repository of data to evaluate 
the Barker hypothesis.

�Retrospective Studies

Mysore Birth Cohort

A retrospective hospital records-based study in Holdsworth Memorial Hospital in Mysore, Karnataka 
state, in South India [27] corroborated the low birth weight-later NCD risk evidence base in an Indian 
setting. Men and women, born between 1934 and 1954, were retraced using their hospital records 
several years later. Those with the lowest birth weights, shorter birth lengths and smaller head circum-
ferences had a higher prevalence of coronary heart disease, when assessed between 40 and 70 years 
[28] (Fig. 27.5). The relation of offspring coronary heart disease to lower maternal weights was also 
shown, again pointing to the importance of adequate nourishment of pregnant mothers and the conse-
quent cyclical intergenerational effects. Those in the lowest birth weight categories in this cohort were 
also prone to higher levels of insulin resistance [29] (Fig. 27.6).

Hyderabad Nutrition Trial Follow-Up

The children born within the Hyderabad Nutrition Trial mentioned earlier were retraced at adolescence 
and assessed for cardiovascular risk factors. Among 1165 adolescents 11–15 years of age, offspring 
of mothers within the intervention group were taller and had a lower level of insulin resistance and 
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vascular function assessed by augmentation index. This was early pragmatic evidence that better early 
life nutrition apparently translated into both improved birth weight and improved cardiovascular risk 
profile at adolescence [30].

�Prospective Studies

�New Delhi Birth Cohort (NDBC)

Two longitudinal studies were established in India in 1969 in New Delhi (North India) and Vellore 
(South India) to study the long-term outcomes of pregnancy in these semiurban/urban populations. In the 
post-Barker research environment of the 1980s, these birth cohorts served as the ideal populations to 
test the hypothesis in a developing country setting, with particular emphasis on early childhood and 
adult outcomes.

Fig. 27.5  Prevalence (%) of coronary heart disease in men and women aged >45 years in Mysore, India

Fig. 27.6  Relative insulin resistance (HOMA) – men born in HMH, Mysore, South India 1934–1954 (n = 266)
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A geographically defined area in an urban community in South Delhi (12 km2 area) was selected. 
All families living there between December 1, 1969, and November 30, 1972, were identified. Among 
a population of nearly 120,000, there were 20,755 married women of reproductive age (13–49 years) 
who were assessed every other month (±3 days) at home in order to record menstrual dates. Women 
who became pregnant were seen by a health visitor every 2 months (±3 days) initially and on alternate 
days from the 37th week of gestation. There were 9169 pregnancies resulting in 8181 live births (8030 
singletons and 151 from twin pairs), 202 stillbirths and 867 abortions. Trained personnel recorded the 
weight and length/height and head circumference of the babies within 72 h of birth and then at the 
ages of 3, 6, 9 and 12 months (±7 days) and 6 monthly intervals (+15 days) thereafter until 20 years 
of age. The NDBC saw intermittent phases of revival and data collection. While the initial phases saw 
the collection of anthropometric data on the birth cohort from birth until 20 years of age, the revival 
in 1995 of the cohort of young adults (26–32 years) added to the repository, data on cardiometabolic 
disorders.

Studies in the New Delhi birth cohort were therefore the first to use comprehensive growth data 
from birth through childhood to exemplify that those born small, having accelerated childhood growth 
and crossing over earlier into higher centiles of BMI categories, were those most prone to adult car-
diometabolic disorders [31] Early age at adiposity rebound (the age at which BMI starts to rise) was 
clearly shown to be a risk factor for later disease. The detailed anthropometric measurements provided 
data to establish growth patterns using BMI. When assessed as young adults, those who were small at 
birth and in infancy and showed rapid childhood weight gain had greatest propensity to develop 
impaired fasting glucose (Fig. 27.7), dyslipidaemia, higher blood pressure and features of the meta-
bolic syndrome compared to the average cohort growth rate [32].

This cohort also showed how the rapid nutritional and epidemiological transitions in India can 
translate into an escalation of risk factors for chronic disease over a very short period of time [33]. The 
prevalence rates of high blood pressure and impaired fasting glucose levels showed significant 
increases over a period of 6 years in this adult cohort. Additional research contributed to the evidence 
base on the associations between early life factors and later disease risk patterns, including impaired 
fasting glucose, dyslipidaemia, hypertension, obesity and impaired bone metabolism [34–36].
This New Delhi cohort has under follow-up children in the next generation with new studies focusing 
on mental health, pulmonary and cardiac function of the adults and growth and development of their 
children in relation to intergenerational influences.

Fig. 27.7  New Delhi: childhood BMI of men and women who developed diabetes or prediabetes, 230 out of 1518, aged 
30 years
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�Vellore Birth Cohort

The original study sample was based on a population census carried out in defined areas of Vellore 
town and adjoining rural villages in Southern India, representing different socio-economic strata. 
All married non-pregnant women of childbearing potential in the study areas were identified, and 
20,626 women (rural 11,628; urban 8998) were recruited. If found pregnant, the woman was enrolled 
in a pregnancy follow-up, and on delivery, birth measurements were recorded and an infancy follow-
up commenced. Thus, this birth cohort is defined as all children born to these women during the 
period, 1969–1973.The average BMI of pre-pregnant mothers was 18.6 and 19.4 kg/m2 in rural and 
urban areas, respectively. There were 10,670 single live-born babies (rural 6260; urban 4410), and 
4092 had complete birth and parental measurements [37]. All the babies were examined and measured 
at birth with monthly follow-up up to the first 3 months and thereafter every 3 months up to 1 year. 
Infant height and weight measurements were made only up to 3 months, while head and chest circum-
ferences, breastfeeding pattern, morbidity and mortality were recorded at each of the follow-ups.

Women who were themselves small at birth had nearly three times the risk of delivering low birth 
babies [38]. Glucose intolerance, insulin resistance and other cardiometabolic risk factors, including 
blood pressure and lipid abnormalities, were studied in relation to parental size, neonatal size and 
childhood growth [39]. These findings added to the evidence base in India testing the Barker 
hypothesis.

�The Pune Children’s Study

The Pune Children’s study in 1991 showed that children with lower birth weight were more insulin 
resistant at 4 years of age [40]; at 8 years, the same children were heavier and had the highest levels 
of cardiovascular risk factors [41]. This again points to the dual role of lower birth weight and factors 
in the postnatal life that perpetuates the chronic disease risk.

�Life-Course Studies in India

�Andhra Pradesh Children and Parents Study (APCAPS)

The Hyderabad Nutrition Trial cohort is an exemplar of a life-course approach to studying the evolu-
tion of cardiovascular risk in a transitioning population. The birth cohort established within the trial 
was followed up as young adults. Studies during these later phases enrolled the cohort members, their 
parents and siblings to establish the Andhra Pradesh Children and Parents Study (APCAPS) [42]. 
Living within a transitioning socio-economic and nutritional environment, the adolescent children 
who had earlier shown better cardiovascular risk profile following early maternal nutritional supple-
mentation seemed to lose the advantage as young adults. Children in the intervention villages of the 
earlier trial showed similar, if not worse, risk as compared to the children in the control sites (personal 
communication). The diet and lifestyle changes in these children that accompanied rapid urbanisation 
were important causative factors. Thus while early life nutrition is important in improving the birth 
weight and early growth and development, postnatal factors including healthy diet and lifestyle patterns 
across the life course were also shown to be crucial in sustaining the accrued advantage of early life 
nutrition supplementation. A life-course approach to the prevention of non-communicable diseases is 
therefore important, particularly in transitioning countries like India. The APCAPS cohort provided a 
classical example of changing lifestyles affecting later life health status within a generation that faced 
rapid social and environmental change within a span of a decade. Thus earlier evidence from another 
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study – Indian Migration study – which showed the trends across rural-migrant-urban populations to 
steadily adopt the diet and lifestyle behaviours of the adoptive place of residence, moving to consumption 
of more energy-dense foods and sedentary behaviour, was further confirmed [3].

The above overview of Indian studies emphasises the role of adequate maternal macro- and micro-
nutrients from adolescence to adulthood, pregnancy and lactation to ensure optimal nourishment and 
growth and development of the foetus. Early maternal nutrition together with postnatal factors includ-
ing diet, physical activity and socio-economic influences across the life course has a synergistic role 
in the development of chronic diseases and their risk factors.

Strategies for prevention should therefore be cognisant of the need to include action and policies 
that encompass the entire spectrum of nutrition-sensitive and nutrition-specific interventions, disease 
prevention and health promotion strategies. India has taken initial steps in this direction, and below is 
an outline of the broader domains of action over the last few years.

�Strategies for Nutrition Policies to Address Malnutrition India

In an environment where poverty exists among plenty, and undernutrition coexists with over-
nourishment, India’s dual burden of malnutrition requires adequate and appropriate policies to be in 
place. These should ideally straddle multiple sectors from agriculture, food production, procurement 
and distribution, food subsidies, water, sanitation and hygiene measures, apart from the health and 
development sectors of women and child ministries. India has initiated a number of programmes and 
policies to deal with its burden of malnutrition.

The previously mentioned Integrated Child Development Scheme (ICDS) was a flagship programme 
established in 1975 by the Government of India and was envisaged to achieve universal coverage. 
As with all such mammoth nationwide exercises, this programme too saw multiple hurdles including 
the effective roll-out, gaps in uptake and utilisation and barriers in 100% coverage across the delivery 
centres. Nevertheless, the ICDS programme has remained as one of the most effective of national pro-
grammes in reaching out to the remotest of regions to deliver its objectives, achieving nearly 100% 
coverage across the country over the years. Apart from nutritional supplements, early child care, growth 
and development monitoring and other programmes including anaemia control and immunisation were 
simultaneously delivered through the core delivery centres – the anganwadis. “Anganwadi” literally 
means a courtyard and functions as the centre for delivery of the nutrition and education components 
of the ICDS programme. It functions through the deployment of a team comprising a locally appointed 
woman as the teacher aided in her tasks by a helper, both being provided incentives for their targeted 
delivery of services to pregnant, lactating women and children below 6 years of age.

The National Nutrition Policy of 1993 was a first in placing nutrition in the context of development. 
However undernutrition was a major focus of this programme and obesity remained conspicuously 
out of its ambit.

The National Food Security Bill 2013 has as its objective “to provide for food and nutritional 
security in human life cycle approach, by ensuring access to adequate quantity of quality food at 
affordable prices to people to live a life with dignity”.

Under the provisions of the bill, beneficiaries of the public distribution system were entitled to 5 kg 
(11 lb) per person per month of cereals at prices ranging from rice at 3 INR (4.8¢ US) per kg to wheat 
at 2 INR (3.2¢ US) per kg and coarse grains (millet) at 1INR (1.6¢ US) per kg. Pregnant and lactating 
women and certain categories of children are eligible for free meals.

There are several other programmes and policy initiatives in India to combat undernutrition, and 
these are summarised in the table below (Table 27.1).

On policies to tackle, the overweight and obesity burden, taxation on sugar-sweetened beverages 
and policies for food labelling and modification of processed foods have been advocated. The use of 
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added salt to cooked meals is a social custom in many parts of India that is not readily amenable to 
change. Policies on dietary restriction of salt and salt restriction in processed foods are therefore 
fraught with regulatory hurdles and are yet to be rolled out effectively. On the other hand, fortification 
of salt with iodine in the light of iodine deficiency disorders was welcomed and effectively imple-
mented some years ago.

�Conclusions

Maternal malnutrition is predominantly affecting transitioning societies like India, with a dual burden 
of undernutrition and overnutrition evident across all socio-economic strata.

Overall, the Indian scenario is an exemplar of a transitioning population faced with a dual burden 
of under- and overnutrition, and the policymakers need a holistic approach across multisectoral 
domains to combat the problems resulting from maternal malnutrition, foetal programming and later 
life adverse health outcomes, particularly non-communicable diseases.
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Key Points

•	 Baby’s birthweight (BW) in Africa is influenced by maternal stature, weight, composition and 
metabolism, all of which are determined by maternal nutrition.

•	 Maternal food security in Nigeria and Africa at large can easily be evaluated by the use of simple 
indicator known as Household Dietary Diversity Score (HDDS), built on 12 food groups namely: 
(a) Cereals, (b) Roots or tubers, (c) Vegetables, (d) Fruits, (e) Meat, poultry and offal, (f) Eggs, (g) 
Fish or shellfish, (h) Beans, peas, lentils, or nuts, (i) Cheese, yoghurt, milk, or other milk products, 
(j) Oil, fat, or butter, (k) Sugar or honey and (l) Other foods.

•	 Many international bodies monitor food availability in Africa. They include Food and Agriculture 
Organization, International Association for Food Protection, International Food Information 
Council, World Resources Institute and World Food Programme etc.

•	 Physical environment, political economy, cultural and religious values determine maternal food 
consumption and ultimately baby’s BW in Africa.

•	 The weight of a baby to an extent depend on foetal supply line. Starved and stunted mothers mostly 
found in Africa have both macro and micronutrient deficiencies and are more likely to have small 
babies with low birth weight (LBW).

•	 Embryonic mass is characterized by inner and outer cell mass both are dependent on maternal 
nutrition. Therefore, maternal under nutrition widely seen in Africa is associated with reduce 
embryonic cell density leading to LBW. Adequate maternal nutrition improves fetal growth veloc-
ity to normal range of BW. Maternal obesity (high caloric/energy intake) can further increase foetal 
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�Introduction

Food is any edible substance basically of plant or animal origin, which contains essential nutrients 
like carbohydrates, fats, proteins, vitamins, minerals and water. The essence of food in an individual 
is to provide nutrition, health, energy and to sustain life and growth. Adequate diet is an individual 
right as enshrined in the International Covenant on Economic, Social and Cultural Rights (ICESCR) 
[1], which recognized the right to adequate food, the right to be free from hunger and the right to 
adequate standard of living. Nutrition is the science that interprets the interaction of nutrients and 
other substances found in food in relation to maintenance, growth, reproduction and health of an indi-
vidual [2–5]. Nutrients in food are grouped into mainly two categories. One, macronutrients such as 
fats, proteins and carbohydrates [2–5]. Two, micronutrients such as minerals and vitamins [2–5]. 
Macronutrient is food required in large quantity, micronutrient on the other hand is food required in 
small amount. Furthermore, food also contains water and dietary fiber. BW is influenced by many 
maternal factors interacting with foetal programming sequence. Maternal factors like age, parity are 
less significant compared to maternal body size (stature), weight, composition and metabolism, all 
representing mothers’ nutritional experience [6]. Babies weighing >3.99 kg are classified as macroso-
mia, those weighing 2.5–3.99 kg are normal and those <2.5 kg are termed low birth-weight (LBW).

growth trajectory producing big (macrosomic) babies. The later trend has been observed in emerg-
ing African cities like Lagos, Nigeria, Soweto, South-Africa, Gaborone, Botswana etcetera.

•	 Traditionally, the African society gets its food through hunting activity, gathering and farming. 
Now, food pattern in Africa runs two major parallels. Urbanization has favored the consumption of 
high caloric/energy food. Consequences being maternal obesity and macrosomic babies. Food 
insecurity has led to consumption of food low in calories, thus, favoring under nutrition and LBW.

•	 High energy food generates high levels of amino acid, pyruvate and lactate for energy to support 
foetal growth. This is complimented by glucose supply from high sugars. Maternal under nutrition 
from starvation majorly seen in sub-Saharan Africa results in slowing down of fetal growth trajectory 
all through pregnancy resulting to a LBW child.

•	 Financial security is essential to ensure regular supply of food varieties. Household food security 
in Africa depends chiefly on family income greatly under pressure by food price inflation. 
Therefore, low-income earners suffer food shortages more than rich households. Mothers found in 
the low-income category are more vulnerable to LBW delivery.
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�Food Security and Its Evaluation

Food security defined as access to adequate nutritious food that meet dietary needs and preferences for 
active healthy life is unfortunately being challenged by many factors, poverty being foremost in Africa 
[2–5, 7]. One-third of the world undernourished is found in Africa. Sufficient, safe and variety of food 
supply could prevent starvation or obesity, thus, preventing LBW or foetal macrosomia. Out of the four 
commonly used measures of household food security namely: Household Food Insecurity Access Scale 
(HFIAS), Household Food Insecurity Access Prevalence (HFIAP), Household Dietary Diversity Score 
(HDDS) and Months of Adequate Household Food Provision Indicator (MAHFP), HDDS score is more 
meaningful and nutritionally relevant model widely adopted by African countries [3, 8–10]. It shows the 
diversity of both macro and micronutrients as well as other food substance an individual eats that amount 
to adequate nutrition. HDDS is designed on 12 simple food groups namely: (a) Cereals, (b) Roots or 
tubers, (c) Vegetables, (d) Fruits, (e) Meat, poultry and offal, (f) Eggs, (g) Fish or shellfish, (h) Beans, 
peas, lentils, or nuts, (i) Cheese, yoghurt, milk, or other milk products, (j) Oil, fat, or butter, (k) Sugar or 
honey and (l) Other foods. These food varieties are easily accessible in most African states.

�Stakeholders Involved in Quality and Safety of Food

Several bodies control and monitor food safety and security in Africa and the world at large. They include 
Food and Agriculture Organization, International Association for Food Protection, International Food 
Information Council, World Resources Institute, World Food Programme etc [2, 7, 11] Cereals like guinea 
corn, millet, maize, wheat, rice etcetera provide most of the staple food in Africa [2–5, 7]. Legumes such 
as beans, soya beans couple with vegetables, fruits and nuts compliment the cereals. Meat, fish, dairy and 
their products are consumed mostly by a minute affluent African families [2–4, 7]. Other foods consumed 
which are not of animal or plant source include things like edible fungi [12], mushrooms for instance. 
Ambient bacteria [13] are used in the preparation of fermented foods like pap, leavened bread, alcoholic 
drinks and yogurt among others [2–4, 7, 12, 13]. Salt, baking soda, potash, cream of tartar are few among 
endless list of food additives used to preserve or chemically alter food ingredient in Africa.

�Factors Affecting Maternal Nutrition and Birthweight in Africa

Differences in geopolitical environs, economies, cultural and religious ideology in Africa have under-
pinned maternal food consumption patterns and might, as well determine BW of babies [3, 4, 7]. The 
environment of Southern African countries and some Central and West African states are highly productive 
for agriculture, with favorable soils and rainfall patterns suitable for adequate maternal nutrition that might 
yield babies with normal range of BW. Saharan and sub-Saharan countries of Africa by contrast are located 
in semi-arid desert environment which could produce maternal under-nutrition and LBW babies. Most 
African political economy are un-stable with a negative impact on both maternal nutrition and BW of 
babies. Some cultures in Africa forbid children consuming meat, others consume it in an unhealthy manner, 
some serve best portion of food to the father of the house before attending to mother and child, which in 
most cases feed in groups. Some only permit food considered as halal (food gotten through legal and lawful 
means). Consumption of nutritious food like vegetables and fish in some African states was partly moti-
vated by cultural philosophies of eating such food with starchy staple. Low consumption of fish in some 
African communities was not because fish is not available or affordable, but rather people who eat fish are 
affiliated to inferior cultural groups. Many of these food preferences, food taboos, eating neutral food like 
beverage and miscellaneous ones like mushroom are purely based on ethno-cultural, socio-religious affili-
ations that often lead to maternal under-nutrition or obesity, resulting to LBW or macrosomic babies.
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�Embryology of Maternal Nutrition and Birthweight of Babies

The weight of a baby strongly depend on nutrients and oxygen supply it receives from the mother, 
otherwise, called foetal supply line [5, 6]. Foetus is undernourished having LBW when its demand for 
nutrients exceeds supply, as it is the case with starved mothers or placental failure or from excess 
demand of nutrients by a rapidly growing foetus. Placental failure in Africa is majorly caused by 
infections like placental malaria, HIV which damages the placenta thereby impeding the flow of nutri-
ent in mother-infant pair. Mothers who are starved have LBW (acute malnutrition) and are most prone 
to having small babies with LBW [4–6, 14]. Chronic under nutrition also influences BW through its 
effect on maternal stature, independent of body weight [6, 15]. Short stature may be associated with 
LBW, whereas, tallness may lead to appropriate BW. Both acute and chronic maternal under nutrition 
are also linked to deficiencies in specific nutrients like vitamins A, C, D, folate, iron and zinc resulting 
to a LBW baby [6].

Prior to implantation, the embryo comprised of two types of cell mass, the inner cell mass which 
will metamorphosed to foetus and the outer cell mass which becomes the placenta [6, 16]. The density 
of cells in these two cell masses are widely determined by mothers’ nutrition [16]. Therefore, mater-
nal under nutrition at the time of conception leads to paucity of cells in the inner and outer cell mass. 
Aftermath being LBW, atrophied placenta, reduced postnatal growth and altered organ/body weight 
ratios. Adequate maternal nutrition will raise fetal growth velocity to normal BW limits [6]. Maternal 
obesity from high caloric/energy consumption can further shoot the foetal growth trajectory produc-
ing macrosomic babies.

�African Perspective of Maternal Nutrition and Babies’ Birthweight

African families by tradition secure food through farming, hunting and gathering. The food is high in 
carbohydrate and fibre, low in fat, protein and sugar [3, 4, 7]. This is so because cornmeal, rice and 
other starchy carbohydrates form the basis of most African dishes taking alongside vegetables and 
fruits [17–20]. Meat, fish, poultry and dairy products are seldom consumed because of poverty amidst 
large family size. Examples of African dishes are Luhya and Nshima cuisines consumed mostly in 
Kenya, Ugali or Posho consumed in other parts of East Africa, Sadza in Zimbabwe and Pap in South 
Africa, Fufu in West Africa; meat, cuscus, olives and dates in North Africa [17–20]. African food is 
diverse and full of flavor for instance hot spices, chili peppers and peanut sauces are favorites in West 
Africa [19]. All over Africa, no meal is complete without a starchy component [17–20]. Table 28.1 
represents food components of which most African cuisines are made off [17, 18]. The food compo-
nent are of low to medium calorie with only few exceptions per serving. When mothers eat these food 
mix rightly, they will maintain normal weight together with their babies.

Currently, most food requirements of the world is highly processed and supplied by food industry, 
these foods are high in fat, protein and sugar, low in carbohydrate and fibre [3, 4, 7]. Diet play a signifi-
cant role in mothers’ health. The quantity and quality of food eaten are determined by multiple interact-
ing variables. These are media advertisement, time constraint, access to retail outlets and markets, access 
to cooking, refrigeration and storage facilities. Imbalances between consumed foods results in either 
starvation and wasting (under nutrition) or obesity (over nutrition). Africa has a growing concern about 
the paradoxical expansion of both hunger and obesity culminating into LBW or macrosomic deliveries. 
Meal formats in Africa is presently undergoing evolution, which implies a shift from a local traditional 
diets containing required energy value to a potentially dense caloric food because of development and 
urbanization on one hand [3, 5]. On the other hand, low-income, inadequate information from illiteracy, 
poverty, food insecurity, inadequate government policies and escalation of conflict, war, insurgency and 
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famine among others had led to low caloric/energy intake with rising cases of maternal under nutrition 
and LBW babies [2, 3, 5]. Pinstrup-Anderson described Africa’s hunger problems as a triple burden of 
malnutrition, where hunger, micronutrient deficiencies and obesity co-exist [21].

�Transition to Urbanization in Africa

Urbanization in African societies had led to individuals squatting in camps and in informal houses 
with poor sanitation and sewage disposal. No portable water supply, epileptic electricity and inade-
quate utilities. Meals have to be cooked on kerosene stoves or with fire wood. Individuals are sepa-
rated from their families, which calls for adjustment of people to new surroundings. People work 
longer hours far away from home as such patronize fast foods, which are more available, affordable 
and contain energy as high as 3470 kcal/capita/day [5, 6, 17–20, 22]. Lifestyle changes are that of 
increased sedentary lifestyle, high alcohol intake and a change in dietary patterns. A more of European 
diet (fast food) high in energy, containing more salt, high saturated fat and fat soluble vitamins A, D, 
E and likes, high protein and sugar is consumed [5, 7, 17–20]. Consumption of fibre, vitamins and 
minerals are low because less fruits and vegetables are eaten [5, 7, 17–20]. Mothers on this kind of 
diet are often obese with a tendency of giving birth to macrosomic babies. The dense protein and fats 
provides high levels of amino acid, pyruvate and lactate for energy and to maintain foetal growth during 
first trimester of pregnancy; which might be complimented by glucose supply from high sugars [5, 20]. 
Similar pattern with a preferential switch to glucose supplying most of the energy for foetal growth is 
seen during second and third trimester of pregnancy [6, 20]. Table 28.2 lists some fast food, alcoholic 
beverage as well as their energy content [17, 18].

�Human Catastrophe, Starvation and Financial Security

Escalation of human catastrophe [2], particularly, insurgency in Africa has led to many internally 
displaced people whose families are deprived of food. Ultimately leading to starvation with a devas-
tating and widespread effect on maternal health and LBW deliveries. Food deprivation is regarded as 
a deficit need in Maslow’s hierarchy of needs. Maternal under nutrition results in immediate slowing 
of fetal growth all through pregnancy giving rise to a LBW child. Financial security is essential to 

Table 28.1  Food and energy consumption of a traditional African meal

Food itema Energy in Cal per 100 g (3.5 oz.) serving Remarks
Cereals 135–310 Low–medium Cal
Vegetables 8–130 Very low-low Cal
Fruits 10–235 Low–medium Cal
Pepper 16 Very low Cal
Peanut sauce 581 High Cal
Food itemb

Meat and meat product 150–400 Low-high Cal
Fish and fish product (sea food) 90–490 Low-high Cal
Dairy and dairy products 80–440 Low-high Cal

Cal calorie
aFood item often consumed
bFood item seldom consumed
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ensure regular supply of food choices macro and micronutrient for consumption. Household food 
security in Africa depends principally on household income that is greatly affected by food price infla-
tion. Low-income households suffer food shortages more than rich ones. Because of poverty, poor 
homes depend more on low calorie cereals for a staple food producing less than 2500 kcal/capita/day 
[5, 6, 17, 18, 20, 22], as shown in Table 28.3. Mothers found in this category are more vulnerable to 
LBW delivery. Therefore, political will, enriching economic policies, maternal nutrition education 
etcetera must be revamped and strengthened to mitigate food insecurity, avert food crisis situation due 
to hunger and starvation. Disaster, conflict and refugee problems must be managed effectively and 
efficiently. This can be done via national emergency response squad or a task force committee man-
dated to coordinate food supply and other stuffs to the affected to prevent starvation and its dire effect 
on foetal weight.

Table 28.2  Caloric density of fast food, beverages, refined sugar, fruit and vegetable of emerging African cities

Food itema Caloric density per serving Remarks
FF, Biscuit digestives 480–562 Cal High calorie
FF, Cheese, Ice creams 180–550 Cal Medium-high calorie
FF, Sandwich 523 Cal High calorie
FF, Cakes, Hamburger 375–576 Cal High calorie
FF, Hotdog, Pancake, Taco 460–5711 Cal High calorie
Alcoholic beverages 97–245 Cal Low-medium calorie
Fats and Sugars 400–900 Cal Medium-high calorie
Carbonated beverages 120–500 Cal Low-high calorie
Food itemb

Fruits and vegetables 8–581 Cal Very low-high calorie
NB: Standard conversion factors used for energy value of macronutrients: 4 kcal/g of protein, 9 kcal/g of fat, 4 kcal/g 
of carbohydrate and 7 kcal/g of alcohol [20]
FF Fast food, Cal Calorie
aFood item consumed often
bFood item seldom consumed

Table 28.3  Maternal food preferences occasioned by poverty and food insecurity in Africa

Food itema Caloric density per serving Remarks
Macaroni 95 Cal Low calorie
Noodles 70 Cal Low calorie
Plain porridge 55 Cal Low calorie
Bread 220 Cal Low-medium calorie
Spaghetti 101 Cal Low calorie
Rice 140 Cal Low calorie
Fruit and vegetable 8–130 Cal Low calorie
Oils 900 Cal High calorie
Table sugar 400 Cal Medium-high calorie
Food itemb

Meat, fish and poultry 50–500 Cal Low-high calorie
Milk and dairy product 38–600 Cal Low-high calorie
Beverages 124–500 Cal Low-high calorie

Cal calorie
aFrequently consumed food
bLess frequently consumed food
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�Conclusions

The influence of maternal nutrition on BW of a child cannot be overemphasized. Maternal nutrition 
in Africa is a bit complex because of events and global acculturation. Originally the traditional African 
diet which is low in fat and protein, high in unrefined carbohydrates, vegetables, legumes, nuts and 
fruit has undergone a shift. Urbanization has led to a choice of a high energy/caloric food that has 
increased level of refined carbohydrate, high fat and salt. Such food also has high sugar examples are 
sweets, soft drinks, biscuits, cakes and chocolates. Anthropological values had led to maternal depri-
vation of some important food stuff with negative impact on both maternal-infant pair. Human disas-
ters, poor government policies and diseases had worsened poverty levels and heightened starvation in 
parts of Africa. These are responsible for maternal consumption of low energy/caloric diet. Whereas, 
mothers feeding on high energy/caloric food are likely going to give birth to babies with normal BW 
or macrosomia; those on low energy/caloric diet could end up with LBW babies.
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Key Points

•	 The prevalence of obesity is increasing in Ireland, and maternal obesity is a major public health 
concern. Interventions to promote a healthy weight during pregnancy may need to begin in the 
pre-conception period.

•	 The majority of Irish women gain more weight than is recommended during pregnancy. Although 
one dietary intervention to reduce excessive gestational weight gain has been successful, whether 
this also improves infant outcomes is unclear.

•	 The Irish Health Service Executive does not recommend universal screening for gestational diabetes 
mellitus; only those with pre-specified risk factors are screened. Prevalence of gestational diabetes 
in Ireland may depend on geographic location; the west of Ireland may be a particular “pocket” 
with high prevalence.

•	 Since the 1980s Ireland has had a policy of voluntary fortification with folic acid. Recent increases 
in incidence rates for NTDs and research suggesting that a significant proportion of women in 
Ireland have sub-optimal folate status indicate the need to adopt a policy of mandatory 
fortification.

•	 A supplement of 400 μg folic acid/daily is recommended periconceptionally but adherence is 
less than 45% and in decline suggesting more proactive national strategies to communicate its 
importance periconceptionally for reducing NTD risk.

•	 Strategies aimed at ensuring optimal intakes are required to improve intakes and status of vitamin 
D in pregnancy based on current research involving pregnancy-specific requirements and fortifica-
tion scenarios based on national dietary survey data.

•	 As alcohol usage both before and during the first trimester of pregnancy in the Irish population is 
so prevalent, health professionals have an important role in advocating total abstinence from alcohol 
during pregnancy.

Keywords  Perinatal nutrition • Folic acid • Vitamin D • Supplementation • Alcohol usage • Obesity 
• Gestational weight gain • Gestational diabetes
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RDA	 Recommended daily allowance
RNI	 Reference nutrient intake
ROLO	 Randomized cOntrol trial of LOw glycaemic index diet to prevent macrosomia in 

euglycemic women
SCOPE	 Screening for Pregnancy Endpoints
SLAN	 Survey on lifestyle and attitudes to nutrition
US	 United States
WHO	 World Health Organization

�Introduction

Nutrition before and during pregnancy not only effects fetal growth and development but also the risk 
of chronic diseases for the infant in adulthood [1]. Nutrient availability for the fetus is influenced by 
maternal body composition, nutritional stores, diet, as well as the ability of the placenta to transfer 
nutrients. This chapter aims to explore maternal nutrition in Ireland in terms of outcomes, research 
and strategies to address a number of the key nutritional issues of concern: pre-pregnancy weight 
status, gestational weight gain, gestational diabetes, periconceptional nutrition and macro- and micro-
nutrient intakes in pregnancy with an emphasis on those nutrients of particular concern in the Irish 
population (Fig. 29.1). A substantial amount of research has been conducted in the area of maternal 
nutrition and fetal outcomes in the Republic of Ireland (or Éire, in the Irish language). Nutrition-
related issues in the perinatal period fall under two broad problem areas: excessive caloric intakes and 
inappropriate nutrient intakes. This chapter will examine these two areas of nutritional concern in the 
Irish context, in each case outlining the extent of the problem and the underlying nutritional causes. 
In addition, the strategies, policies and clinical guidelines to tackle these nutrition-related concerns 
will be outlined.
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�Problems Associated with Excessive Caloric Intake

�Pre-conception Weight/Maternal Obesity

Ireland is on track to be the most obese nation in Europe by 2030 [2]. The diverse range of health 
problems for the mother-infant dyad that maternal obesity poses makes maternal weight a major 
public health nutrition problem in Ireland. Among other things, obesity increases the risk of gesta-
tional diabetes, pre-eclampsia, delivery by caesarean section, infant admission to the neonatal unit, 
infant hypoglycemia, and macrosomia (birthweight ≥4  kg). Delivering by caesarean section and 
infant admission to the neonatal unit are associated with significant costs to the Irish health service 
[3], making maternal obesity an issue of both public health and economic importance.

Despite the known adverse outcomes associated with obesity, there is no national surveillance 
system for monitoring weight among Irish women of child-bearing age. Based on data from ~1000 
women recruited through the Coombe Women and Infants University Hospital, Fattah and colleagues 
[4] observed that mean maternal weight was not different among mothers in their first trimester (up to 
14 weeks) when grouped by gestational age; the authors concluded that changes in maternal weight 
during pregnancy occur after the first trimester. Thus, weight at first antenatal visit may be a reason-
able proxy for pre-conception BMI among pregnant women in Ireland.

Using weight at first antenatal visit, the prevalence of maternal obesity in Ireland has been reported 
by different researchers to be 14% [5], 17% [6], 19% [4] and 25% [7]. Maternal obesity is particularly 
problematic among multigravid women in Ireland. Lynch and colleagues [7] reported that, while 25% 
of all women attending an antenatal clinic at a tertiary referral centre in the west of Ireland over a 
3-year period (2001–2003) were obese, only 20% of primigravid women were obese compared with 
29% of multigravid women. McKeating and colleagues [6] reported that prevalence of maternal obesity 
remained stable at ~17% over a 5-year period (2009–2013) and obesity rates increased with age, 
social disadvantage, and increased parity. Similarly, in a Dublin, Ireland-based study following maternal 

Fig. 29.1  Conceptual framework for issues of concern relating to maternal nutrition in Ireland
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weight trajectories from early pregnancy to 9 months postpartum, Mullaney et al. [5] reported that 
over one in three normal-weight or overweight women moved up 1 BMI category by 4 months post-
partum. Thus, they conclude that interventions are required to prevent women moving into higher 
BMI categories postpartum [5]. Using data from a large national cohort study (the Growing Up in 
Ireland study) [8], Turner and Layte further explored the relationship between maternal obesity 
9  months after delivery and sociodemographic characteristics. Among mothers in this cohort [8], 
maternal obesity was positively associated with parity among those who were more socioeconomi-
cally disadvantaged. These data combined suggest that interventions targeting low-income multipa-
rous women might be most effective to reduce maternal obesity in Ireland.

�Interventions to Reduce Maternal Obesity in Ireland

Interventions to improve maternal weight status typically focus on limiting excessive gestational 
weight gain (discussed in the next section). Given that ~47% of pregnancies in developed regions are 
unplanned or unintended [9], improving pre-conception weight among all women of child-bearing 
age would likely be the most effective way of improving maternal obesity. Unfortunately, research 
involving such interventions is limited due to the time and cost involved in identifying and targeting 
women planning a pregnancy. To our knowledge at the time of writing, no such study has been 
conducted, or is currently underway, in Ireland.

�Policy and Clinical Practice Guidelines Around Management of Maternal Obesity

The Irish Health Service Executive (HSE), in conjunction with the Irish College of General 
Practitioners (ICGP), have published weight-management guidelines for before, during and after 
pregnancy [10]. These guidelines were produced to assist general practitioners and primary care staff 
to prevent, detect, and manage overweight and obesity. The HSE/ICGP recommend that clinicians 
encourage 5–10% weight loss among overweight women prior to conceiving [10]. The document also 
highlights that BMI should ideally be in the range 19.0–30.0  kg/m2 before a woman commences 
assisted reproduction [10].

Clinical practice guidelines specifically aiming to improve the management of obese women 
before, during and after pregnancy have also been published by the Clinical Strategy and Programmes 
Directorate of the HSE in conjunction with the Institute of Obstetricians and Gynaecologists [11]. 
Similar to the HSE/ICGP guidelines, these clinical practice guidelines highlight the beneficial effects 
of losing weight prior to conception [11]; however, greater emphasis is placed on providing optimal 
care for the obese woman during pregnancy. The guidelines provide several nutrition-related recom-
mendations, specifically that weight and height be measured at the first antenatal appointment and 
BMI should be calculated, women who are obese should be advised to take a high dose of folic acid 
periconceptionally, they should have an oral glucose tolerance test between 24 and 28 weeks’ gesta-
tion to screen for gestational diabetes mellitus, and they should be provided with extra support to help 
them initiate and continue breastfeeding [11].

�Excessive Gestational Weight Gain

Gestational weight gain (GWG) is a concern because of the association between GWG and negative 
maternal outcomes (increased risk of caesarean delivery and postpartum weight retention) and nega-
tive infant outcomes (increased risk of preterm birth and small- or large-for-gestational-age) [12]. 
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The Institute of Medicine (IOM) in the United States (US) developed guidelines for GWG in an 
American population. These guidelines were originally developed in 1990 and were updated in 2009 
due to the increasing proportion of overweight and obesity among women of reproductive age in the 
US [12]. The IOM recommended weight-gain ranges for pregnant women are stratified by pre-
pregnancy BMI (Table  29.1); the higher the pre-pregnancy BMI, the lower the recommended 
GWG. Although these guidelines are specific to a US population, no such guidelines exist for an Irish 
population so the US guidelines have been used by some researchers to report prevalence of excessive 
GWG in Ireland.

In Ireland, several researchers have explored GWG among cohorts of mothers recruited through 
maternity hospitals [13–15] (Table 29.2). Heery and colleagues [13] recruited a prospective cohort of 
pregnant women in their first trimester between March and May 2011  in The National Maternity 
Hospital, Dublin, Ireland. Using the difference between the last weight measured before delivery and 
self-reported pre-pregnancy weight, they reported the proportion of participants who exceeded the 
IOM guidelines within each BMI category [13]. Calculation of the proportion of mothers who 
exceeded the guidelines took the gestational age at the time the final weight was measured into account 
[13]. Among this sample of 799 women, 4.4% were underweight, 64.7% were normal-weight, 20.5% 
were overweight, and 10.4% were obese [13]. A total of 62.5% of pregnant women had excessive 
GWG, and this was most common among overweight women, 81.1% of whom exceeded the guide-
lines [13] (Table 29.2). A secondary analysis of data collected as part of a large randomised controlled 
trial conducted at The National Maternity Hospital [14] reported that while 43% of the total sample 
gained in excess of the IOM guidelines, 21% of normal-weight, 61% of overweight, and 54% of obese 
women gained above the guidelines (Table 29.2). Finally, among a sample of 604 pregnant women 

Table 29.1  Institute of medicine gestational weight gain guidelines [12]

Pre-pregnancy BMI Recommended gestational weight gain range (kg)

Underweight (<18.5 kg/m2) 12.5–18.0
Normal-weight (18.5–24.9 kg/m2) 11.5–16.0
Overweight (25–29.9 kg/m2) 7–11.5
Obese (≥30 kg/m2) 5–9

Table 29.2  Prevalence of excess gestational weight gain in Ireland as reported by independent researchers

Study 
authors 
(reference)

Year(s) of 
participant 
recruitment

Sample 
size

How total GWG was 
calculated

Excessive GWG by baseline BMI category
Presented as the proportion of mothers within 
each BMI category in each study exceeding the 
GWG guidelines (%)

Underweight
Normal-
weight Overweight Obese

Heery 
et al. [13]

2011 799 (Final weight available in 
pregnancy) – (self-
reported pre-pregnancy 
weight)

42.9 57.8 81.1 62.7

Walsh 
et al. [14]

2007–2011 621 (Last recorded weight gain 
at greater than or equal to 
37 weeks’ gestation) – 
(measured weight at 1st 
antenatal visit)

– 21 61 54

O’Dwyer 
et al. [15]

2011 604 (Measured weight at 
38 weeks’ gestation) – 
(measured weight at 1st 
antenatal visit)

0 3.4 17.5 46.3
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recruited from the Coombe Women and Infants University Hospital in 2011, O’Dwyer and colleagues 
[15] reported that 1.1% were underweight, 46.4% were normal-weight, 27.2% were overweight, and 
25.3% were obese based on their 1st trimester weight. Excessive GWG was observed in 18.3% of the 
total sample, but was more prevalent among obese pregnant women, 46.3% of whom exceeded the 
GWG recommendation (Table 29.2) [15].

Excessive GWG may be particularly problematic among Irish mothers as data from the screen-
ing for pregnancy endpoints (SCOPE) study indicate that pregnant women in Cork, Ireland were 
at higher risk of gaining excess GWG than mothers in Adelaide, Australia and mothers in Auckland, 
New Zealand [16]. The authors of this multi-centre study [16], speculate that societal-cultural fac-
tors may explain the excessive GWG in Ireland as mothers may believe that “eating for two” is 
expected.

The higher proportion of mothers exceeding the GWG guidelines in the study conducted by Heery 
et al. [13] may be explained by their use of self-reported pre-pregnancy weight, which is often under-
reported, as their baseline weight measurement. Despite this limitation and although the number of 
studies reporting GWG among Irish women is small, Irish women consistently gain more weight than 
the IOM guidelines, and this is more pronounced among overweight and obese mothers.

�Interventions to Prevent Excessive Gestational Weight Gain in Ireland

Preventing excessive GWG was an a priori secondary outcome of the ROLO (Randomized cOntrol 
trial of LOw glycaemic index diet to prevent macrosomia in euglycemic women) study [17] con-
ducted in The National Maternity Hospital in Dublin, Ireland. McGowan and colleagues reported that 
a group dietary education session with information about following a low glycaemic index diet before 
22 weeks’ gestation reduced energy intake and improved glycaemic index among participants in the 
intervention group [17]. Mothers in this trial who received the dietary intervention gained less weight 
during pregnancy and were less likely to exceed the IOM GWG guidelines [17], however, there was 
no difference in infant birthweight between the intervention and control group. A second randomized 
controlled trial of a lifestyle intervention supported by an app is currently underway at The National 
Maternity Hospital with the primary aim of reducing gestational diabetes [18]. Gestational weight 
gain is also a secondary outcome of this intervention; results are yet to be reported [18].

Although there has been a lot of interest in GWG and preventing excess GWG, a group of Irish 
authors are recommending that we switch focus from monitoring weight during pregnancy to pro-
viding advice about physical activity and improving nutritional intakes [19]. A recent prospective 
observational study by the same group reported no independent association between excess GWG 
and negative outcomes, but strong independent associations between maternal obesity and negative 
outcomes [15].

�Policy and Clinical Guidelines

To our knowledge, no national policy or clinical guidelines for the management of GWG exist in 
Ireland. Though some clinicians measure maternal weight throughout pregnancy, it is not systemati-
cally measured at each antenatal visit in Ireland. According to the HSE and the Institute of Obstetricians 
and Gynaecologists “[a]t present, there is insufficient evidence to justify a repeat measurement of 
maternal weight in all pregnancies” [11]. However, the HSE recommends measurement of body 
weight at each antenatal visit for pregnancies complicated by gestational diabetes mellitus [20].
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�Gestational Diabetes Mellitus

�Introduction and Prevalence

Gestational diabetes mellitus (GDM) is any form of diabetes or glucose intolerance with first onset 
during pregnancy [20]. GDM is associated with macrosomia, increased risk of injury to mother and/or 
baby during the birth, and increased risk of Caesarean section delivery. Table 29.3 provides the 
prevalence of GDM in the three maternity hospitals in Co. Dublin, Ireland. Together, these hospitals 
account for ~50% of all Irish births annually.

The Atlantic Diabetes in Pregnancy (Atlantic-DIP) study is a multicentre study established in 2005 
involving five antenatal centres on the west coast of Ireland [21]. One of the primary aims of this study 
was to determine the prevalence of hyperglycaemia during pregnancy. The Atlantic-DIP group com-
pared the prevalence of GDM using the standard criteria from the World Health Organization (WHO) 
to newer guidelines released by the International Association of Diabetes and Pregnancy Study Groups 
(IADPSG). All pregnant women who presented to five antenatal centres along the west coast of 
Ireland were offered screening for GDM at 24–28 weeks’ gestation [21]. Of the 12,487 women who 
were offered the screening, 5500 completed the study; those who consented to participate were 
slightly older and more overweight than those who did not [21]. Using the new criteria, 12.4% of 
participants had GDM, compared with 9.4% when using the WHO criteria [21]. GDM, as defined by 
the IADPSG was associated with adverse maternal and neonatal outcomes; thus, the authors conclude 
that using the new diagnostic criteria could increase diagnosis of GDM and reduce the associated 
morbidity for the mother and infant [21]. However, they caution that identifying more women with 
GDM will place significant burden on the healthcare system.

Of note is the high prevalence of DGM in the Atlantic-DIP cohort. Regardless of the diagnostic 
criteria used; the proportion of mothers in the Atlantic-DIP study with GDM is higher than the propor-
tions observed in the three Dublin, Ireland-based maternity hospitals (Table 29.3). It has been sug-
gested that there may be “pockets of high prevalence” of GDM, and that the West of Ireland may be 
one of them, along with Finland and Sardinia [22].

�Interventions to Reduce Incidence of Gestational Diabetes Mellitus in Ireland

Although the low glycaemic index dietary advice offered to mothers in the previously mentioned 
ROLO study [17] resulted in pregnant women in the intervention arm having less glucose intolerance, 
this intervention had no effect on overt GDM [23]. However, incidence of GDM in this cohort was 
very low, which would reduce the ability to detect a difference between study arms. A randomized 
controlled trial of a lifestyle intervention with the primary aim of reducing gestational diabetes is 
currently underway at The National Maternity Hospital [18].

Table 29.3  Prevalence of gestational diabetes among the patients of three large Dublin, Ireland 
maternity hospitals (2014)

Hospital n (% of total live births)

The National Maternity Hospital 258 (2.6%)
The Rotunda Hospital 644 (6.1%)
The Coombe Women and Infants University Hospital 672 (7.3%)

Data obtained from the annual report published by each hospital

29  Maternal Nutrition in Ireland: Issues of Public Health Concern



400

�Policy and Clinical Guidelines

Universal screening for GDM is controversial; the HSE recommends selective screening for GDM 
among at-risk pregnant women between 24 and 28 weeks’ gestation [20]. At-risk pregnant women 
(e.g. women who are obese, have a family history of diabetes or have had a previously unexplained 
perinatal death) are provided with a 75 g oral glucose tolerance test (OGTT) and GDM is diagnosed 
using the HAPO criteria [24]. The HSE also recommend that women with GDM be treated by a mul-
tidisciplinary team, have an increased frequency of hospital visits, and that they should be followed-
up postpartum because they are at increased risk of developing Type 2 diabetes. This follow-up should 
consist of an OGTT at 6 weeks postpartum and yearly there after. Reports of a prospective observa-
tional cohort study comparing two models of care in the management of GDM in Ireland have been 
published this year [25]. This group of researchers compared lifestyle and dietary intervention fol-
lowed by insulin therapy where necessary managed by a combined obstetric/endocrinology clinic 
with the same dietary and lifestyle intervention but a midwife-led clinic for glucose monitoring [25]. 
There were no differences in outcomes between the two models of care; thus, the authors conclude 
that a stratified model of care may represent a more cost-effective use of healthcare resources [25].

�Problems Associated with Inappropriate Nutrient Intakes

�Folate

A major public health issue related to maternal nutrition in Ireland is the elevated prevalence of infants 
born with Neural Tube Defects (NTDs). Along with the UK, Ireland has the highest rates in Europe. 
Owing to the absence of a comprehensive register of pregnancies affected by NTDs in Ireland, it is 
difficult to obtain reliable estimates of the current incidence of NTDs. Between 2009 and 2011 the 
incidence rate increased from 1.04/1000 births in 2009 to 1.17/1000 in 2011, on average 80 NTD 
births/year [26], a reverse in the trend from the previous decade showing a decline in NTDs.

In Ireland, folate can be obtained from the diet in three ways: natural sources of folate, e.g. leafy 
green vegetables; foods which are voluntarily fortified with folic acid and food supplements. The 
HSE, in conjunction with The Institute of Obstetricians and Gynaecologists, has published a clinical 
practice guideline on Nutrition in Pregnancy [27]. One of their key recommendations states that all 
women of reproductive age should be advised to take a daily supplement of 400 μg folic acid, or 4 mg 
if they have a history of NTDs or pre-existing diabetes mellitus, while for obese women it is 4 mg/day 
(Table 29.4, [27]). Taking folic acid before conception and during the very early stages of pregnancy 
can prevent up to 70% of NTDs. However, just 44% of Irish mothers comply with this recommendation 
pre-conception [28–30]. A decline in folic acid supplementation among 42,000 women booking for 

Table 29.4  Recommendations for micronutrient supplementation in pregnancy in Ireland [27]

Micronutrient All women BMI ≥30 kg/m2 obese

Folic acid 400 μg 4 mg
Vitamin B12 No pregnancy specific recommendation for supplementation –
Vitamin D 5 μg 10 μg
Iodine No pregnancy-specific national guideline for supplementation –
Iron Supplements only recommended for women with a low serum ferritin 

or those at risk of developing iron-deficiency anaemia
–

Calcium No pregnancy-specific recommendation –
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antenatal care between 2009 and 2013 in a large maternity hospital in Ireland was seen, with the pericon-
ceptional folic acid supplementation rate were decreasing from 45.1% in 2009 to 43.1% in 2013 [29].

The women most likely to take folic acid were those who planned their pregnancy and were 
>30  years old, non-obese, Irish-born and employed professionally. Even lower rates of folic acid 
supplementation have been seen in the National Adult Nutrition Survey (NANS), which was carried 
out between 2008 and 2010 and which did not include pregnant women. Only 2% of women surveyed 
aged 18–35 years and 1% of women aged 36–50 years consumed the recommended 400 μg folic acid 
from food supplements [31].

The dietary patterns and associated folate intakes during pregnancy in a cohort of 398 healthy 
pregnant women were assessed using a food frequency questionnaire in each trimester of pregnancy 
[32]. Mean daily intakes of total folate were 272 μg/day in pregnancy. Furthermore, intakes of folate 
did not vary greatly across trimesters. Overall, only 2.1% were compliant with the RDA for folate 
from dietary sources alone (Table 29.5). Thus, it is clear that action is required to promote the sup-
plementation of folic acid among women in Ireland and to consider other strategies for ensuring 
adequate folate status.

Table 29.5  Mean daily energy, macro and micronutrient intakes and % compliance to the current recommendations 
for pregnancy for the total sample and across the clusters during each trimester of pregnancy in Ireland

All (n = 285)

Dietary pattern

pb pc

Unhealthy (n = 124)
Health conscious 
(n = 161)

R Mean (SD) %C Mean (SD) %C Mean (SD) %C

Energy (MJ) – 8.0 (1.7) – 8.0 (1.9) – 8.0 (1.5) – – –
Protein (%TE) 10–15 16.7 (2.3) 23.0 15.9 (2.1) 32.3 17.3 (2.2) 16.0 <0.001 <0.001
CHO (%TE) ≥55 50.1 (4.9) 15.0 49.9 (5.2) 16.1 50.3 (4.7) 14.1 NS NS
Total fat (%TE) <30 36.1 (4.3) 8.0 37.1 (4.4) 6.5 35.4 (4.1) 9.2 0.001 NS
SFA (%TE) <10 13.9 (2.4) 4.2 14.5 (2.3) 1.6 13.4 (2.3) 6.1 <0.001 0.058
PUFA (%TE) 5–10 5.7 (1.4) 68.2 11.9 (1.7) 71.8 11.1 (1.6) 65.4 NS NS
MUFA (%TE) ≤10 11.4 (1.7) 21.0 5.9 (1.4) 13.0 5.6 (1.4) 27.0 <0.001 0.004
Fibre (g) 20 19.0 (5.4) 38.3 16.4 (4.8) 15.3 20.9 (4.9) 55.8 <0.001 <0.001
Vitamin A  
(RE μg)a

700 878.9 (426.4) 64.8 742.2 (344.3) 48.4 983.0 (453.7) 77.3 <0.001 <0.001

Vitamin C (mg)a 80 116.4 (67.8) 66.2 93.1 (66.5) 51.6 134.1 (63.4) 77.3 <0.001 <0.001
Vitamin D (μg)a 10 2.7 (1.7) 0.3 2.2 (1.3) 0.0 3.0 (1.8) 0.6 <0.001 NS
Vitamin B12 (μg)a 1.6 4.5 (1.8) 98.3 4.1 (1.5) 96.8 4.8 (1.9) 99.4 0.001 NS
Folate (μg)a 500 272.3 (90.7) 2.1 252.0 (97.5) 2.4 287.7 (82.2) 1.8 <0.001 NS
Calcium (mg) 1200 914.3 (265.7) 12.2 885.9 (291.0) 11.3 935.9 (243.4) 12.9 NS NS
Iron (mg) 15 11.4 (3.0) 12.5 10.5 (2.7) 7.3 12.0 (3.2) 16.6 <0.001 0.018
Iodine (μg) 130 136.6 (51.0) 50.5 125.9 (48.5) 41.1 144.8 (51.4) 57.7 0.002 0.006
Sodium (mg) 2400 2702.5 

(642.6)
31.7 2721.2 

(674.7)
25.8 2688.3 

(618.8)
36.2 NS NS

Reproduced with permission from the authors [32]
%C, percentage of compliance; R, current Irish and European recommendations for pregnant women (acceptable 
macronutrient distribution range (AMDR) for macronutrients or the recommended dietary allowances (RDA) for 
micronutrients or the population target for dietary fibre and sodium)
ap value assessed using the Mann-Whitney U test
bp value assessing the difference in nutrient intake across the two clusters (one-way ANOVA)
cp value assessing the difference in level of compliance to the recommendations for pregnancy (χ2 test)
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�Strategies to Increase Folic Acid Intakes

Voluntary fortification of food with folic acid, introduced in the early 1980s, has made a significant 
contribution to reducing the risk of NTD-affected pregnancies in Ireland. However, the approach has 
been shown to be less effective than mandatory fortification schemes in countries such as the US and 
Canada, where rates of NTDs dropped significantly following the introduction of mandatory fortifica-
tion. Direct evidence in Ireland in support of mandatory fortification is provided by the work of Hopkins 
et al., involving an analyses of data from the cross-sectional NANS survey [33]. Hopkins and colleagues 
explored the relative impact of voluntary fortification and supplement use on dietary intakes and bio-
marker status of folate as measured by red blood cell folate in Irish adults. They found that the consump-
tion of voluntarily fortified foods and/or supplement use was associated with significantly higher dietary 
intakes and biomarker status of folate in Irish adults. Of particular concern, however, was the fact that 
just 36% of women of childbearing age in Ireland have blood folate levels that are adequate for optimal 
protection against NTDs with as many as 20% of young women in Ireland not consuming folic acid at 
all being non-consumers of supplements or fortified food. Such findings provide the evidence base for 
the option of mandatory fortification of bread or flour in Ireland to provide about 150 μg of folic acid per 
day in women of childbearing age, which could reduce the prevalence of NTDs by approximately 30%, 
being proposed by the FSAI’s scientific committee for food [34].

�Vitamin D

Vitamin D and its active metabolite 25 –hydroxyvitamin D (25(OH)D) is required for optimal fetal 
bone development, fetal growth and has a potential role in normal glucose homeostasis while insuf-
ficient intakes may result in negative outcomes such as preeclampsia, low birth weight, and an 
increased incidence of autoimmune diseases [35]. There is a strong association between adequate 
maternal and neonatal serum levels and optimal bone health in childhood and later life. Deficiency of 
vitamin D can result in rickets in children and in a study conducted in 2006 in two major Dublin, 
Ireland paediatric hospitals, 20 cases of rickets in infants and toddlers were identified. In Ireland, due 
to its high latitude (53° North), sunlight intensity during the winter months is too low to stimulate 
synthesis of Vitamin D. Thus, dietary intake is required to maintain adequate vitamin D status. 
Vitamin D occurs naturally in very few foods: oil-rich fish, egg yolks, liver, meat and milk. Alternative 
dietary sources are fortified foods and nutritional supplements.

A number of cross-sectional dietary surveys have observed the average intake of vitamin D in 
Irish women of reproductive age (18–50 years) to be below recommended levels [31, 36]. Vitamin D 
status has been assessed in a sample of 1132 adults in the NANS whereby the influence of season 
and supplementation practice was also assessed across age- and gender-specific subgroups [37]. 
Vitamin D status as measured by serum 25(OH)D was influenced by both season and supplementa-
tion use. Moreover, while Vitamin D deficiency (<30 nmol/L) was only found in 6% of women, 
42.2% of women aged 18–35 years and 38.3% of women aged 36–50 years had levels considered by 
the Institute of Medicine (<50 nmol/L) as being inadequate for health [37]. A recent study looked at 
the trends in vitamin D intakes and dietary sources of vitamin D in Irish adults in two nationally 
representative dietary surveys conducted in 1999 and 2009 [38]. This analysis also explored the 
contribution of fortified foods and nutritional supplements and examined the effect of potential vita-
min D food-fortification scenarios on the distribution of vitamin D intakes in Irish adults using the 
2011 IUNA food consumption survey data [31]. The percentage of Irish adults with inadequate 
intakes of Vitamin D exceeded 90% in all age groups between 18 and 50 and this high prevalence of 
Vitamin D inadequacy was also seen a decade later in 2009 [38]. This same study found that vitamin 
D supplementation among Irish adults aged 18–50 was just 18%. A considerably higher proportion 
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of adults (>50%) in the 2009 survey consumed vitamin D–fortified foods, the majority of which 
were fat spreads and breakfast cereals.

Suboptimal vitamin D intakes [39] as well as low serum vitamin D status has also been reported in 
pregnancy [35, 40]. Vitamin D insufficiency (defined as serum 25(OH)D <50 nmol/L) was prevalent 
in Irish women throughout pregnancy. In particular, most women had vitamin D insufficiency during 
the extended winter period (October to March); with about 91% of women insufficient during the first 
trimester. Even between April and September about 41% of women still had insufficient vitamin D 
status. None of the pregnant women in this study were taking vitamin D-containing supplements [40]. 
The specific nutritional requirements for vitamin D to promote a healthy pregnancy have yet to be 
determined as the current suggested cut-offs for serum 25-hydroxyvitamin D concentrations repre-
senting vitamin D sufficiency/deficiency are based on evidence from non-pregnant adults. A recent 
Irish study involving a sample of 30 women looking at vitamin D status as gestation progresses reported 
a decrease in circulating total and free 25(OH)D concentrations as pregnancy advances suggestive of 
a higher requirement for vitamin D [41]. At 15 weeks’ gestation, the proportion of women with serum 
25(OH)D concentration <30 and 50 nmol/L was 10% and 63%, respectively, and this increased to 
53% and 80%, respectively, at 36 weeks’ gestation.

�Clinical Practice Guidelines

The HSE Obesity and Pregnancy Clinical Practice Guidelines recommend that obese women take a 
10 μg/day supplement of Vitamin D during pregnancy, double that of the general recommendation for 
non-obese pregnant women of 5 μg/day (Table 29.4) [27]. This level is considerably lower than the 
recommended level in the UK – 10 μg/day and the US – 15 μg/day and is currently being reviewed by 
an expert working group. In terms of clinical practice, health professionals and parents need to be 
made aware that vitamin D deficiency is prevalent in Ireland, particularly among dark-skinned infants 
and young children. A higher dose is recommended if there is a history of rickets in a sibling or a 
known maternal vitamin D deficiency.

�Iron

Maternal iron deficiency has been associated with low birthweight and small-for-gestational age 
babies and poor weight and height gain during childhood. Iron requirements increase progressively 
after 25 weeks’ gestation; thus, it is vital that maternal iron intake is sufficient throughout pregnancy 
to meet the increased requirement for fetal growth while maintaining adequate maternal stores. 
Dietary surveys in Ireland have found that a significant proportion of women of reproductive age are 
not meeting the daily requirement for iron [31, 36]. The mean intake in 2007 for women of all ages 
was 13.1 mg/day which decreased significantly with age [36]. Similarly, in a dietary intake study of 
pregnant women the majority were not reaching their daily requirements for iron intake during preg-
nancy [32] (Table 29.5). Currently the Irish recommendation for iron during pregnancy is 15 mg/day. 
In a secondary analysis of the ROLO study, Horan et al. observed that 54% of the cohort of pregnant 
Irish women were non-compliant in the first trimester. The 15 mg RNI was not achieved by 38% and 
41% of women in the second and third trimesters, respectively [42].

Women suspected of iron deficiency should have a full blood count at booking and 28 weeks’ ges-
tation and, if possible, serum ferritin checked [27]. Iron supplementation is only recommended for 
women with a low serum ferritin or those deemed at risk of developing iron-deficiency anaemia. 
Appropriate use of supplementation and an iron-rich diet has the potential of reducing incidence of 
anaemia in pregnancy and subsequent adverse outcomes and therefore the threshold for iron 
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supplementation in pregnancy should be low [27]. This is mainly due to the higher iron requirement 
during pregnancy, which becomes difficult to meet with dietary sources alone. Iron supplementation 
during pregnancy has an evident role in preventing maternal anaemia and the risk of preterm delivery 
associated with it. However, in Ireland routine iron supplementation for all women in pregnancy is not 
recommended. If, however, there is evidence of iron deficiency, the recommended treatment is oral 
iron supplementation. A recent study suggests that obesity may hamper transfer of iron to the foetus 
due to inflammation responses [43], therefore, in this instance iron supplementation should be followed 
according to health professional advice [44].

�Long Chain Omega 3-PUFA (EPA and DHA)

While there are no pregnancy-specific recommendations for altering lipid intakes, there is a recom-
mendation to ensure adequate intakes of long-chain omega-3 polyunsaturated fatty acids (LC-PUFA), 
specifically docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). DHA is particularly 
important for the developing fetus being linked to improved retinal development and as an important 
component of brain tissue [45]. While a role for maternal supplementation remains inconclusive, 
maternal fish consumption has been positively associated in some studies with visual and cognitive 
function in the offspring [46].

The proportion of Irish women of reproductive age (18–50 years) consuming fish, specifically oily 
fish, has been reported to be low. A recent study [47] examining fat intakes in two national dietary 
surveys in 2001 and 2011 found lower mean intakes of EPA and DHA of 161 mg/day among younger 
women aged 18–35 years. While fish was the main contributor of EPA and DHA, ‘nutritional supple-
ments’ were also major contributors. Among consumers, supplements contributed up to 55% of total 
EPA and DHA intake. While the use of n-3 supplements was higher in 2011 (12·5%) when compared 
to 2001 (7·5%), these levels of supplement usage are still low in terms of recommended intakes. The 
lowest compliance with the recommended adequate intake of ≥250 mg/d of 47% was seen for female 
non-supplement users aged 18–35 years. This has implications for adequate intakes of LC-PUFA for 
women of reproductive age and specifically in pregnancy. No data are available on DHA and EPA 
intakes during pregnancy in Ireland. However, intakes of LC-PUFA (including both omega-3 and 
omega-6 fatty acids) have been reported in a recent study of diet in pregnancy with 68.2% compliance 
with recommended intakes [32] (Table 29.5). Thus, given the beneficial role of these fatty acids during 
pregnancy where the European Food Safety Authority (EFSA) recommend increasing intakes of DHA 
by an additional 100–200 mg/day [48], such low intakes by younger women in Ireland may have 
implications in pregnancy for the long-term health of the fetus.

The EFSA recommend that all pregnant women should consume an additional 100–200 mg/day of 
DHA [48]. This is in addition to the requirement of 250 mg/week combined EPA and DHA. Such an 
increased intake can be achieved by consuming one to two portions of oil-rich fish per week [49]. 
While total maternal requirements for LC-PUFA during pregnancy are unknown, it has been esti-
mated that pregnant women may need to consume as much as 300 mg/d to provide for the additional 
requirement owing to increased fetal accretion especially in the third trimester. In the Irish diet, the 
best food sources of DHA are oily fish including trout, salmon, mackerel, tuna and sardines [49]. 
However, given that that only 52.6% of Irish adults are consumers of fish and that consumption levels 
were higher among supplement users, this suggests that there is a significant segment of the Irish 
population who do not consume fish or fish oil supplements and with inadequate intakes of beneficial 
long-chain n-3 fatty acids. The relatively low fish consumption and supplementation usage of 
LC-PUFA by young women in Ireland highlights the need for increased awareness about the impor-
tance of omega-3 LC-PUFA in pregnancy and the potential adverse effects on the developing fetus 
and infant if dietary intake is inadequate.
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�Alcohol

Heavy alcohol consumption during pregnancy is associated with several adverse birth outcomes 
including preterm birth, low birth weight and negative cognitive and behavioural outcomes; sustained 
high consumption can result in fetal alcohol syndrome [50]. However, the effects of low-level alcohol 
exposure in utero are equivocal with some studies reporting no evidence of fetal harm, whilst others 
have indicated an increased risk of neurodevelopmental problems. Recently published research 
involving three different cohort studies: GUI (Growing Up in Ireland), SCOPE (Screening for 
Pregnancy Endpoints) and PRAMS (Pregnancy Risk Assessment Monitoring System) examined alco-
hol consumption patterns and their determinants in over 17,000 Irish women before and during the 
different trimesters of pregnancy [50]. Over 75% of Irish women were found to be consuming alcohol 
during their pregnancy and this high prevalence was seen across all social groups, highlighting the 
very low adherence to guidelines advising complete abstinence from alcohol during pregnancy 
(Table 29.6). Results from the SCOPE study indicate a higher prevalence of alcohol consumption 
among pre-pregnant Irish women (90%) when compared to the UK, New Zealand and Australia. Such 
a high prevalence of consumption continues into early pregnancy among Irish women with 82% 
consuming alcohol. With regard to binge drinking, according to the SCOPE study, 45% of Irish 
women were found to binge drink in the first trimester of their pregnancy with the rate of binge drinking 
falling to just 0.4% in the second trimester [50].

Results from all of these studies highlight the prevalence and social acceptability of this unhealthy 
behaviour during pregnancy. Socioeconomic status was not strongly related in this study and indeed this 
concurs with earlier studies [28, 51]. One retrospective cohort study investigated the prevalence, predic-
tors and perinatal outcomes of periconceptional alcohol exposure and reported that 81% of the 61,241 
women in the sample consumed alcohol during the periconceptional period [51]. Such high alcohol usage 
in Ireland has been reported in earlier studies [52, 53]. While assessing alcohol consumption during preg-
nancy may be problematic in that it is so susceptible to recall and reporting bias, given that these high rates 
have not declined over the past two decades, new policies and interventions are required to tackle the high 
prevalence of alcohol consumption both before and during pregnancy.

Current guidelines are that health professionals should continue to advise all pregnant women of 
the need to abstain from alcohol consumption in accordance with current national guidelines [54]. As 
alcohol is being consumed by such a high proportion of women in early pregnancy, albeit at low lev-
els, this is occurring at a critical stage of pregnancy with regard to early development and growth of 
the fetus and represents a significant public health problem. As the evidence for harmful effects of low 
alcohol intakes in the later stages of pregnancy is lacking this may result in varying perceptions of risk 
by health professionals and a consequent lack of consistent advice for abstinence being given. More 
research is needed to determine the effectiveness of educational interventions in bringing about 
change in professional and maternal attitudes to alcohol drinking in pregnancy [55]. Unlike many 
other countries, such as the US, labels on alcohol products sold in Ireland do not include health warn-
ings of consuming alcohol in pregnancy. Given the ambivalent attitude to alcohol usage in pregnancy 
in Ireland, this labelling policy may need to be considered.

�Conclusion

In our exploration of the nutrition-related issues in the perinatal period in Ireland, we identified two 
broad problem areas: excessive caloric intakes and inappropriate nutrient intakes. Among the prob-
lems related to excessive caloric intake, maternal obesity is arguably the most important as this is also 
associated with excessive gestational weight gain and increased incidence of gestational diabetes. 

29  Maternal Nutrition in Ireland: Issues of Public Health Concern



406

Given that many pregnancies are unplanned, interventions to reduce maternal obesity are likely to be 
more successful if implemented in the pre-pregnancy period. Thus, pre-conception health promotion 
interventions are likely warranted. Problems related to inappropriate nutrient intakes relate to the fact 
that diet during pregnancy is often sub-optimal and Ireland, like many other European countries, has 

Table 29.6  Prevalence of alcohol consumption in GUI (2008, 2009), SCOPE Ireland  
(2008–2011) and PRAMS Ireland (2012)

GUI SCOPE Ireland PRAMS
N = 10,953 N = 1766 N = 718
N (%) N (%) N (%)

Pre-pregnancy alcohol consumption Not recorded 1586 (90) 545 (77)
Non-drinkers pre-pregnancy Not recorded 180 (10) 173 (23)
Severity of consumptiona

 � 1–2 units per week Not recorded 287 (18) 168 (43)
 � 3–7 units per week Not recorded 602 (38) 96 (24)
 � 8–14 units per week Not recorded 451 (28) 73 (19)
 � >14 units per week Not recorded 247 (16) 58 (15)
Median (Interquartile range (IQR)) Not recorded 6 (3, 11) 4 (1, 10)
Pre-pregnancy binging Not recorded 1044 (59) 134 (24)
Any alcohol in pregnancy 2198 (20) 1444 (82) 325 (46)
Non-drinkers in pregnancy 8755 (80) 322 (18) 393 (54)
Binge [any in pregnancy] Not recorded 795 (45) 23 (4)
First trimester alcohol consumption 1127 (11) 1415 (80) 211 (30)
Non-drinkers in first trimester 9826 (89) 351 (20) 507 (70)
Severity of consumptiona

 � 1–2 units per week 572 (54) 424 (30) 142 (85)
 � 3–7 units per week 332 (31) 600 (42) 11 (7)
 � 8–14 units per week 117 (11) 266 (19) 8 (5)
 � >14 units per week 41 (4) 125 (9) 7 (4)
Median (IQR) 2 (2, 2) 4 (2, 7.5) 1 (1,2)
Binge first trimester (yes) Not recorded 795 (45) 21 (3)
Second trimester alcohol consumption 1585 (15) 500 (29) 216 (31)
Non-drinkers in second trimester 9368 (85) 1266 (71) 502 (69)
Severity of consumptiona

 � 1–2 units per week 1006 (76) 486 (98) 153 (91)
 � 3–7 units per week 367 (25) 11 (2) 10 (6)
 � 8–14 units per week 93 (6) 1 (0.2) 5 (3)
 � >14 units per week 23 (2) 0 1 (1)
Median (IQR) 1 (1, 2) 0.5 (0.3, 1.0) 1 (1,1)
Binge second trimester (yes) Not recorded 7 (0.4) 4 (1)
Third trimester alcohol consumption 1559 (14) Not recorded 225 (32)
Non-drinkers in third trimester 9394 (84) No recorded 493 (68)
Severity of consumptiona

 � 1–2 units per week 1016 (70) Not recorded 161 (90)
 � 3–7 units per week 341 (23) Not recorded 13 (7)
 � 8–14 units per week 78 (5) Not recorded 4 (2)
 � >14 units per week 21 (1) Not recorded 1 (1)
Median (IQR) 1 (1, 2) Not recorded 1 (1,1)
Binge third trimester (yes) Not recorded Not recorded 6 (1)

aNote that severity of alcohol consumption only refers to women who consumed alcohol during 
pregnancy. Reproduced with permission from the publishers [50]
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a conservative approach to supplementation during pregnancy in contrast to North America. Health 
professionals in Ireland have a vital role to play towards ensuring optimal pregnancy outcomes in 
terms of fetal growth and development, particularly in terms of educating and advising women about 
alcohol intake during pregnancy.
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Key Points

•	 Prenatal nutrition influences the healthy development of multiple fetal organs. Delayed or abnormal 
mental, neural, and physical growth results from nutritional aberrations.

•	 Although fetal malformation was more common in the past, Japan has the highest longevity and 
lowest infant mortality rate worldwide. However, for over 20 years the proportion of low-birth 
weight infants has been greater in Japan than in other developed countries.

•	 The desire of young Japanese women to be thin has been identified as an underlying cause.
•	 This review provides an overview of the nutrients that may prevent or alleviate the development of 

neurologic disorders, diabetes, and allergies of childhood onset.
•	 This review also offers insight into the effects of prenatal nutritional interventions and environmental 

factors on fetal development.

Keywords  Maternal malnutrition • Fetal programming • Low birth weight • Infant nutrient • Japanese 
women • Environmental factor

�Introduction

Optimal maternal nutritional status should be maintained for normal fetal development. However, mater-
nal nutrition is often compromised by inadequate nutrition and/or the consumption of hazardous sub-
stances from the environment—indoor or outdoor—such as through occupational exposure. It is extremely 
important to understand and reduce the physical and neurologic malformations that arise in the fetus as a 
result of an inappropriate prenatal diet. To explain how nutrition and the environment during development 
contribute to the risk of disease later in life, the Developmental Origins of Health and Disease (DOHaD) 
theory incorporates concepts such as developmental plasticity and programming mismatch. The conse-
quences of nutritional and environmental factors are often seen as direct effects (e.g., low-birth weight 
[LBW] infants, premature parturition, or birth defects), whereas other adverse health outcomes associated 
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with early-life exposures do not manifest until years or decades later [1]. Birth cohort studies are popular 
in Europe and the United States because they are considered suitable epidemiologic studies to confirm the 
DOHaD theory. Currently, interdisciplinary studies are also in progress in Japan, but only at a few facili-
ties. Healthy Parents and Children 21 is a health-promotion plan organized by the Ministry of Health, 
Labour and Welfare in Japan [2]. The Japan Environment and Children’s Study organized by the Ministry 
of Environment is an ongoing nationwide birth cohort study launched in January 2011 [3]. In addition, 
individual birth cohort studies in Japan are underway at universities in Hamamatsu, Tohoku, and Hokkaido 
in accordance with the Birth Cohort Consortium of Asia [4].

The Lancet’s World Report of 2007 [5] highlighted the growing epidemic of obesity in Japan, 
which may be relevant to future patterns of disease given the metabolic consequences of obesity iden-
tified by analyzing the association between LBW infants and adult diseases. The increasing preva-
lence of obesity is driven by changing patterns of nutrition and exercise, but other factors may also be 
worthy of consideration. Gluckman’s report [6] suggested that a mismatch between intrauterine con-
straints, arising from small maternal stature and suboptimum fetal nutrition, and a nutritionally rich 
postnatal environment may explain the high levels of metabolic compromise seen in some adoles-
cents. The proportion of LBW infants in Japan was 9.6% in 2013, whereas the mean proportion of 
LBW infants in Organization for Economic Co-operation and Development (OECD) member coun-
tries was only 6.6% [7]. Many researchers and physicians consider it a matter of concern that young 
women consume inadequate nutrition. In general, women with poor nutritional status during preg-
nancy have children with a LBW, poor health, physical abnormalities, behavioral disorders, and 
delayed cognitive and physical development [8]. Many population-based studies in other countries 
have shown that children suffering from a disease have a substantially reduced height, weight, head 
circumference, and body mass index (BMI) than healthy children.

Maintaining optimal nutrition during pregnancy is critical, which raises the questions of how much 
and what should be provided during pregnancy to deliver healthy babies and, consequently, healthy 
children and adults. Therefore, in this review, we surveyed the literature on nutritional studies 
performed in humans in Japan, and analyzed these publications based on the DOHaD theory.

�Study Extraction and Overview

To analyze the association between alterations in fetal programming caused by nutritional status in 
pregnancy and outcomes in later life reported in Japan, we searched for relevant epidemiologic studies 
using the following key words: “pregnancy,” “nutrition,” “offspring,” “infant,” “child,” “Japan,” 
“Japanese,” “cord blood,” “fetal programming,” “epigenetics,” “histone acetylation,” and “DNA 
methylation.” We identified approximately 50 original articles on cross-sectional, cohort, and case 
studies conducted in Japan from the databases of PubMed (http://www.ncbi.nlm.nih.gov/pubmed), 
CiNii (http://ci.nii.ac.jp/), and Static Japan (http://www.stat.go.jp/) and the selected studies were sum-
marized in Table 30.1. The focus of this review was on the following six topics:

•	 The current status of knowledge on vital statistics related to birth and young women in Japan;
•	 The current status of congenital anomalies (CAs) in Japan;
•	 Nutritional status in present-day Japan;
•	 The effects of nutritional factors on fetal and infant growth in Japan;
•	 Other factors related to fetal programming, such as the involvement of environmental substances; and
•	 Molecular aspects revealed by epigenetic studies in Japan.

We aimed to provide an overview of the nutrients (vitamins, lipids, folic acid [FA], and proteins) 
that may prevent or alleviate the development of neurologic disorders, diabetes mellitus (DM), and 
allergies of childhood onset because there is a lack of information on the role of nutrients and prenatal 
nutritional interventions in fetal programming in Japanese populations.
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Table 30.1  Summary of studies for association between outcomes and nutritional status

Nutrients and 
environmental factors

Exposured 
subject Outcome (effects) Study type and sample size References

Eating and diet

1 Caffeine intake from 
Japanese and Chinese 
tea

Pregnant 
woman

Preterm birth Prospective cohort, Osaka 
Maternal and C hild Health 
Study (OMCHS), 858

Okubo et al. 
[57]

2 Dairy products and 
calcium

Pregnant 
woman and 
their children 
pairs

Dental caries in children Prospective cohort 
OMCHS, 315 mother-child 
pairs, 687 base-line 
population

Tanaka et al. 
[58]

3 Diet history Mother Aged 3–6 years in 
Preschool Children

Cross-sectional, a brief type 
self-administered diet 
history questionnaire 
(BDHQ) 3 years, 61 
children aged 3–4 years

Asakura 
et al. [59]

4 Dietary intake Pregnant 
Japanese 
woman

Bodyweight and fetal 
growth

Cross-sectional, Hamamatsu 
University Hospital, 135 
singleton pregnant Japanese 
women

Kubota 
et al. [14]

5 Dietary nutritional 
intake

Low birthweight infants Cross-sectional, 15 
extremely low biorth weight 
infant, mother milk

Itabashi 
et al. [20]

6 Eating habits Primigravida Weight gain Cross-sectional, 237 
pregnant women

Yokoyama 
et al. [60]

7 Eating habits 
skipping breakfast

Pregnant 
woman

Plasma total 
homocysteine levels

Cross-sectional, 254 
singleton pregnant women

Shiraishi 
et al. [61]

8 Vegetable intake Mothers and 
their children

10- to 12-year-old 
schoolchildren

Cross-sectional, 332 pairs 
of mothers and children

Tada et al. 
[62] 

Fatty acids

9 Fatty acid Pregnant Heterogeneity of the 
fatty acid composition of 
Japanese placentae

Methodological, 24 placenta Yamazaki 
et al. [38]

10 Fatty acid, EPA, 
DHA

Pregnant Energy-adjusted intakes 
of EPA, DHA, and 
EPA + DHA

Cross-sectional, 207 
singleton pregnant women

Shiraishi 
et al. [39]

11 Fatty acid_
palmitoleic acid

Children Plasma palmitoleic acid 
content and obesity

Cross-sectional, 59 obese 
children

Okada et al. 
[63]

Vitamines

12 Folic acid Mother and 
their 
newborns

Spina bifida Case-control, 360 cases and 
2333 controls

Kondo et al. 
[18]

13 Folic acid Young 
Japanese 
women

Erythrocyte folate levels Cross-sectional, 38 women Shinozaki 
et al. [23]

14 Folic acid Pregnant 
Japanese 
woman

Estimated average 
requirement intake

Cross-sectional, 192 
pregnant and 38 delivered 
women

Shibata 
et al. [28]

15 Vitamin B6 Pregnancy Vitamin B6 deficiency 
and anemia in pregnancy

Case-control, 56 pregnant 
women with anemia, 79 
healthy pregnants

Hisano et al. 
[31]

16 Vitamin B6 Pregnant 
Japanese 
women

Plasma pyridoxal 
5′-phosphate 
concentration of the 
VB6 biomarker

Cross-sectional, 192 
pregnant and 38 delivered 
women

Shibata 
et al. [30]

(continued)
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Table 30.1  (continued)

Nutrients and 
environmental factors

Exposured 
subject Outcome (effects) Study type and sample size References

17 Vitamin B-groups Woman Urinary excretion of the 
metabolites of the 
tryptophan-niacin

Case-control, 50 pregnant 
women with anemia, 10 
nonpregnants

Fukuwatari 
et al. [63] 

18 Vitamin D Pregnant 
woman

Reduced risk of dental 
caries in young children

Cross sectional, Kyushu 
Okinawa Maternal and 
Child Health Study 
(KOMCHS). 267 mother 
with caries, 954 caries free

Tanaka et al. 
[33]

19 Vitamin D Pregnant 
woman

Premature delivery 93 pregnant women Shibata 
et al. [64] 

20 Vitamin D Neonates Craniotabes in normal 
newborns: The earliest 
sign in Vitamin D 
deficiency

Prospective cohort, 1120 
pregnant women and their 
neonates

Yorifuji 
et al. [32]

21 Vitamin D long-term 
hospitary

Pregnant 
woman

vitamin D deficiency in 
neonates

Case-control, 5 long-term 
hospitalized and 9 control 
pregnant women

Nishimura 
et al. [65]

22 Vitamin D 20-aged 
young males 
and females

Fok-I polymorphism in 
vitamin D receptor gene 
on serum 
25-hydroxyvitamin D

Molecular aspect: 
epigenetics, 97 healthy 
Japanese males and 96 
females

Tanabe et al. 
[66]

23 Vitamins Pregnant and 
lactating 
women in 
Japan.

Urinary excretion levels 
of water-soluble 
vitamins

Cross-sectional, 192 
pregnant and 38 delivered 
women

Shibata 
et al. [29]

24 Glucose Japanese 
women 
diagnosed 
with 
gestational 
diabetes

Efficacy of nutrition 
therapy for glucose 
intolerance in Japanese 
women

Intervention, 41 pregnant 
women

Horie et al. 
[67] 

25 Iodine status Pregnant and 
postpartum 
Japanese 
women

Effect of iodine intake 
on maternal and 
neonatal thyroid 
function

Case-control, 683 pregnant 
women 532 postpartum 
women

Fuse et al. 
[40]

26 Phytoestrogens mothers and 
newborns

The difference in 
phytoestrogen status 
between mother and 
fetus

Cross-sectional, 51 mothers 
and newborns

Todaka 
et al. [68]

27 Supplement Pregnant 
women

Effects of inappropriate 
dietary due to 
supplement uses

Cross-sectional1076 
pregnant women

Sato et al. 
[26]

Not nutrition environmental factors

28 Environemntal 
metals: mercury, 
lead, arsenic, 
cadmium and 
selenium

Neonates Element exposures 
through breastfeeding 
does not pose any great 
concern in this 
population.

16 pregnant women and 
their newborns

Sakamoto 
et al. [69]

29 Environmental 
methyl mercury via 
fish consumption

Japanese 
population

MeHg intake for the 
Japanese population was 
estimated to be 6.76 μg/
day or 0.14 μg/kg body 
weight per day (bw/day)

National Nutrition Survey 
in Japan, more than 15,000

Zhang et al. 
[42]

(continued)
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�Results of Literature Analysis

�The Current Status of Knowledge on Vital Statistics Related to Birth 
and Young Women in Japan

Birth height and weight, premature birth, and congenital abnormalities are influenced by the nutritional 
status of mothers from around the 28th week of pregnancy until 1 week after birth. First, we intend to 
discuss the birth weight, premature birth, congenital abnormalities, and body weight of infants, and 
the BMI of young women, in the preceding 10 years in Japan. These data, shown in Tables 30.2, 30.3 
and 30.4 and Figs. 30.1, 30.2, 30.3, and 30.4, derive from the national vital statistics data [9]. Yoshida 
et al. [10] reported that the proportion of LBW (1500–2499 g) babies in Japan is consistently increas-
ing. LBW is a major public health problem worldwide and an indicator of social maturity and 
development.

Regarding the DOHaD theory that abnormal fetal programming influences the onset of obesity 
later in life, the Tanaka Women’s Clinic Study [11] suggested that a low BMI at 20 years of age is 
predictive of gestational DM independent of BMI in early pregnancy in Japan. The study observed a 
statistically significant inverse association between BMI at 20 years of age and the incidence of ges-
tational DM, and reported that second-trimester post-load glucose level is an important predictor of 
LBW infants and that first-trimester fasting plasma insulin levels contribute to the incidence of glu-
cose intolerance in later pregnancy [12].

The Hamamatsu Birth Cohort Study [13] reported the identification of neurodevelopmental trajec-
tories in infancy and risk factors that cause deviant development. This longitudinal study found that 
the markedly delayed class, characterized by an overall delay from early developmental stages, was 
predicted by male sex, being small for gestational age (SGA), low placenta:birth weight ratio, and low 
maternal education, suggesting that the presence of a small placenta relative to the birth weight may 
play an important role in the predisposition to delayed neurodevelopment. Nutritional conditioning 
during pregnancy may influence placental size [14].

In a multicenter retrospective cohort study using the database of the Neonatal Research Network 
Japan and including 9149 infants born between 2003 and 2010 at <28 weeks’ gestation [15], the risks 
of mortality and some morbidity differed between birth weight standard deviation score (BWSDS) 
groups. Growth-restricted extremely preterm infants experienced additional risks of mortality and 
morbidity, such as chronic lung disease, retinopathy of prematurity, sepsis, and necrotizing enteroco-
litis, and these risks varied depending on BWSDS. The report provides evidence for an increasing 
natural stillbirth ratio, although the stillbirth rate in this period was decreasing, indicating that this 
tendency may be associated with the nutritional status of pregnant women.

Table 30.1  (continued)

Nutrients and 
environmental factors

Exposured 
subject Outcome (effects) Study type and sample size References

30 Environmental 
polychlorinated 
biphenyls, 
methylmercury, and 
polyunsaturated fatty 
acids

Neonates Birth size Cohort, Hokkaido study, 
367 mother-newborn pairs

Miyashita 
et al. [44]

31 Environmental: 
hydroxylated PCBs 
and PCBs

Pregnant 
women and 
neonates

Blood thyroid hormone 
levels and body size of 
neonates

Cohort, 79 mother-child 
pairs

Hisada et al. 
[70]
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�Current Status of Congenital Anomalies in Japan

We looked over data from international assessments of CAs in the 10 years from 2001 to 2010 in 
Japan by the Yokohama University monitoring data, but the frequencies of CA types showed few 
changes [16]. The top five CAs were: ventricular septal defects; cleft lip with cleft palate; low-set 
ears; hydrocephaly; and Down syndrome. Similarly, other phenotypes related to the top five CAs did 
not change dramatically. However, it should be noted that patent ductus arteriosus (PDA) was almost 
in the top five after 2007, whereas it was between 6th and 13th before 2006. This change in the 

Table 30.2  Japanese female (1–19 years) nutritional status in comparison between 2003 and 2013

2003 2013

Unit
1–6 
years

7–14 
years

15–19 
years

1–6 
years

7–14 
years

15–19 
years

Energy kcal 1261 1876 1880 1209 1818 1803
Protein g 44.2 69.2 69.6 42.8 66.4 66.3
 � Animal g 25.3 38.9 40.0 24.4 38.3 38.4
Lipids g 40.2 61.4 64.0 38.4 60.8 62.7
 � Animal g 21.4 32.3 33.4 20.6 33.0 33.3
Carbohydrate g 177.8 256.4 249.2 169.7 245.2 236.2
Dietary fiber g 8.40 13.30 12.20 8.35 12.63 11.86
 � Water soluble g 2.10 3.30 2.90 2.05 3.10 2.84
 � Water insoluble g 6.30 9.90 9.30 6.00 9.09 8.64
Vitamin A μgREa 636.0 945.0 858.0 355.2 533.9 450.7
Vitamin D μg 3.50 6.20 7.20 3.94 5.45 6.03
Vitamin E mgb 5.30 7.90 8.40 3.95 5.70 6.05
Vitamin K μg 140.0 214.0 216.0 113.4 174.9 191.9
Vitamin B1 mg 0.59 0.94 1.11 0.55 0.85 0.83
Vitamin B2 mg 0.87 1.26 1.56 0.80 1.13 1.05
Niacin (vitamin B3) mgNEc 7.30 11.80 12.70 7.18 11.46 12.23
Vitamin B6 mg 0.71 1.06 1.28 0.67 0.97 1.00
Vitamin B12 μg 3.90 6.10 6.40 2.88 4.75 4.16
Folate μg 167.0 255.0 264.0 147.8 222.0 228.7
Pantothenic acid mg 4.04 5.82 5.40 3.94 5.60 5.10
Vitamin C mg 64.00 90.00 87.00 49.31 69.12 69.90
Sodium chloride equivalent g/1000 kcal 5.80 9.30 10.00 4.19 4.72 4.88
Potassium mg 1538 2261 2031 1442 2047 1850
Calcium mg 465.0 649.0 518.0 413.1 606.9 430.7
Magnesium mg 154.0 232.0 217.0 140.5 210.8 197.2
Phosphorus mg 701.0 1045.0 982.0 659.5 1006.6 897.9
Iron mg 4.60 6.90 7.30 4.13 6.31 6.77
Zinc mg 5.30 8.30 8.40 5.17 8.01 8.08
Copper mg 0.70 1.07 1.10 0.65 0.99 1.00
Fat energy ratio %d 28.1 29.0 30.2 28.1 29.8 31.1
Carbohydrate energy ratio %d 57.8 56.2 54.9 57.8 55.5 54.0
Animal protein ratio %d 56.1 55.2 56.3 55.6 57.1 56.3

Data were extracted from the e-Stat portal site in the statics of Japan (http://www.e-stat.go.jp/SG1/estat/)
aRE: retinol equivalent
bOnly a-tocopherol amounts
cNE: niacin equivalent
dThese ratios were calculated mean values of the individual.
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prevalence of PDA from 2007 to 2010 may indicate its association with an increasing proportion of 
LBW infants, because the known risk factors for PDA include preterm birth, congenital rubella syn-
drome, chromosomal abnormalities like Down syndrome, and genetic conditions, such as Loeys-
Dietz syndrome (which would also present with other heart defects). A retrospective study conducted 
during 2004–2013 in Osaka showed that the prevalence of fetal congenital heart disease in 2009–2013 
with 446 cases was significantly higher than that in 2004–2008 with 241 cases [17]. Thus, as for those 
data, it is thought that the identification of the background factor and trendy analysis will be necessary 
more in the future research.

Table 30.3  Japanese male (1–19 years) nutritional status in comparison between 2003 and 2013

2003 2013

Unit
1–6 
years

7–14 
years

15–19 
years

1–6 
years

7–14 
years

15–19 
years

Subject 347 472 272 197 314 175
Energy kcal 1337 2148 2533 1275 2059 2510
Protein g 47 77.9 91.2 44.5 74.8 85.6
 � Animal g 27 43.6 53.9 25.0 43.4 48.7
Lipids g 43.6 68.2 81.8 40.3 66.8 77.0
 � Animal g 22.6 35.5 43.6 21.6 37.4 41.6
Carbohydrate g 186.2 298.6 345.3 180.0 281.7 355.2
Dietary fiber g 8.5 14.1 14.1 8.6 13.4 13.9
 � Water soluble g 2.1 3.5 3.4 2.1 3.3 3.3
 � Water insoluble g 6.4 10.5 10.7 6.2 9.7 10.2
Vitamin A μgREa 677 1004 980 412 542 563
Vitamin D μg 4.4 6.1 8.2 3.8 6.2 6.9
Vitamin E mgb 5.8 8.6 10.1 4.1 6.1 7.0
Vitamin K μg 140 210 240 124 187 196
Vitamin B1 mg 0.6 1.12 1.22 0.58 0.93 1.08
Vitamin B2 mg 0.91 1.6 1.57 0.83 1.29 1.25
Niacin (Vitamin B3) mgNEc 7.8 12.6 16.5 7.6 12.8 15.8
Vitamin B6 mg 0.73 1.59 1.36 0.68 1.08 1.21
Vitamin B12 μg 4.8 6.4 8.4 2.9 5.2 5.5
Folate μg 175 273 303 151 232 261
Pantothenic acid mg 4.25 6.64 7.16 3.93 6.42 6.43
Vitamin C mg 62 89 88 53 68 72
Sodium chloride equivalent g/1000 kcal 6.1 10 12.1 4.4 4.5 4.4
Potassium mg 1590 2490 2559 1450 2259 2225
Calcium mg 483 744 642 421 667 502
Magnesium mg 158 255 269 146 230 240
Phosphorus mg 735 1176 1274 681 1120 1140
Iron mg 4.9 11.3 9.4 4.3 6.9 7.8
Zinc mg 5.6 9.5 11.4 5.4 9.2 10.7
Copper mg 0.73 1.2 1.4 0.68 1.12 1.35
Fat energy ratio %d 28.9 28.4 28.9 27.5 29.1 27.6
Carbohydrate energy ratio %d 57 57 56.7 58.5 56.3 58.6
Animal protein ratio %d 56.2 55.3 57.1 54.1 56.8 55.4

Data were extracted from the e-Stat portal site in the statics of Japan (http://www.e-stat.go.jp/SG1/estat/)
aRE: retinol equivalent
bonly a-tocopherol amounts
cNE: niacin equivalent
dThese ratios were calculated mean values of the individual.
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�Nutritional Status in Present-Day Japan

Maternal nutritional status during pregnancy is an important determinant of fetal growth. Although 
the effects of several nutrients and foods are well documented, little is known about the relationship 
between overall maternal diet in pregnancy and fetal growth. Vital statistics for nutrition, child growth, 
and Japanese health conditions derived from a nationwide survey are shown in Tables 30.2, 30.3, 30.4 

Table 30.4  Japanese female (20–39 years) neutritional status in comparison between 2003 and 2013

2003 2013
20–29 years 30–39 years 20–29 years 30–39 years
Average SD Average SD Average SD Average SD

Subject Unit 552 722 557 788
Energy kcal 1683 516 1708 484 1889 628 1898 582
Protein g 63.8 21.4 62.7 21.2 67.3 24.3 68.6 23.3
 � Animal g 35.5 17.1 32.9 16.9 37.4 19.4 36.5 18.5
Lipids g 55.1 25.7 53.4 22.9 59.8 26.9 58.4 25.0
 � Animal g 27.4 17.5 25.9 14.5 31.0 18.6 29.0 17.4
Carbohydrate g 223.9 69.9 233.3 68.3 257.7 93.0 257.2 84.1
Cholesterol mg 317 196 311 195 308 178 315 189
Dietary fiber g 12 5.2 12.5 5.6 12.0 5.2 13.0 5.4
 � water soluble g 2.9 1.4 3 1.5 2.9 1.4 3.1 1.4
 � Water insoluble g 9.1 4.1 9.5 4.3 8.7 3.9 9.4 4.0
Vitamin A μ gREa 787 754 805 1052 417 376 523 871
Vitamin D μ g 6.9 8.2 6.2 7.1 5.8 7.3 6.1 7.3
Vitamin E mgb 9.1 19.1 9.9 22 6.0 3.1 6.1 3.1
Vitamin K μg 221 186 242 209 180 137 211 158
Vitamin B1 mg 1.24 4.83 1.11 2.5 0.89 0.46 0.84 0.43
Vitamin B2 mg 3.23 42.66 1.43 2.65 1.03 0.49 1.05 0.53
Niacin (Vitamin B3) mgNEc 12.9 6 13.1 6.3 13.7 7.0 14.1 6.4
Vitamin B6 mg 1.36 3.3 1.72 5.74 0.98 0.43 1.03 0.44
Vitamin B12 μ g 6.1 6.9 5.7 8 5.1 5.4 5.4 6.6
Folate μ g 258 131 263 157 227 102 248 141
Pantothenic acid mg 4.92 1.81 4.94 1.93 4.98 1.88 5.19 1.93
Vitamin C mg 108 310 107 234 67 56 69 54
Sodium chloride equivalent g 9.8 3.8 9.9 4 9.6 3.7 9.8 3.8
Potassium mg 1973 762 2008 769 1881 770 1998 736
Calcium mg 457 271 465 251 425 236 447 234
Magnesium mg 211 77 219 83 206 76 226 83
Phosphorus mg 887 313 895 316 900 323 936 319
Iron mg 7 2.9 7.3 6 6.7 2.6 7.2 3.0
Zinc mg 7.5 3.1 7.3 2.5 8.1 3.2 8.1 3.0
Copper mg 1.01 0.36 1.03 0.37 1.04 0.37 1.09 0.39
Fat energy ratio %d 28.9 7.7 27.6 7.3 28.3 7.6 27.4 7.1
Carbohydrate energy ratio %d 55.7 8.5 57.6 8 57.2 8.7 58.0 8.1
Animal protein ratio %d 53.9 13.9 50.4 14.5 53.6 14.1 51.1 14.2

Data were extracted from the e-Stat portal site in the statics of Japan (http://www.e-stat.go.jp/SG1/estat/)
aRE:retinol equivalent
bα-tocopheryl amount
cNE:niacin equivalent
dThese ratios are the mean values that calculated value of the individual
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and Fig. 30.4. In the 10 years during 2003–2013, alterations in the intake of most nutrients were evi-
dent at 1–6, 7–14, and 15–19 years of age in both males and females. More surprisingly, individuals 
aged 7–14 and 15–19  years in 2013 had a lower energy intake than their counterparts in 2003. 
However, at child-bearing age (20–39 years), individuals in 2013 had a higher energy intake but a 
lower vitamin intake than in 2003. These data substantiate the increasing concern about the compo-
nents of the diets of teenagers—especially young women—and highlight the importance of education 
on nutrition and health in early life.

A prospective cohort study involving 135 Japanese women in Osaka investigated the associations 
between changes in dietary intake, maternal body weight, and fetal growth during pregnancy to iden-
tify the risk factors for spina bifida and evaluate how its prevalence has altered over the past three 
decades [18]. The results showed that the mean total calorie intake remained below 1600 kcal/day 
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during pregnancy, much lower than the value recommended in the 2010 edition of Dietary Reference 
Intakes for Japanese [19].

Itabashi et al. [20] retrospectively studied the relationship between the nutrient content of the milk 
of 15 mothers who delivered before term (preterm milk) until the 12th week of lactation and extremely 
LBW infants. The study suggested that the extremely LBW infants should be fed >100 mL milk/kg 
per day until the fourth week of life. The incidence of LBW infants has grown by nearly 10% in the 
last three decades in Japan: the highest rate among OECD member countries [7]. The incidences of 
pediatric obesity, hypertension, Type 2 DM, and autism have paralleled that of LBW. The theory of 
the fetal origins of adult disease is essential for understanding the pathophysiology of lifestyle-related 
adult diseases [21, 22]. There is concern that the next generation will face a higher future risk of adult 
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diseases, and maternal nutrition should be addressed to minimize this. Therefore, we must pay atten-
tion to childhood obesity.

Regarding inappropriate dietary supplement use among pregnant women in Japan, the nutrients 
that have the most influence and relevance to neuronal development are vitamins, lipids, fatty acids, 
FA, and zinc. These nutrients are discussed thoroughly in the following sections, and studies in 
humans related to them are summarized in Tables 30.2, 30.3, and 30.4.
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�Effects of Nutritional Factors on Fetal and Infant Growth in Japan

Folic acid  In the 1990s, it was believed that most neural tube defects could be prevented by 
FA. Regarding dietary supplement use among young women [23] or pregnant women [24, 25] in 
Japan, however, only a few studies have estimated the amount of FA consumed in dietary supplements 
or meals. Of the 1076 pregnant Japanese women in mid-to-late pregnancy examined in the Hamamatsu 
study [26], most began to use supplements after recognizing that they were pregnant.

In 2000, the Japanese government recommended that women planning a pregnancy should take 
400 μg of FA daily to decrease the risk of having an infant with spina bifida [17, 27]. The average 
amount of folate consumed by pregnant Japanese women was estimated to be about 250 μg/day by 
recent studies [24, 28]. This suggests that there is an urgent need to improve the diet of Japanese 
women of child-bearing age, especially during pregnancy. However, the incidence of spina bifida has 
not decreased in Japan during the past 20 years [25, 28].

In a case-control study that examined 360 women who gave birth to newborns afflicted with spina 
bifida and 2333 control women who gave birth to healthy newborns during a 12-year period in Japan, 
Kondo et al. (2013, 2015) [17, 27] evaluated the odds ratio (OR) of having an infant with spina bifida 
for women who took FA supplements periconceptionally and examined the association between an 
increase in supplement use and possible reasons for this increase. Newborns were divided into two 
6-year periods: 2001–2006 and 2007–2012. Based on logistic regression analysis, the adjusted OR of 
having an infant with spina bifida for supplement users was 0.48 in the first period and 0.53 in the 
second period. The proportion of women who consumed supplements periconceptionally significantly 
increased from 10% in the first period to 30% in the second period. This increase in supplement use 
was due to increased awareness of the preventive role of FA [27].

Vitamins and related elements  The folate-related one-carbon metabolism pathway regulates epigenetic 
modification via DNA methylation to modulate gene expression. Therefore, vitamins B6 and B12 are key 
nutrients in the early stages of fetal development. Recent advances in analytic techniques have enabled 
the quantification of water-soluble vitamins [28, 29]. A high proportion of Japanese mothers have low 
folate and high homocysteine levels, possibly leading to babies with undesirable epigenetic changes, as 
described earlier in the Folic acid section of this chapter. Shibata et al. [30] reported that the water-solu-
ble vitamins present in the urine, such as vitamin B2, vitamin B6, vitamin B12, biotin, and vitamin C, did 
not change during the stages of pregnancy and did not differ from those of healthy individuals. However, 
pregnant women with anemia due to iron deficiency also had vitamin B6 deficiency [31].

Vitamin D deficiency is a cause of craniotabes during development. Yorifuji et al. [32] reported that 
levels of a metabolite of vitamin D, 25-OHD, were significantly lower in breast-fed infants than in 
formula-/mixed-fed infants, whereas breast-fed infants had significantly higher serum PTH and ALP 
levels than formula-/mixed-fed infants. Higher maternal cheese intake during pregnancy was found to 
be significantly inversely associated with the risk of dental caries in children in a study involving 315 
Japanese mother-child pairs [33], suggesting that inadequate vitamin D intake during pregnancy is 
strongly associated with dental caries in young children.

Fatty acids and lipids in relation to obesity  In Japan, it is recognized that prenatal development is a 
critical period in the etiology of obesity and cardiometabolic disease [34]. Unhealthy thinness among 
female junior high-school girls in Japan reached 20% in 2014 [1, 35]. Several reports have examined 
changes in high-density lipoprotein and low-density lipoprotein (LDL) profiles during the neonatal 
period to evaluate the nutritional state related to lipids of preterm neonates with the aim of preventing 
the onset of obesity in adolescents and adult disease in later life [36, 37]. Gestational age and milk 
including breast and formula, rather than birth weight, determine postnatal changes in LDL profile. 
This suggests that cord blood may contain fatty acids derived from the maternal circulation via the 
placenta according to changes in de-novo lipogenesis.
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Palmitoleic acid (16:1n − 7) is a product of endogenous lipogenesis. In human obesity, 16:1n − 7 
reportedly correlates with indices of adiposity and insulin concentration. Excessive subcutaneous fat 
accumulation is often observed in LBW infants because of accelerating stearoyl-CoA desaturase 
activity. The fatty acid profiles of neonates can predict epigenetic conditions in the fetal period. 
Analysis of the placenta may be a useful way to determine the fatty acid status of pregnant women and 
neonates, because this large organ contains tissues from both the mother and fetus. A more recent 
report identified considerable variation in the fatty acid composition of the placenta, revealing low 
variation in central regions and high variation in peripheral regions [38]. 18:1n − 9 and 18:2n − 6 
levels were higher on the fetal side, whereas 20:3n − 6, 20:4n − 6, and 22:6n − 3 levels were higher 
on the maternal side [39]. However, these data should be assessed by standardized methods.

Trace elements and other micronutrients  The effect of dietary iodine intake on maternal and infantile 
thyroid function in iodine-sufficient areas is poorly understood, and data are scarce on the appropriate 
gestational age-specific reference ranges for urinary iodine excretion during pregnancy and lactation 
in Japan despite the fact that iodine deficiency in pregnant and lactating women is known to induce 
serious damage in fetuses, newborns, and weaning infants [40]. However, iodine intake as assessed by 
the urine iodine concentration of pregnant Japanese women was considered sufficient and not exces-
sive according to the World Health Organization criteria [40]. Selenium deficiency was also examined 
in children and adolescents with intestinal dysfunction and neurologic disabilities who were nour-
ished through maternal. It was determined that the appearance of hair browning and nail whitening 
and presence of macrocythemia or cardiac dysfunction were important symptoms of selenium defi-
ciency in such patients in Japan [41].

�Other Factors Related to Fetal Programming: Alterations in Eating Habits 
and the Involvement of Environmental Substances

Two other factors impact the nutritional status of mothers and infants: lifestyle choices and exposure 
to environmental contaminants. We must consider the adverse effects on fetal growth of contaminants 
such as heavy metals, polychlorinated biphenyls (PCBs), and pesticides in the maternal environment, 
as well as inappropriate and insufficient nutrition.

Methyl mercury and polychlorinated biphenyls from fish consumption  Methyl mercury (MeHg) can 
get into in the breast milk of mothers, resulting in the lactational exposure of their infants. This is the 
cause of congenital Minamata disease in Japan. The levels of total mercury and MeHg in breast milk 
and maternal blood were determined using samples from the Tohoku Study of Child Development. An 
exposure assessment model described the relationship between fish consumption and body MeHg 
levels in the Japanese population, but not in infants [42]. Evidence on the effects on human health of 
low-level MeHg exposure by the daily consumption of foods such as fish, meat, vegetables, and milk 
has been reported in northern European countries [43]. However, there is a lack of information on the 
clear association between mercury and disease in children in Japan. Future large-scale studies on 
children and pregnant women are urgently needed. The effects of in-utero exposure to PCBs and 
MeHg on birth size in 367 mother-newborn pairs were assessed by Miyashita et al. [44] The study 
showed that the risk of having an SGA infant as assessed by weight was associated with mercury 
concentration, but that concentrations of PCBs had no association with birth size.

Polychlorinated biphenyls and environmental hormones  PCBs and their metabolites are known contami-
nants of seafood. Exposure to PCBs and consequent adverse health effects have been examined. The 
levels of PCBs or ratio of OH-PCBs:PCBs were determined not to be associated with neonatal free T4, or 
with the body size of neonates [45]. Mori et al. [46] measured PCB concentrations in blood samples 
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from 507 Japanese individuals ranging from infants to those aged over 80 years. Interestingly, the PCB 
levels of multiparous women were lower than those of nulliparous women in their 30s, suggesting that the 
PCBs were transferred from the mothers to their children during pregnancy and lactation.

Phthalates have been used as plasticizers for various plastic compounds. Humans are constantly 
exposed to phthalates, and biomonitoring studies have demonstrated widespread exposure of the gen-
eral population to these chemicals. Di(2-ethylhexyl) phthalate (DEHP) is one of the major phthalate 
compounds, and is mainly used in production in Japan. The Hokkaido Study Sapporo Cohort pro-
vided significant evidence of an association between maternal exposure to DEHP and the levels of 
reproductive hormones such as T/E2, P4, and inhibin B in fetal blood [47]. In 2012, a study by Suzuki 
et al. [48] also reported an association between fetal exposure to phthalate esters and anogenital dis-
tance in male newborns. These findings suggest that DEHP exposure in utero may have adverse 
effects on both Sertoli and Leydig cell development in males, because inhibin B and INSL3 are asso-
ciated with Sertoli and Leydig cell function and their perturbation causes urogenital anomalies. 
Bisphenol has also been linked with reproductive disorders, and individual variations were evident in 
the genetic response to bisphenol A in human foreskin fibroblast cells derived from patients with 
cryptorchidism and hypospadias [49].

Air pollution and neurodevelopmental diseases  The central nervous system is an important target for 
air pollution, which causes adverse health effects, such as neurodevelopmental disorders. Diesel 
exhaust is a major source of ambient particulate matter and a reported contaminant of food. In preg-
nant mice, exposure to air pollution may cause changes in maternal behavior and infant conditions 
[50]. The study showed that learning impairment was associated with modulation of the N-methyl-d-
aspartate receptor and inflammatory markers in the hippocampus [51], suggesting that not only the 
nutritional status of the mother, but also the environmental factors during pregnancy and the lacta-
tional period, influence the neurobehavior of the offspring.

�Molecular Aspects of Fetal Programming Revealed by Epigenetics Studies 
Conducted in Japan

Epigenetic modifications, such as DNA methylation and histone modification in offspring, are consid-
ered testament to the in-utero environment. However, few studies in humans have investigated the 
associations between maternal nutritional conditions during pregnancy and epigenetic alterations in 
the offspring in Japan. One report examined the genome-wide methylation profiles of 33 postpartum 
placentas from normal pregnancies and those with fetal growth restriction with varying degrees of 
maternal gestational weight gain [52]. The study showed that epigenetic alterations accumulated in 
the placenta under adverse in-utero conditions, and that hypermethylation frequently occurred at the 
promoter regions of transcriptional regulatory genes located in developmental regulator loci. This 
suggests that epigenetic alterations may elevate the risk of developing various diseases, including 
metabolic and mental disorders, later in life. Another interesting report about hazardous chemicals 
stated that elevated serum levels of many pesticide-related organochlorines and some PCBs were 
associated with global hypomethylation of leukocyte DNA in Japanese women [53].

�Conclusion

Maternal obesity is a growing problem worldwide, but in Japan, there are two different problems: 
maternal obesity and unhealthy thinness. Being both overweight and underweight pre-pregnancy are 
risk factors for compromised maternal and child health outcomes. This review identified that maternal 
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obesity alters fatty acid profiles, leading to fetal malformations, and that there is an association between 
being underweight during pregnancy and preterm birth and SGA babies. Surprisingly, energy intake 
has increased but the intake of various vitamins has decreased among teenagers and individuals in their 
20s in Japan. This suggests that our present eating style does not equate to a balanced diet [54]. Because 
of the cultural trend among young Japanese women to be very slender, they try to remain underweight 
during pregnancy. Therefore, vitamin D deficiency is a serious problem in Japan. However, the out-
comes of this deficiency in later life are unknown, and further study is needed in this area.

Other nutrition-specific interventions (e.g., iron, calcium, or balanced protein energy supplementa-
tion) have only been studied in pregnant women or, if studied during the preconception period, the 
outcomes were limited to changes in biochemical markers, and pregnancy and birth outcomes were 
not assessed. Strategies for the implementation of nutrition-specific interventions in the preconception 
period are necessary, especially in women in Japan. Furthermore, current epigenetic studies suggest 
an association between maternal nutrient intake during pregnancy and the epigenetic patterns of the 
offspring at birth. FA and other methyl donor nutrients appear to affect the DNA methylation pattern 
of the offspring. It is important that the characteristics of study cohorts, particularly current nutritional 
status and offspring sex, are considered when interpreting results used to explain fetal programming 
in pregnancy. Further research in this area may influence advice and guidelines regarding maternal 
nutrition during pregnancy and lactation.

Maternal nutritional status during the early gestational period is important for placental and fetal 
growth. Maternal under- or overnutrition during pregnancy can affect fetal growth. Therefore, new 
approaches that take into account the mechanisms that regulate fetal growth and development will be 
beneficial for designing new therapeutic strategies to prevent and treat intrauterine growth retardation 
[55, 56]. Understanding the many roles of nutrients in epigenetics will have a broad impact on the 
promotion of health and disease prevention. Finally, to prevent the “early origins of adult disease,” 
pregnant mothers, health professionals, health educators, family members, maternal and child care 
teams, and the government should cooperate efficiently to achieve good health for the next generation. 
The potential contribution of environmental factors should be considered for both child and adult 
health in Japan, with recent dietary habits featuring much higher lipid concentrations and unknown 
environmental factors compared with those of a century ago.
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Key Points

•	 The purpose of growth restriction in humans is not well understood;
•	 Individuals who fall short or exceed their growth potential may be at risk for the development of 

chronic non-communicable diseases in adulthood;
•	 Standard growth criteria, although largely used, classify babies only through gestational age and 

gender;
•	 Customized growth criteria add variables such as maternal height, weight in the beginning of 

gestation, parity and ethnicity to the calculation of an individual’s growth potential;
•	 Targeting subtle changes on neonatal pathophysiology better stratifies babies submitted to an 

adverse intrauterine environment;
•	 Applying standard and customized criteria to identify these subtle changes can better determine 

which criteria more accurately identifies babies at risk from foetal programming.

Keywords  Fetal development • Gestational age • Small for gestational age • Growth charts • Prenatal 
programming
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�Introduction

Low or excessive birth weights are considered the hallmark of an adverse intrauterine environment. 
This paradigm, however, has been disputed. Whether an adverse intrauterine environment does not 
always affect fetal weight gain, or standard criteria fail to evaluate the true growth potential of differ-
ent individuals is unclear.

Customized growth criteria have been proposed to better differentiate between constitutional 
smallness from true growth restriction and constitutional largeness from macrosomia.

But much research on customized growth criteria focuses on neonatal morbidity and mortality.
And the complexity of intrauterine programming of adult diseases involves a myriad of pathways 

from the genetic message, through a complex system of transcriptions until the protein synthesis and 
the metabolic actions of proteins.

These subtle, pathophysiological changes may reflect fetal programming more accurately.
Weight may be too crude a measurement of intrauterine growth restriction, particularly if measured 

by population criteria.
Customized criteria identify individuals presenting with these subtle pathophysiological changes 

and, consequently, at risk from fetal programming.

�Fetal Programming

The fetal programming hypothesis states that maternal malnourishment and other adverse conditions 
will set the fetus physiology, and depending on similarities or dissimilarities of the postnatal environ-
ments, its future propensity to health or disease [1].

While some controversy remains regarding the significance of low or excessive birth weight, the 
concept that an adverse intrauterine environment programs individuals to develop a range of chronic 
non-communicable diseases, throughout life, is universally accepted nowadays [2].

However, an accurate detection of these children remains a major challenge in maternal-fetal 
Medicine.

Besides, the outcome of these “intrauterine growth restricted” or “macrosomic” foetuses is usu-
ally measured as neonatal morbidity and mortality, rather than subtle pathophysiological changes that 
may point to an adverse intrauterine environment and to the development of chronic non-communicable 
diseases later in life.

�Interpretation of Birth Weight

According to Wilcox, birth weight is one of the most poorly understood variables in epidemiology [3]. 
This variable has, for years, attracted the attention of researchers as a key component of human 
phenotype.

From an evolutionary perspective, birth weight represents the magnitude of maternal investment 
during foetal life, mediated by dynamics hormonal interactions between mother and foetus [4].

From the biomedical perspective birth weight is highly predictive of mortality in morbidity in 
infancy [5, 6] as well as the development of chronic non-communicable diseases throughout the life 
course of individuals [7–9], like hypertension and diabetes (Figs. 31.1 and 31.2).

However, the determination of what is an adequate or inadequate birth weight for a given individual 
is still a matter of debate. And consequently, to integrate all different perspectives to make use of birth 
weight as a predictor of health or disease remains a major challenge in current medical practice.
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�Classification of Weight at Birth

In clinical practice, a baby is classified as small for gestational age (SGA) when it is born below the 
10th weight percentile, adequate for gestational age (AGA) when it is born between the 10th and the 
90th weight percentile, and large for gestational age when it born over de 90th weight percentile, for 
gender and gestational age [10].

Intra uterine growth restriction (IUGR) and macrosomia are terms used with to describe babies 
who fell short or exceeded their growth potential, and have a clinical connotation of abnormality.

Activation of
renin-angiotensin

system
Oxidative stress

High blood
pressure

Prenatal insult

Vascular
dysfunction

Fig. 31.1  Fetal origin for hypertension

Fig. 31.2  Fetal origin for diabetes
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Intra uterine growth restriction can be symmetrical, when the whole body is affected proportionately; 
or asymmetrical when the growth of the head is spared in relation to remaining of the body (Fig. 31.3). 
This last phenotype is more intimately associated with intrauterine damage during the second half of 
gestation, while the first insult usually occurs earlier [11].

As most babies who suffer intrauterine growth restriction are born small for gestational age, it is 
not unusual to associate an SGA baby with an unfavourable intra uterine environment [12].

But a clear distinction exists between the terms “small for gestational age” and “large for gestational 
age”, and the clinical conditions “intrauterine growth restriction” and “macrosomia” [13].

The two former ones refer only to a baby’s size at birth, being simple descriptions of its weight in 
relation to the duration of pregnancy.

Conversely, the two latter ones define babies who either did not reach or outran their growth potential 
and, consequently, refer to the physiopathology of the phenomenon.

In clinical practice, the distinction between them is it still a significant challenge for obstetricians 
and paediatricians [14].

Gestational age is the main determinant of birth weight, however, precise information over the last 
menstrual date is not often available. Because of this, ultrasound estimation of gestational age is 
considered more precise, and routinely used in clinical practice.

Ultrasound is also the method of choice to differentiate small for gestational age foetuses from 
those with intrauterine growth restriction; however, the accuracy of this information continues to be 
questioned [15–17].

�Intrauterine Growth Curves

In 1963, Lubchenco et al. published the association of increased neonatal mortality with birth weight 
below the 10th percentile across all gestational ages [18].

This observation reinforced the concept of the implications from intrauterine growth restriction 
and impacted in obstetrical and neonatal management strategies for these babies.

Since then, Lubchenco curves have been largely used throughout the World. Many other curves of 
intrauterine grown have been published, some deriving data from larger databases, particularly for 
pregnant women [19, 20].

These curves were, for many years used as the guidelines to monitor intrauterine growth and 
classify foetal and neonatal weights.

Fig. 31.3  Differences development between diferent types of neonates small for gestational age
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�Classical Growth Curves

The classical growth curves, based on population criteria, take into consideration only the baby’s 
gestational age and gender. They define normal mean weights for all babies (within two standard 
deviation from the media) between the 10th and 90th percentile [21–24].

But birth weight results from complex interactions of numerous factors (Fig. 31.4), such as: gestational 
age and gender, mother’s age, height, parity, ethnicity, initial weight and weight gain during gestation, 
nutritional status, social economic conditions and habits, such as smoking, among others [25–28].

It has been shown that, together, the baby’s gender and mother’s parity, height, weight and ethnicity 
are responsible for approximately 20–35% of the birth weight [29].

Other maternal conditions, such as hypertensive disease and congenital malformations, as well as pater-
nal anthropometry, smoking and social economical conditions also affect the child’s birth weight [30–35].

The mean birth weight varies among different ethnicities. Black babies weight less than Caucasians at 
birth; the Chinese are born smaller than Americans and Asians are smaller than Europeans at birth [36, 37].

Of note, birth weight has been strongly associated to maternal height, and this association is present 
throughout different ethnical groups [38].

The weight associated to an increased perinatal mortality varies from different populations, what 
suggests the existence of an “ideal birth weight”, which could, however, be different to different 
individuals or groups of individuals.

The use of population curves to classify babies as small, adequate or large for gestational age 
ignores these factors and, inevitably, includes constitutionally small or large babies into the categories 
of SGA our LGA, respectively.

It can also miss babies who may not have reached or have extrapolated their growth potential, but 
in whom the birth weights fell within the limits of the general population curve.

If better, more reliable predictors of intrauterine growth restriction or macrosomia were defined 
and implemented in clinical practice, there would be a potential to reduce future perinatal morbidity 
and mortality, and long-term consequences among SGA ad LGA babies.

This is the main reason to continuously search for foetal growth curves and birth weight patterns 
that can be more meaningful to specific populations [39].
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Fig. 31.4  Epigenetic factors influence in fetal growth
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�Customised Growth Criteria

Customised growth curves were proposed with the objective of better defining a foetus ability to reach 
its growth potential.

The initially proposed methods, used mathematical models to determined the estimated foetal 
weight from two ultrasonographic examinations performed before the 25th week [40].

The method was criticised because it assumed that foetal growth before this period would have 
been within normal range, because it required the performance of multiple ultrasound examinations 
and also because it did not seem to add many advantages to the current growth curves.

Subsequently, in the 1990s, new customised criteria were proposed, using maternal variables such 
as height, weight in the beginning of gestation, parity and ethnicity, besides the foetus’ gender and 
gestational age [41, 42].

These researchers developed computer software that, by means of adjusted coefficients to each one 
of the previously mentioned variables, calculated the “ideal weight at birth”. The coefficients were 
generated from multivariate analysis of large databases with well-documented birth weights.

A growth curve is then calculated using the logarithmic polynomial curve described by Hadlock 
et al. and derived from the transverse analysis of foetal weights estimated throughout different 
gestational ages [29, 43].

Studies from different ethnical groups have validated Gardosi’s customised criteria and have been 
consistently superior to population growth curves for the detection of foetuses with intrauterine 
growth restriction [17, 27].

However prior to incorporating customised growth criteria into medical practice in different societies 
their validation, through large population studies, is necessary.

Some researchers have already adapted Gardosi’s criteria to their populations.
One would expect that these criteria would perform better in societies with more ethnically homo-

geneous individuals, whereas in highly miscegenated cultures, the criteria may not be as specific.
Another aspect, which needs to be considered, is that most studies comparing the use of custom-

ized growth curves in relation to classical population curves focus on neonatal morbidity and 
mortality.

And customized growth curves may better identify neonates who may be well at birth but at higher 
risk to develop chronic non-communicable diseases throughout their life course.

Due to the potential impact from “undetected” intrauterine growth restriction on development 
of non-communicable diseases later in life, the correct identification of these individuals is key to 
promoting health and preventing disease.

�Classical × Customized Growth Criteria and Neonatal Outcomes

Most studies address morbidity and mortality in SGA or LGA babies classified by classical or customized 
growth criteria.

However, few address the subtle effects from programming between these groups.
We have previously demonstrated that neonates classified as AGA by standard growth criteria, but 

who fall short of their true growth potential by customized criteria, show biochemical abnormalities 
compatible with an adverse intrauterine environment. In childhood, these biochemical abnormalities 
are predictive of adult health. We wonder what could be their long-term effects when they start at such 
an early and sensitive period of life [44].

Unpublished data from our laboratory also suggests that babies classified as SGA by customized 
growth criteria display an abnormal protein profile, which resembles that encountered in adults with 
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chronic non-communicable diseases. This initial data unveils a window for exploring new mechanistic 
pathways for the developmental origins of health and disease.

Furthermore, our findings indicate that the effects from such adverse environment, follow a con-
tinuum from which some babies will show little clinical evidence and others will develop significant 
growth restriction or, possibly, excessive weight gain.

We suggest that the use of customized growth criteria, combined with maternal biochemistry, can 
be used as a screening approach for individuals at risk from adverse fetal programming.

And these findings have the potential to be used as biomarkers to detect individuals at risk from 
fetal programming.

�Conclusions

The implications of programming reach all areas of physical and mental health in humans and break 
the paradigma of genetic immutality by showing us that, from the same code, diferente transcriptions 
can occur leading to diferente proteomes with consequently diverse metabolic activities.

Until now the pathways that transform the uterus from a protective organ into an adverse environ-
ment have not been clearly identified, nor have diagnostic tests been developed to screen patients at 
risk in the early stages.

Adequate somatic growth is the hallmark of fetal well being, however, the definition of what is 
adequate for a particular individual is still a matter of debate.

Customized growth criteria are more likely to reflect the true growth potential of individuals.
Their use may be particularly useful to identify babies who despite falling into “normal” weight ranges 

by standard criteria have suffered from an adverse intra-uterine environment. Targeting subtle physiopato-
logical changes in these children is also more likely to stratify the high-risk group for programming.

In summary, while much still needs to be learned about programming, enough evidence has been 
accumulated to direct us to move past the stage of standardization and to understand that for the 
growth of an individual “one size may not fit all”.
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Key Points

•	 Strong evidence indicates an association between small birth weight followed by “catch up” 
growth, the so-called “thrifty phenotype”, and the development of metabolic diseases in adolescence 
and adulthood.

•	 Large birth weight after obese or diabetic mother’s gestation is associated with metabolic diseases 
later in life. However, the association between large birth weight and the development of metabolic 
disease in the general population is inconsistent.

•	 The effect of specific nutrients deficiency (or abundance) during pregnancy on the offspring’s 
development of metabolic syndrome in humans is poorly understood.

•	 Breast milk, as compared with formula feeding, appears to protect against the development of 
metabolic syndrome.

•	 Different rodent models of dietary manipulation during pregnancy and lactation induce metabolic 
changes in the offspring that resemble that of the metabolic syndrome in humans.

•	 Fetal programming through dietary manipulations in rodents has long-lasting effects that can be 
transmitted transgenerationally via epigenetic mechanisms.
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�Introduction

David Barker et al. introduced the concept of developmental origins of health and disease on their 
seminal manuscript published in The Lancet in 1989. They have shown that environmental factors that 
impair growth and development in early life could determine increased risk for ischemic heart dis-
ease. Since then, evidence from animal and epidemiological studies has expanded the scope of this 
concept to include a wide array of chronic diseases spanning from metabolic and cardiovascular 
illnesses to cognitive disorders, reproductive abnormalities and cancer. The theory of developmental 
origins of health and disease conveys the notion that the exposure to an unfavorable environment 
during pregnancy and lactation programs changes in fetal or neonatal metabolism, which in turn 
increases the risks of developing diseases in adult life. Developmental plasticity might explain the 
correlation between unfavorable events in early life exposures and adulthood diseases. This concept 
states that “one genotype can give rise to a range of different physiological or morphological states in 
response to different environmental conditions during development” [1]. Although the initial fetal pro-
graming hypothesis primarily dealt with undernutrition, recent epidemiological and animal studies have 
examined the effects of over-nutrition during fetal development and subsequent offspring’s risk of devel-
oping chronic diseases. In this chapter we briefly review epidemiological and basic science literature 
covering the developmental origins of metabolic syndrome, with focus on nutritional factors.

�Epidemiological Studies

The National Heart, Lung, and Blood Institute, American Heart Association and International Diabetes 
Foundation have proposed a harmonized definition of metabolic syndrome, which is diagnosed when 
a patient has at least three of the following five conditions:

•	 Fasting glucose ≥100 mg/dL (or receiving drug therapy for hyperglycemia)
•	 Blood pressure ≥130/85 mmHg (or receiving drug therapy for hypertension)
•	 Triglycerides ≥150 mg/dL (or receiving drug therapy for hypertriglyceridemia)
•	 HDL-C <40  mg/dL in men or <50  mg/dL in women (or receiving drug therapy for reduced 

HDL-C)
•	 Waist circumference ≥102 cm in men or ≥88 cm in women (if Asian American, ≥90 cm in men or 

≥80 cm in women)

The definition of metabolic syndrome has been a matter of debate and varied according place and 
time. Therefore, the studies of developmental origins of metabolic syndrome often rely on variable 
definitions or discrete aspects of metabolic syndrome such as elevated blood pressure, hyperglycemia 
and excess adiposity. Other studies focus on potential pathophysiological factors, notably impaired 
insulin signaling and resistance. For instance, using a definition of the metabolic syndrome based on 
glucose intolerance, hypertension, and hypertriglyceridemia, the prevalence of the syndrome in 
Hertfordshire (UK) was sixfold higher in men aged 65 years who weighed ≤5.5 lbs. at birth than in 
those who weighed ≥9.5 lbs.

The risk of development of metabolic disease in adulthood is increased in small and perhaps in 
large to gestational age human newborns. An important finding is that both low and high birth weights 
are associated with insulin resistance. Indeed, the relation between birth weight and risk of type 2 
diabetes appears to be U-shaped, with both small and large birth weight leading to an increased risk. 
Post-natal exposures also interact with birth weights and could determine risk of development of 
metabolic disease later in life.
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�Nutritional Deficiency During Pregnancy: Association with Small Birth 
Weight and Metabolic Disease

Birth weight is an indicator of fetal nutrient availability. Intrauterine undernutrition restricts fetal 
growth and leads to small for gestational age (<2.5 kg) offspring. It is estimated that approximately 
9% of term newborns weight between 2 and 2.5 kg and about 1% weigh between 1.5 and 1.9 kg. It has 
been shown that the prevalence of metabolic syndrome was tenfold higher in the subjects with birth-
weight <2.9 kg as compared to those weighting >4.3 kg. Several studies have provided evidence for a 
link between fetal undernutrition and increased risk of metabolic syndrome or its components 
(Table 32.1, adapted from Lakshmy [2] and Bacardi Gascon et al. [3]).

The first evidence that intrauterine undernutrition might be linked with metabolic disorders in 
adulthood came from the follow up of subjects exposed to intrauterine starvation during the Winter 
Dutch Famine, when the population survived on mere 400–800 kcal daily at the time of the German 
occupation of the Lower Countries between 1944 and 1945. Of note, normalization of food supply 
after the war led to catch-up growth of those infants born small for gestational age, giving rise to the 
concept of a “thrifty phenotype”. It was observed that, after catch-up growth, the offspring of under-
nourished mothers during the first and second trimesters was more likely to become obese and hyper-
tensive as young adults. Furthermore, sexual dimorphism was observed given that women with low 
birth weight who experienced catch-up growth exhibited higher cardiovascular mortality. Glucose 
intolerance, microalbuminuria, atherogenic lipid profile and coronary heart disease were also docu-
mented in this population as it reached the middle age. More recently, a cohort of healthy children 
exposed to intra-uterine growth restriction experienced catch-up growth restricted to 1 year after birth 
without faster growth beyond infancy. Importantly, these children exhibited higher insulin levels and 
HOMA-IR, lower adiponectin levels, and a trend towards higher subcutaneous abdominal adipose 
tissue suggesting a condition of insulin resistance. This is another evidence of the “thrifty phenotype 
hypothesis” suggesting that fetuses make metabolic adaptations in response to nutritional deprivation 
in utero that benefit postnatal survival, but also predisposes them to insulin resistance and metabolic 
disease later in life [2, 4].

The Winter Dutch Famine was a situation of calorie, macro and micronutrient deprivation. The 
impact of specific nutrient deficiency during human pregnancy on the future metabolic health of the 
offspring is poorly understood. A complex relationship between the maternal protein/carbohydrate 
intake proportion during pregnancy and blood pressure in the offspring has been reported. Specifically, 
if maternal protein intake was <50 g, a higher carbohydrate intake was associated with blood pressure 
in adulthood. Maternal protein intake >50 g along with a low carbohydrate intake was also associated 
with blood pressure. More recently, maternal protein intake assessed by 24 h food diary during first 
trimester of pregnancy was negatively correlated with carotid-media intima thickness, a surrogate 
index of atherosclerosis. Surprisingly, current evidence of protein supplementation during pregnancy 
suggests a higher incidence of low birth weights and fetal demise through unclear mechanisms. Even 
though pre-existing or gestational diabetes are unequivocally associated with macrosomia, the 
Camden Study suggests that high sugar intake during pregnancy, at least in adolescents, is associated 
with twofold increase in the risk of low birth weight [2, 5].

The association of vitamins and other micronutrients deficiency during gestation and the future 
metabolic health of the offspring has been reported infrequently. Lower vitamin B12 and elevated 
folate during second trimester of pregnancy was associated with increased adiposity and insulin resis-
tance in children whereas vitamin D deficiency during pregnancy can be associated with insulin resis-
tance and gestational diabetes. Of note, vitamin A supplementation before, during and after pregnancy 
did not modulate blood pressure in pre-adolescents. In regard to minerals, observational studies have 
shown that calcium intake during pregnancy is inversely associated with systolic and diastolic blood 
pressures in neonates, which was confirmed in part in clinical trials [2].

32  Effects of Fetal Programming on Metabolic Syndrome
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�Over-Nutrition, Obesity and Diabetes During Pregnancy: Associations 
with Large Birth Weight and Metabolic Disease

Data from the Centers of Disease Control and Prevention indicate that 20% of women are obese at the 
start of pregnancy. Pre-pregnancy maternal obesity, defined as a body mass index ≥30 kg/m2, confers 
an increased risk macrosomia (and also intrauterine growth restriction), gestational diabetes, 

Table 32.1  Retrospective studies correlating gestational malnutrition, birth weight and adult metabolic diseases

Author, country Year Age n Exposure Main results

Wang et al., China 2012 46–53 12,065 Early gestational 
malnutrition

OR for HTN: 1.8 (95% CI 1.6–2.1)
OR not increased for obesity

Van Abeelen et al., 
Holland

2012 49–70 7837 Gestational 
malnutrition

OR for T2DM: 1.4 (95% CI 1.1–1.7)

Van Abeelen et al., 
Holland

2012 49–70 8091 Gestational 
malnutrition:
Moderate OR for overweight: 1.1 (95% CI 1.0–1.2)
Severe OR for overweight: 1.2 (95% CI 1.0–1.3)

Harville et al., US 2012 >18 2708 Birth weight Small birth weight not associated with MS
Large birth weight protects against MS

Li, et al., China 2011 49–53 7874 Gestational 
malnutrition

OR for MS: 3.1 (95% CI 1.2–7.9)

Hult et al., Biafra 2010 36–44 1339 Gestational 
malnutrition

OR for systolic HTN: 3.0 (95% CI 2.0–4.5)
OR for severe HTN: 2.7 (95% CI 1.3–5.5)
OR for IR: 1.8 (95% CI 1.1–2.8)
OR for T2DM: 3.1 (95% CI 1.1–8.5)

Xiao et al., China 2010 59 ± 8 2019 Gestational 
malnutrition

Subjects who had a birthweight of <2.5 kg 
were 66%more likely to develop MS 
components in adulthood

Fall et al., India 2008 26–32 1526 Gestational 
malnutrition

Faster weight gain through infancy, childhood 
and adolescence associated with MS

Rooji et al., Holland 2007 58 ± 1 783 Gestational 
malnutrition

No association with MS

Mzayek et al., US 2007 18–44 2780 Small birth weight Inverse correlation with blood pressure
Ramdhani et al., 
Holland

2006 26–31 744 Gestational 
malnutrition

Lowest tertile of birthweight associated with 
OR of 1.8 for MS

Painter et al., 
Holland

2005 48–53 741 Gestational 
malnutrition

Increased risk for IR, HLD, CAD

Fagerberg et al., 
Sweden

2004 58 396 Small birth weight Inverse correlation with components of MS

Mzayek et al., US 2004 7–21 1155 Small birth weight Inverse correlation with components of MS
Roseboom et al., 
Holland

2000 50 736 Early gestational 
malnutrition

OR for CAD: 3.0 (95% CI 1.1–8.1)
OR for HTN: 3.2 (95% CI 1.2–8.6)
OR for IR: 2.5 (95% CI 0.8–7.2)
OR for HLD: 2.6 (95% CI 1.0–7.2)

Yarbrough et al., US 1998 50–84 303 Gestational 
malnutrition

Lowest tertile of birthweight was associated 
with a relative risk of 2.41 for MS

Barker et al., UK 1993 64 407 Small birth weight >10-fold higher risk of developing MS, 
notably T2DM and HTN

Adapted from Lakshmy [2] and Bacardi Gascon et al. [3]
OR odds ratio, CI confidence interval, HTN hypertension, T2DM type 2 diabetes, MS metabolic syndrome, IR insulin 
resistance, HLD hyperlipidemia, CAD coronary artery disease
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pre-eclampsia and fetal death. Furthermore, over 40% of women exceed the Institute of Medicine 
Guidelines for optimal weight gain during pregnancy. In fact, obesity is now considered the most 
common clinical risk factor encountered in obstetric practice.

Likely due to maternal overweight and obesity, the weight at birth has been increasing over the past 
decades, and newborns presenting large birth weights are now more common than small to gestational 
age infants. Nevertheless, the link between fetal programming for metabolic syndrome in newborns 
with large birth weight (that is, >4 kg) appears to be weaker than that in low birth weight infants, at 
least in general population. However, ethnic differences are relevant. Furthermore, the offspring of 
diabetic mothers are clearly at increased risk of developing insulin resistance, diabetes and metabolic 
diseases. Illustrating these aspects, the effects of perinatal over-nutrition on metabolic programming 
have been thoroughly studied in Pima Indians which present the highest prevalence of diabetes in the 
world. Pima Indian newborns from obese mothers, independent of birthweight, exhibit tenfold greater 
risk of becoming obese during childhood and adolescence, and of developing impaired glucose 
tolerance as adolescents. By the age 20–24 years, 45% of Pima Indian offspring of diabetic mothers 
developed type 2 diabetes compared with 1.4% of the offspring of non-diabetic mothers.

In the general population, the combination of childhood obesity at 11 years old and large birth 
weight or maternal gestational diabetes was associated with insulin resistance, with odds ratios of 
4.3 and 10.4, respectively. Furthermore, newborns with large birth weight and those whose mothers 
were obese (that is, body mass index >27 kg/m2) before pregnancy had approximately twofold higher 
risk of developing metabolic syndrome at 11 years old. Notably, the offspring of obese women are 
36% more likely to develop type 2 diabetes [6, 7]. It has also been shown that the adult offspring of 
Danish women with type 1 diabetes and gestational diabetes present an elevated risk of developing 
metabolic syndrome and overweight, respectively, which was associated with maternal blood sugars 
during pregnancy irrespective of gestational age or weight at birth [8].

The increased risk of large for gestational age infants to develop metabolic syndrome in adoles-
cence and adulthood has been inconsistently reported, perhaps due to strong co-variates such as body 
mass index, body composition and fat distribution. In the Health Professionals Follow-Up Study, 
although large for gestational age newborns developed obesity more often, hypertension and type 2 
diabetes were only correlated with low birth weight. One bi-racial cohort study (that is, Caucasians 
and African-americans) showed that large birth weight was indeed associated with a reduced risk of 
metabolic syndrome. These results contrast in part with reports showing that both low and high weight 
at birth are associated with increased risk of type 2 diabetes and higher blood pressure in adolescents. 
Metabolic diseases, notably associated with hypertension and high plasma triglycerides, were also 
more common in Chinese children with large birth weight [9, 10]. Contrasting with small birth 
weights, studies associating large birth weights with hard outcomes, such as major adverse coronary 
events and mortality, are lacking in the literature.

�Post-natal Nutrition and the Risk of Development of Metabolic Disease

Epidemiological data exist supporting a role of the quantity and quality of neonatal nutrition in the 
development of overweight, type 2 diabetes, elevated blood pressure and dyslipidemia. The offspring 
of Pima Indians exclusively breastfed for the first 2 months of life were less likely to develop diabetes. 
By ages 20–24 years, 5% of breastfed offspring had developed diabetes versus 15% of formula-fed 
newborns, a benefit that was more pronounced in offspring of non-diabetic women during pregnancy. 
Meta-analyses have been conducted to explore the relationship between breastfeeding and risk of 
overweight. Data demonstrated that the duration of breastfeeding is dose-dependently associated with 
a decreased risk of overweight in later life. Up to 9 months of breastfeeding, each month of being 
breastfed is associated with a 4% decrease in overweight risk as compared to formula-feeding. 
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No studies have been published which investigated the possible effect of breastfeeding on composite 
elements of metabolic syndrome. However, some studies report the long-term effects of breastfeeding 
on single components of the syndrome such as blood pressure and lipid levels. In adulthood, breastfed 
subjects had lower total and LDL cholesterol levels than in formula-fed individuals. Likewise, systolic 
blood pressure was found to be lower in later life of breastfed participants than in formula-fed sub-
jects. At least one clinical trial corroborates these observational results by showing that the blood 
pressure of adolescents born pre-term and breast fed was lower than that of those adolescents fed 
formula. In one meta-analysis, breast feeding has also been shown to reduce risk of developing type 
2 diabetes by about 40% as compared to formula-feeding, with positive effects on fasting glucose and 
insulin levels on non-diabetic subjects. While formula-feeding might be detrimental due to its compo-
sition, it has also been shown that breastfed babies have lower daily caloric intake than formula-fed 
infants and, consequently, lower weight gain. Of note, increased early weight gain, as occurring in 
formula-fed infants, is a risk factor for later development of overweight and obesity [6, 11].

Children of mothers with diabetes during pregnancy have an increased risk of developing over-
weight and metabolic diseases, such as impaired glucose tolerance and increased blood pressure. 
Exposure to breast milk from diabetic mothers has been linked with the development of metabolic 
diseases in the offspring. Indeed, breast milk from diabetic women with diabetes contains higher lev-
els of glucose, insulin and leptin, which can be absorbed by the gastrointestinal tract of newborns. 
Importantly, it has been demonstrated that a larger volume of breast milk ingested by newborns from 
diabetic mothers during the first week after delivery increases the risk of overweight during early 
childhood. Furthermore, newborn from glucose intolerant and diabetic mothers are protected from 
abnormal weight gain after ingesting banked breast milk from normal donors. Any imprinting mecha-
nisms of protective influence by breast milk over formula are not currently known; but based on animal 
studies, macronutrient differences in carbohydrates and fats might play a role [11].

�Animal Models

Despite the substantial epidemiological evidence for fetal origins of adult disease, there are intrinsic 
limitations in long-term retrospective studies, including potential confounding variables throughout 
an individual’s lifetime. Therefore, several animal models have been developed to study the fetal pro-
gramming of metabolic syndrome. Animal models allow evaluations of the effects of a specific con-
trolled stress applied over a well-defined period of time. Although several animal species have been 
used experimentally for the study of fetal programming, the great majority of the studies in the litera-
ture utilized rodents as animal models [12]. For over 30  years, dietary manipulation has been an 
established model of fetal programming in humans and animal models. Different strategies have been 
used, including caloric restriction, low-protein diet, maternal high-fat feeding and maternal iron 
restriction at different points during pregnancy and lactation. These models are based on the observa-
tion that fetal nutrient supply is one of the most important environmental factors affecting pregnancy 
outcome [12]. Therefore, in this section, we will review the rodent models of dietary manipulation 
most commonly used to study fetal programming and will explore some of the mechanisms underlying 
the metabolic changes resulting from this phenomenon.

�Caloric Restriction

A number of studies using different levels of global dietary restriction have been reported. The most 
common dietary intervention has been a 50% reduction in caloric intake. Total maternal food restriction 
to 50% of ad-lib in the last week of pregnancy [13] results in impairment of beta cell development. 
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Continued restriction of the mother during suckling results in a permanent reduction in beta-cell mass 
and number and impaired glucose tolerance [14] in the offspring. Caloric restriction programs hyper-
tension, alteration in endothelial vasodilatation, decreased β-cell mass, islet number, decreased insulin 
response to an oral glucose tolerance test, and hepatic insulin resistance [15]. A more severe food 
restriction to 30% of ad libitum intake resulted in systolic hypertension and increased fasting insulin 
concentrations, hyperphagic behavior and obesity [16].

�Low-Protein Diet

The low-protein model has emerged as one of the most extensively studied models of maternal dietary 
manipulation, which has been used to test the Thrifty Phenotype Hypothesis and to dissect molecular 
mechanisms. Initially described by Snoeck et al., in this model, pregnant rats are fed either a normal 
diet (20% protein) or an isocaloric low-protein diet (8% protein), from the first day of pregnancy to 
until the end of gestation. Neonates of protein-restricted dams were found to have lower birth weights, 
and there were effects on pancreas development, such that beta cell proliferation, islet size and islet 
vascularization were reduced [17]. In protein-deprived newborn rats, glucose intolerance is associated 
with diminished insulin secretion in response to the oral glucose loading test, which persists until 
adulthood, and with accelerated age-related islet cell insulin depletion [18]. Male offspring of 
Sprague-Dawley dams fed with 8% protein diet during gestation develop glucose intolerance, which 
was related with insulin resistance whereas, in female rats, glucose intolerance was associated with 
insulin deficiency, suggesting gender-specific mechanisms [19]. Maternal protein restriction also 
causes substantial changes in the liver, such as reduced hepatocyte number and steatosis, which are 
worsened after exposure of the offspring to a high-fat diet. These results highlight the importance of 
intra-uterine conditions and postnatal diet quality in the pathogenesis of chronic liver disease [20]. 
Additionally, maternal prenatal protein–calorie restriction in rats causes renal dysfunction and 
impaired glomerulogenesis in the adult offspring [21].

�Maternal High-Fat Feeding

Metabolic programming leading to the development of obesity and related disorders is frequently 
associated with maternal undernutrition and low birth weight in animals and humans. However, it is 
well recognized that nutrition in most developed and developing countries is being undermined by 
western-style diets, which contain a high percentage of saturated fats. Studies have shown that high-
levels of dietary fat intake during pregnancy are also related to an increase in the incidence of cardio-
vascular risk factors in the offspring [22]. Animal studies have explored the development of such 
adverse effects. Studies using rodent models of maternal high-fat diet during pregnancy often result 
in the development of metabolic syndrome in the adult offspring. Particularly, the consumption of 
palatable processed foods with high-fat and/or high-sugar content causes hyperinsulinemia in preg-
nant rat dams and promotes the development of obesity and diabetes in the offspring [23–27]. Fetal 
programming of obesity and/or metabolic syndrome in this context results from complex interactions 
between maternal high-energy dietary intake and/or maternal fat mass. Several mechanisms could 
contribute to the development of overt metabolic syndrome or abnormalities in isolated components 
of the syndrome in the offspring. Those mechanisms include, abnormal feeding behavior, altered 
endocrine status and changes in pancreatic morphology and function [9]. Increased adiposity and 
cardiovascular dysfunction were also observed in the offspring of high-fat fed dams [28]. Insulin 
sensitivity and glucose tolerance in male offspring of dams fed a diet high in omega-6 polyunsaturated 
fat appeared to be unaffected at 3 months of age, although they were more hyperinsulinemic during 
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an oral glucose challenge. Their liver triglyceride content was elevated and their pattern of insulin 
signaling protein expression was consistent with reduced hepatic insulin sensitivity, suggesting a 
predisposition to metabolic disease later in life [29]. Litter size reduction or cross-fostering growth-
restricted offspring with normal dams is also considered postnatal overfeeding and have been associ-
ated with increased food intake in adult offspring [30, 31]. Overfeeding through litter size reduction 
also alters insulin and leptin signaling in the heart and induces hypertrophy in rats [32, 33].

�Maternal Iron Restriction

About 20% of women in general and 50% of pregnant women are iron-deficient. Observational stud-
ies provide ample evidence for an association between maternal anemia and size at birth. Maternal 
anemia in early pregnancy seems to influence the pattern of placental vascularization, which may 
affect placental vascular impedance during early fetal life, thereby exerting effects on cardiovascular 
development [34]. Rodent models of maternal iron restriction also result in low birth weight offspring 
and programs hypertension throughout adult life, which is possibly due to a deficit in nephron number 
[35]. Maternal iron restriction has also been shown to program lipid metabolism in the liver [36]. 
Mechanistically, anemia by hypoxia or iron deficiency might exert their effects by inducing maternal 
and fetal stress. This is thought to stimulate corticotropin-releasing hormone synthesis, which is asso-
ciated with major risk for preterm labor, pregnancy-induced hypertension and eclampsia, and prema-
ture rupture of the membranes, and also increase fetal cortisol production [37].

�Transgenerational Studies

A key element of fetal programming is the existence of transgenerational effects, by which an early 
life exposure may affect health later in life not only of the F1 generation, but also of future generations 
(F2 and beyond). Different animal models have provided evidence for the transgenerational program-
ming of adverse metabolic outcomes, including challenges such as nutrient restriction or overfeeding 
during pregnancy and lactation. Several studies have reported that glucose metabolism is altered in the 
offspring (F2) of F1 females undernourished in utero, even when the F1 females have been well-
nourished after weaning [38, 39]. Moreover, glucose metabolism of the grand-offspring (F3) of female 
rats malnourished during development is also adversely affected, but these effects are reduced as 
compared to those observed for the F2 generation [40]. In mice, maternal undernutrition during 
pregnancy programs reduced birth weight, impaired glucose tolerance and obesity in both F1 and F2 
offspring [41]. Regarding overfeeding, maternal high-fat diet consumed during the preconception 
period and throughout the gestation and lactation periods in mice promotes metabolism and pancre-
atic programming in F1 and F2 male offspring [42]. The impact of paternal obesity in transgenera-
tional inheritance has also been reported. Paternal obesity was shown to initiate metabolic disturbances 
in two generations of mice albeit with incomplete penetrance to the F2 generation [43]. Dunn and 
Bale reported that maternal high-fat diet affects F3 female body size via the paternal lineage [44], 
which supports a stable germline-based transgenerational mode of inheritance, thus suggesting that 
imprinted genes may be involved in such epigenetic programming. Additional models of transgenera-
tional fetal programming are provided in Table 2 (adapted from Aiken and Ozanne [45]).
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�Common Mechanisms for Fetal Programming of Metabolic Syndrome

Two main mechanistic theories have been proposed by which disparate intrauterine insults go on to 
exert effects on various different physiological systems in the offspring. One common postnatal 
outcome for various experimental conditions utilized to induce fetal programming is alterations in 
corticosterone/cortisol and/or adrenocorticotropic hormone levels in response to stress, glucocorti-
coid receptor expression within the hypothalamic-pituitary-adrenocortical (HPA) axis and in periph-
eral tissues, and hypothalamic corticotropin-releasing hormone mRNA levels [46], all of which are 
thought to adapt development of the fetus and slow down its growth to meet with reduced nutrient 
availability. The experimental evidence therefore seems to supports a hypothesis that adult metabolic 
disease arises in utero as a result of programming of the HPA axis, at least for a large range of mater-
nal insults. One other mechanism proposed is the “oxidative stress” hypothesis [47]. Excessive reac-
tive oxygen species (ROS) can cause modulation of gene expression and/or direct damage to cell 
membranes and other molecules at critical developmental windows. Many believe that oxidative 
stress is the primary link between adverse fetal growth and later elevated risks of the metabolic syn-
drome, type 2 diabetes, and other disorders. The experimental evidence for a role for oxidative stress 
in adverse programming is sparse however. Two separate groups have demonstrated its role in the 
in-utero programming of hypertension [48, 49]. Furthermore, dietary supplements, which support 
nitric oxide formation and scavenge ROS, administered to spontaneously hypertensive rats during 
pregnancy and lactation, resulted in a persistent lowering of blood pressure in the offspring [49]. 
Regarding the transgenerational effects of fetal programming, many authors have argued in favor of 
epigenetic mechanisms [45], which refers to all modifications to genes other than changes in the 
DNA sequence itself and includes alterations in DNA methylation, histone modification or small 
RNA molecules. Most studies have focused on changes in DNA methylation patterns invoked by 
nutritional or other environmental stimuli. Such changes are sought in diverse transgenerational 
developmental programming models. Fetal programming via histone modification is less well 
described. Histones can be modified by methylation, phosphorylation and acetylation, all of which 
can change the interaction between histones and DNA to alter gene expression. Additionally, trans-
generational epigenetic effects may be mediated via alteration of microRNA (miRNA) expression, 
which is known to be modulated in response to environmental factors such as cigarette smoke and 
dietary factors. However, there is little evidence yet, that such changes can be transmitted through 
generations [5].

�Conclusions

Epidemiological and animal studies have been conducted to investigate the maternal milieu, which 
directs fetal programming and the molecular mechanisms adversely altered in the metabolic syn-
drome (Fig. 32.1). The idea that phenotypic changes brought about by fetal programming are inher-
ited is supported by transgenerational studies, which show that the effects of an adverse fetal 
environment influence both the exposed offspring and subsequent non-exposed generations. In the 
past few years, many studies aimed to understand the significance of epigenetic patterns and their role 
on early life-programmed disease. More studies are required to identify effective strategies to prevent 
deleterious effects of fetal programming and reduce the adverse effects of poor maternal nutrition on 
the offspring’s health.
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Key Points

•	 Poor fetal growth is associated with increased risk for glucose intolerance and metabolic disease 
later in life. Although increased appetite has been largely described as a part of the “thrifty pheno-
type”, only more recently researchers have dedicated their studies to describe the specific food 
preferences and feeding behavior of this population.

•	 Clinical studies demonstrate that individuals born with low birth weight demonstrate increased 
preferences for highly palatable foods (those rich in carbohydrates and fat) at different ages.

•	 It is also shown that these subjects have particular eating behaviors and demonstrate more feeding 
difficulties in infancy.

•	 Several animal models of poor fetal growth also have shown food preferences towards palatable 
foods in IUGR vs. controls. More heterogeneity is found regarding conditioning properties of 
sugar in the different models.

•	 Brain systems involved in these alterations are those from mesocorticolimbic dopaminergic path-
ways and opioid systems. Differential modulation by peripheral hormones such as insulin and 
leptin also seem to play a role in these behaviors.

•	 Environmental variation (e.g. quality of maternal care, n-3 PUFAs consumption) seem to moderate 
the association between being born small and having increased preference for palatable foods, and 
may offer insights into the development of preventive measures to avoid metabolic disease in this 
population.

Keywords  Food preferences • Low birth weight • Feeding behavior • IUGR • Appetitive traits • SGA
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Abbreviations

AGA	 Adequate for gestational age
AgRP	 Agouti-related peptide
ARC	 Arcuate nucleus
ASST	 Attentional Set-Shifting Task
BMI	 Body mass index
BWR	� Birth weight ratio (birth weight/mean populational birth weight, sex and 

gestational age specific)
D2	 Dopamine type 2 receptor
DA	 Dopamine
DAT	 Dopamine reuptake transporter
DHA	 Docosahexaenoic acid
fMRI	 Functional magnetic resonance imaging
HOMA-IR	 Homeostatic model assessment for insulin resistance
HPA	 Hypothalamus – pituitary – adrenal
IUGR	 Intrauterine growth restriction
LMPT	 Late and moderately preterm children
LPEarly, LPMid, LPLate	� Low-protein diet in different gestational periods: day 0–7 (LPEarly), day 

8–14 (LPMid) or day 15–22 (LPLate)
MOR	 Mu-opioid receptor
n-3 PUFAs	 n-3 polyunsaturated fatty acids
NAcc	 Nucleus accumbens
NPY	 Neuropeptide Y
ObRb	 Leptin receptor
OFC	 Orbitofrontal cortex
PENK	 Preproenkephalin
PFC	 Prefrontal cortex
PI3K	 Phosphoinositide 3-kinase
POMC	 Pro-opiomelanocortin
pTH	 Phospho-tyrosine hydroxylase
SGA	 Small for gestational age
TH	 Tyrosine-hydroxylase
VLBW	 Very low birth weight
VTA	 Ventral tegmental area

�Introduction

Feeding behavior is essential to maintain homeostasis, and therefore it is tightly regulated by a com-
plex net of mechanisms. The neurobiology involved in the control of feeding behavior and food 
choices, in a very simplistic way, can be divided into homeostatic, hedonic and executive influences. 
Basically, the hypothalamus is the central brain region involved in regulating appetite and guarantee-
ing the energy intake needed for survival. However, beyond the homeostatic needs, the pleasurable 
sensations associated with the intake of highly palatable foods – usually rich in sugar and fat – are 
controlled mostly by the mesocorticolimbic dopaminergic pathway, although many inputs from other 
brain systems such as the opioids also play a role in this behavior. Finally, impulse control and 
decision- making processes, largely based on the prefrontal cortex, are important determinants of 
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food choices. All these brain areas are enriched with receptors for peripheral hormones involved in 
energy intake and expenditure, such as insulin, leptin and ghrelin, and therefore signals from the 
gastrointestinal tract and adipose tissue depots are able to modulate the central responses, in a finely 
regulated fashion.

Our group has been focusing in comprehending the early life determinants of feeding behavior and 
food choices [1, 2], Fig. 33.1. Some studies show that the genetic profile has a main effect on food 
choices in children [3], and they interact with the environment [4]. Early postnatal experience also 
influences the different brain mechanisms involved in the modulation of feeding behaviors and prefer-
ences [5, 6]. Furthermore, the amazing brain development occurring during fetal life is a wide-open 
opportunity for the establishment of programming effects, therefore the exposure to adverse events in 
utero also has a major impact on these behaviors – and this is the focus of this Chapter. Several studies 
have shown that food preferences are related to physical health and will affect the risk for conditions 
such as cardiovascular diseases, type II diabetes and even some types of cancer [7–9]. Therefore, 
understanding the early life determinants of feeding behaviors and food choices may offer insights on 
targets for the development of interventions and prevention of these very prevalent diseases.

Aberrant fetal growth – either poor or exaggerated – has also been linked to the development of 
metabolic syndrome in later life. Many authors describe a U-shaped curve linking both low and high 
birth weights with these conditions [10, 11]. Moreover, adversities happening in utero, even those that 
do not affect birth weight, program the functioning of several organs and systems  – and those 
controlling appetite, feeding behavior and food preferences are no exception. Unfortunately, little is 
known about the effects of being born large for gestational age on appetite and food choices later in 

Fig. 33.1  Early life determinants of food choices and feeding behaviors. Legend: Genetic heritage, adverse events hap-
pening in utero and early postnatal exposures contribute to the development of food preferences
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life. Therefore, in this Chapter, we review the evidence (both clinical and experimental) linking poor 
fetal growth and the development of specific food preferences and feeding behaviors over the life 
course.

It is important to note that, by definition, intrauterine growth restriction (IUGR) is a condition in 
which the fetus does not grow at a rate that will lead to its full potential size at birth. This concept, 
involving growth rate, has clear implications for its diagnosis. In most cases, birth weight (a single 
point in time) is used as a proxy of the quality of the intrauterine environment. Children are classified 
by comparison to the population of reference into those born small (SGA, below the 10th percentile) 
or adequate (AGA, above) for a specific gestational age and sex. It is assumed that SGA children were 
the ones who suffered IUGR.  However, not all fetuses that are SGA are pathologically growth 
restricted. Similarly, not all fetuses that have failed to meet their growth potential are in less than the 
10th percentile for estimated fetal weight, or can be classified as low birth weight (i.e., less than 
2500 g) [12]. In most cases, birth cohorts have only the information on birth weight, not growth 
during gestation. As a result, expressions such as SGA, IUGR and low birth weight have been vastly 
used interchangeably as synonymous in this literature. In this chapter, we decided to keep the termi-
nology primarily used by the authors in the original papers.

�Clinical Evidence Linking Poor Fetal Growth to Altered Feeding Behavior 
and Preferences Over the Life Course

There is a growing body of evidence showing an association between poor fetal growth and differential 
eating behaviors over the life course in humans [13]. The available clinical data has focused on two major 
aspects related to either programming of food preferences or feeding behavior in different age groups.

�Food Preferences

The effects of fetal programming on food preferences are apparent at very early ages as demonstrated 
by Ayres et al. [14] and Rotstein et al. [15]. Using the birth weight ratio (BWR) as a continuous vari-
able to define intrauterine growth restriction (IUGR), Ayres et al. recorded facial responses of preterm 
newborns that received either water or a sucrose solution during their very first day of life. They found 
a positive correlation between the BWR and the hedonic response to a sweet solution (sucrose) mean-
ing that the more restricted the newborn, the less hedonic responses to sucrose they’d demonstrate, 
although no differences were seen in response to water. The authors suggested that IUGR may lead to 
a decreased sensibility to the pleasurable sensation related to the sweet taste, which would prone them 
to an increased consumption of palatable foods in order to achieve the same degree of pleasure [14].

Using a similar method, Rotstein et al. evaluated term newborn’s facial recognition patterns for 
taste and smell, using repeated exposures to water or sucrose that were born small for gestational age 
(SGA) or not. The authors suggested that there were no differences in the facial reaction to sweet 
stimuli between small and appropriate for gestational age newborns [15]. However, as the responses 
to water were different between the two groups and since water is tasteless and odorless, the pattern 
of response to water should be considered as baseline. Had Rotstein et al. used a ratio sucrose:water, 
the mean reactivity values would almost double for the control group, as opposed to the SGA group 
where responses to water and sucrose were similar. This is in agreement to Ayres findings [14], con-
firming that SGAs had diminished sensitivity to the sucrose taste [16].

Besides the above-mentioned evidence regarding sweet taste, studies in different age groups have 
shown that low birth weight individuals show different behaviors for other types of palatable foods. 

A.R. Bischoff et al.



457

For instance, Silveira et al. demonstrated that 3-year old IUGR girls are more impulsive towards a 
sweet reward using the Snack Delay Task [17]. In addition, the ability to wait for the sweet reward at 
3 years of age was inversely related to the amount of fat consumed and the body mass index at 4 years 
of age [17]. Similarly, Crume et al. demonstrated that IUGR children at 10 years of age have signifi-
cantly higher percent energy intake derived from fat when compared to controls [18]. Besides, IUGR 
children had higher waist circumference and altered metabolic state, demonstrated by higher insulin 
and HOMA-IR and lower adiponectin levels [18].

At 23–25  years, women born with severe IUGR have a higher intake of carbohydrates, and 
increased carbohydrate to protein ratio in their diets [19]. Women born with IUGR have also a higher 
waist to hip ratio, even though the prevalence of metabolic syndrome was not different between severe 
IUGR, moderate IUGR and non-IUGRs [19]. In young adults born with very low birth weight 
(VLBW), a markedly reduced consumption of vegetables, fruits, berries, milk products and low-fat 
dairy products was observed, when compared with controls [20]. Although there were 35.8% SGA in 
the VLBW group, there were no differences in macro and micronutrient intake between VLBW-AGA 
and VLBW-SGA in this study, suggesting that in this sample prematurity was a major key player in 
the development of specific food preferences.

In older adults exposed to famine during fetal life, Steiner et al. reported a higher total energy intake 
and higher dietary fat density at 58 years [21] while Lussana et al. found that those exposed to famine in 
early gestation were twice more likely to consume a high-fat diet in older ages [22]. The same correla-
tion of increased consumption of fats in those with small size at birth was demonstrated by Perälä et al. 
in their study [23]. There was also a lower consumption of fruits, berries, rye and rye products, carbohy-
drates, sucrose, fructose and fiber in adults of 56–70 years old that were born small [23].

Another interesting aspect refers to maternal smoking during pregnancy, which is highly associated 
with poor fetal growth; therefore, it may be difficult to tear the effects of smoking per se and of IUGR 
on the programming of feeding behavior. Smoking alters caloric consumption, energy expenditure, pref-
erence for different flavors and body weight, but little is known about the potential programming effect 
of smoking during pregnancy on the feeding behavior of the offspring. Experimental data suggests that 
nicotine influences the ontogeny of hypothalamic pathways in the fetus; however, there is only scattered 
data in humans. For instance, individuals exposed to smoking during fetal life have a higher preference 
for carbohydrates over protein in adult life, even after adjusting for variables that influence feeding 
behavior such as socio-economic status, current smoking, physical activity, current body mass index 
(BMI) and especially birth weight [24]. Smoking may program food preferences independently of the 
effects of IUGR; however, more studies are needed to clarify this association.

Despite the apparent discrepancies of food preferences in terms of the type of food that is preferred by 
SGA individuals or for the effect being apparent in males or females, all studies converge to the develop-
ment of altered food preferences towards highly palatable foods in those born with low birth weight. 
Prenatal programming modifies eating patterns for both sexes, but the timing and nature of the preferences 
may vary as a function of the age and the tools used to measure consumption. The causality of events is 
also uncertain, but studies performed at very young ages, before the development of altered metabolic 
states, suggest that obesogenic alterations in feeding behavior and spontaneous food choices may precede 
and contribute to the development of metabolic diseases in populations at risk [14, 17–19].

�Feeding Behavior

Low birth weight, although far from being a perfect marker of fetal adversity, is usually widely avail-
able in large birth cohorts. Indeed, several studies in different age groups have shown that poor fetal 
growth is associated with altered eating behaviors. For instance, Hvelplund et  al. reported that in 
children younger than 3 years, being born SGA is a risk factor for feeding and eating disorders [25]. 
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These findings contribute to a growing body of evidence showing an association between poor fetal 
growth and differential eating behaviors over the life course [13].

Migraine et al. evaluated two French cohorts regarding their eating behavior at 2 years of age. The 
initial finding revealed that preterm children had a lower drive-to-eat and a tendency for lower-food-
repertoire. Further analysis, adjusted for maternal age, BMI, education level, breastfeeding, sex and 
birth weight z score, revealed that the association of gestational age with an impaired eating behavior 
was no longer significant. However, the study identified that a birth weight z score less than −1 was 
associated with eating difficulties, regardless of gestational age, showing that those born small appear 
to be at a greatest risk for eating difficulties, even in term infants [26]. Birth weight and gestational 
age may each have a separate influence on infant development of the neuronal circuitry that controls 
eating behaviors. This circuitry could be exquisitely sensitive to minute alterations in the intrauterine 
growth rate [26], as we further discuss below.

A study by Oliveira et al. involved three European cohorts to evaluate the impact of birth weight in 
eating behaviors of young children. Problematic eating behaviors were assessed at 4–6, 12–15, 24 and 
48–54 months. The main finding was that those born SGA were more likely to have feeding difficul-
ties and poor eating, particularly at 4–6 months of age [27]. More recently, Johnson et al. reported that 
late and moderately preterm children (LMPT) (born 32–36 weeks gestational age) had an increased 
risk of eating difficulties, particularly related to refusal/picky eating problems. Although this study did 
not adjust the analysis according to birth weight z score, it is noticeable that the proportion of SGA 
was higher among those LMPT when compared to those born at term (17.7% versus 12.3%), which 
may partially explain these findings [28]. Since the study was designed to evaluate children born pre-
term, other factors that are more prevalent in this population should also be accounted for the develop-
ment of eating difficulties, for instance prolonged nasogastric feeding, neurodevelopmental and 
behavioral sequelae.

One recent study performed using a large cohort found no association between birth weight and 
energy intake or satiety responses at 5 years of age [29]. Interestingly, the study describes that condi-
tional weight gain both in early and late childhood was associated with lower satiety responsiveness 
and a higher energy intake. The authors propose that an earlier adiposity rebound could be involved 
in these findings, considering that early adiposity rebound is linked to poorer outcomes such as obe-
sity risk [29]. This suggests a role for catch up growth on the development of altered feeding behav-
iors in children.

As described above, we have previously investigated impulsive behavior through a snack-delay 
task at 3 years of age [17]. We showed that boys in general are more impulsive than girls in this task, 
having a poorer ability to delay responses to an eating impulse. However, SGA girls behave similarly 
to boys, being significantly more impulsive than the normal birth weight girls. That is, IUGR girls 
have a more impulsive behavior towards a sweet reward [17]. Furthermore, poor fetal growth interacts 
with poor inhibitory control, enhancing food fussiness at 72 months of age [30]. Interestingly, the 
reported consumption of n-3 polyunsaturated fatty acids (n-3 PUFAs) seems to be a protective factor, 
decreasing food fussiness especially in SGA children [30]. More recently, we showed that the serum 
level of docosahexaenoic acid (DHA, a marker of n-3 PUFAs consumption) is inversely correlated 
with External Eating scores in IUGR subjects, but not in normal birth weight subjects [31]. In other 
words, a higher intake of n-3 PUFAs diminishes food intake in response to external cues (logos, 
advertising) in IUGR adolescents. Therefore, n-3 PUFAs seem to be able to protect vulnerable 
individuals from developing inappropriate feeding behaviors, such as external eating in adolescents 
and food fussiness in young children.

The assumption that the exposure to a poor fetal environment correlates with differential eating 
behaviors is supported by epidemiological evidence such as Hveplund et al. article [25] as well as 
several clinical studies despite the heterogeneity of the studied populations in terms of age, sex, eco-
nomic development and type of adversity. More recent brain fMRI studies have started to explore the 
mechanisms involved in the altered feeding behaviors in IUGR individuals. For instance, Reis et al. 
showed that birth weight adjusted for gestational age and sex predicted right superior frontal gyrus 
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activation in response to the visualization of palatable foods, a brain area involved in inhibitory con-
trol [31], supporting previous evidence that impulsivity is an important feature in this association.

Apart from adequate prenatal care in order to diminish risk factors for a poor fetal environment, an 
adequate and careful pediatric follow-up of infants with identifiable vulnerabilities may represent a 
window for intervention prior to the development of metabolic consequences of chronic altered feed-
ing behaviors. An increased awareness for the association between perinatal history and differential 
eating behaviors and feeding preferences is imperative to focus counseling on the positive impacts of 
breastfeeding, healthy foods and adequate growth, particularly in this at-risk population. Furthermore, 
impulsivity appears to be an important characteristic in these children and n-3 PUFAs intake may be 
a promising protection factor for this population.

Future research is needed to identify possible mechanisms involved and potential targets of inter-
ventions. Since IUGR is a dynamical process, larger birth cohorts, with appropriate IUGR definition 
and prospective long-term follow-up may further clarify the relation and causality of these findings. 
In addition, controlled intervention studies would further explore the clinical applications of n-3 
PUFAs to modulate feeding behaviors in this population. Considering that children born with IUGR 
have increased risk for chronic adult diseases such as type 2 diabetes, hypertension and metabolic 
syndrome, acknowledging eating difficulties and altered feeding behavior is crucial for the develop-
ment of health strategies targeted to this particularly vulnerable group.

Figure 33.2 depicts the different studies showing an association between small size at birth and 
altered feeding behavior and preferences over the life course.

�Experimental Evidence

�Feeding Behavior and Food Preferences

The literature shows that fetal growth-restricted animals have increased food intake and greater weight 
and fat mass gain throughout life, often accompanied by altered glucose dynamics, insulin and leptin 
resistance, hypertriglyceridemia and hyperactivity of the hypothalamus-pituitery-adrenal (HPA) axis 
[32–36]. These studies support the thrifty phenotype hypothesis – behavioral and metabolic adapta-
tions to an environment that was supposed to be scarce in nutrients  – which contributes to the 

Fig. 33.2  Summary of the evidence showing the association between poor fetal growth and altered food preferences 
and feeding behavior at different ages. Legend: Numbers represent the references cited in the reference list
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development of chronic diseases [37, 38]. The interest in exploring the eating behavior and food 
preferences in animal models in more detail started in the early 2000.

Vickers et al. published the first studies exploring the consequences of maternal undernutrition 
(30% of ad libitum diet during pregnancy) on the offspring’s eating behavior. They observed greater 
food intake and reduced physical activity, as well as higher body fat in the fetal undernourished group 
compared to control group, and suggested that the “couch potato” syndrome can have its origins in the 
fetal period [39, 40]. Afterwards, Bellinger et al. developed a series of studies to investigate the effect 
of a low-protein diet during gestation in the offspring’s food preferences. The first study showed that 
adult rats, whose dams received a low-protein diet throughout gestation, had a preference for a high-
fat diet when having three types of diet available (high-fat, high-protein and high carbohydrate). This 
food preference was observed in young adult rats (12-week-old) but not in older rats (30-week-old) 
[41]. In subsequent studies, they tested a different protocol by offering the dams a low-protein diet in 
different gestational periods: day 0–7 (LPEarly), day 8–14 (LPMid) or day 15–22 (LPLate) [42, 43]. 
Prenatal protein restriction, independently of the restriction period, programmed food preferences in 
female offspring at 12 weeks of age, but not in males. Females from all the low-protein groups con-
sumed less fat than the control group when in a self-selection regimen [42]. In older rats (18 months 
of age), they observed a greater food intake in LPMid males and hypophagia in females [43].

More recently, Whitaker et al. observed that IUGR females, born from dams fed with a low protein 
diet (8% protein) through pregnancy and lactation, have greater food intake after weaning than control 
females regardless of the diet offered (standard or high-fat diet). However, IUGR males have increased 
food intake only when fed with the high-fat diet [44]. Nielsen et al. investigated the consequences of 
gestational undernutrition in a sheep model and found that fetal undernourished young lambs prefer 
to eat a high-fat diet (dairy cream) until 3 weeks of age, whereas the fetal well-nourished young lambs 
prefer to eat the less palatable and less energy dense diet (starch-rich popped maize). This food prefer-
ence pattern was not observed in older lambs. The results point out that the timing of the nutrient 
insult during gestation, sex and age are important factors in the fetal programming of food preferences 
and feeding behavior [45].

Interestingly, Vuceticet also observed an increased addiction risk as a result of reduced protein 
availability during fetal development. IUGR rats derived from an animal model based on protein 
restriction during gestation exhibited hyperactivity after consuming a high fat diet, reduced prefer-
ence for sucrose and exacerbated response to cocaine. The results show that intrauterine growth-
restricted rats present characteristics that can put them at higher risk for addiction [46].

In our research group, we have been investigating the fetal programming of food preferences and 
feeding behavior using an animal model of IUGR based on caloric restriction of 50% starting on 
gestational day 10 [32]. In our model, pups from both groups (food restricted and controls dams) 
are fostered to control dams within 24 h of life, which ensures growth restriction only during the 
fetal period [47–49]. Our experiments revealed a higher preference for palatable food in IUGR 
animals when having standard and palatable chow (diet with higher contents of sugar and fat) avail-
able [49]. In addition, we see increased sweet food consumption in IUGR males compared to con-
trol males in an experiment in which the rats were acutely exposed to Froot Loops® [47]. Despite 
the lack of differences in females, IUGR female rats needed fewer trials to reach criterion in the 
Attentional Set-Shifting Task (ASST), using the same sweet food as reward. Thus, IUGR females 
have a greater ability to deal with the difficulty of finding a sweet food [47], even though it is known 
that IUGR animals can have difficulties in learning [50]. Unexpectedly, we also observed that 
IUGR rats have a reduced conditioned place preference to sweet food when compared to controls 
(see explanation in the next section – Fetal programming mechanisms) [49]. Interestingly, other 
studies, which evaluated IUGR animals’ food motivation and food consumption in adulthood, 
observed that perinatal protein restriction (IUGR) is associated with increased motivation for food 
rewards [50–52]. In addition, it was also shown that these animals have greater intake of a high fat 
diet with added simple carbohydrates in females, despite the lack of alterations in the taste reactiv-
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ity to sucrose [52]. Together these results suggest that IUGR animals are more driven towards food 
reward and have enhanced skills to find rewarding food, which seems to be an adaptation to deal 
with scarcity.

Using the same animal model based on 50% food restriction during gestation we also explored the 
hedonic responses to sucrose and water in newborns and adult rats. IUGR newborns demonstrate 
more persistent hedonic responses to sucrose when compared to control newborns. In adulthood, the 
differences were subtle: control rats decrease the hedonic responses to sucrose 40 s after receiving the 
solution while IUGR responses did not change overtime [53]. These results emphasize the hypothesis 
of the fetal programming of food preferences since an altered response to sucrose was observed 
already in the first day of life.

Table 33.1 describes the different experimental studies exploring the association between IUGR 
and feeding preferences over the life course.

�Proposed Mechanisms for the Fetal Programming of Food Preferences

Food intake is a complex process, which involves hedonic, homeostatic and executive components. In 
addition, the body sends many signals to various brain regions capable of modulating specific neu-
rotransmitters systems [2]. Therefore, understanding the mechanisms involved in the fetal program-
ming of eating behavior and food preferences is challenging.

There are many studies focused on understanding the modulation of the homeostatic control 
system as one of the mechanisms involved in the fetal programming of eating behavior. Scarcity of 
nutrients in early life (prenatal or perinatal) is related to diminished expression of anorexigenic 
neuropeptides (Pro-opiomelanocortin – POMC), and increased expression of orexigenic neuropep-
tides (Neuropeptide Y – NPY, Agouti-related peptide – AgRP) and of the leptin receptor (ObRb) in 
the hypothalamus [54–59]. In addition, reduced satiety responses to leptin, with leptin resistance in 
the arcuate nucleus (ARC) [33, 58, 60–62], and increased responses to ghrelin [63] were observed. 
Cell counts in three hypothalamic regions involved in food intake regulation (paraventricular, arcu-
ate, and ventromedial nuclei) are increased in fetal growth-restricted rats [56], and alterations in 
leptin and insulin levels during gestation may contribute to this cell cycle dysregulation in the 
hypothalamus [64]. Another study investigated the effect of protein restriction during gestation and 
lactation in the hypothalamic intracellular signaling and observed an upregulation of the insulin and 
leptin intracellular transduction cascade (phosphoinositide 3-kinase – PI3K pathway) in adult rats 
of the low-protein group [65]. Thus, caloric restriction or low protein diet during gestation can 
impact the offspring’s neuroendocrine levels and signaling, neuropeptide levels and/or neurogene-
sis, as well as differential sensitivity to nutrients’ sensory properties, which affect food intake (for 
review see [66]).

Vucetic et al. observed that the behavioral results derived from the experiments based on maternal 
protein restriction were related to alterations in the brain systems involved in hedonic responses. They 
showed increased levels of tyrosine-hydroxylase (TH) as well as dopamine in the ventral tegmental 
area (VTA) and prefrontal cortex (PFC), respectively, and enhanced expression of genes responsible 
for TH and dopamine reuptake transporter (DAT) production in areas of the mesocorticolimbic system 
[46]. Together with the hyperdopaminergic tone (TH overactivity and compensatory increases in 
DAT) they found changes in the opioid system. IUGR rats have decreased expression of opioid-
related genes [preproenkephalin (PENK) in the PFC and mu-opioid receptor (MOR) in the NAcc] 
[67], which corroborate the reduced sucrose preference observed in the behavioral tasks.

Our research group has also focused in the dopaminergic and opioid systems as target systems 
involved in the fetal programming of food preferences by maternal malnutrition. Our animal model of 
IUGR showed alterations in both systems. Firstly, we investigated changes in the dopaminergic sys-
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Table 33.1  Feeding behavior and food preferences results from experimental studies

Author/year Intervention Sex Age Outcome

Vickers et al. 
(2000) [39, 40]

30% of an ad libitum 
diet throughout 
gestation

Male Pre-pubertal/
Post-pubertal/
Mature adult

Fetal growth restricted offspring 
showed hyperphagia at each age 
period. After puberty, statistical 
interactions between programming and 
diet offered to the offspring were 
observed

Bellinger et al. 
(2004) [41]

Low protein diet 
throughout gestation

Male and 
female

12 weeks and 
30 weeks

Male and female rats (12-week-old) 
from the low protein group consumed 
significantly more high-fat and 
significantly less high-carbohydrate 
food when having three types of diet 
available (high-fat, high-protein and 
high carbohydrate)

Bellinger and 
Langley-Evans 
(2005) [42]

Low-protein diet in 
different gestational 
periods: day 0–7 
(LPEarly), day 8–14 
(LPMid) or day 15–22 
(LPLate)

Male and 
female

12 weeks Females from all low-protein groups 
consumed less fat than the control 
group. Male offspring showed no 
changes

Bellinger et al. 
(2006) [43]

Low-protein diet in 
different gestational 
periods: day 0–7 
(LPEarly), day 8–14 
(LPMid) or day 15–22 
(LPLate) and also 
throughout gestation 
(LPAll) (days 0–22)

Male and 
female

18 months Greater food intake in LPMid males 
and hypophagia in LPAll and LPLate 
females

Vucetic et al. 
(2010) [46]

8.5% low protein diet 
during breeding, 
pregnancy and lactation

Male and 
female

18–20 weeks All mice preferred sucrose over water, 
but IUGR mice had decreased 
preference for sucrose

Whitaker et al. 
(2012) [44]

Low protein diet (8% 
protein) through 
pregnancy and lactation

Male and 
female

11 through 
20 weeks

IUGR females have greater food intake 
after weaning regardless of the diet 
offered (standard or high-fat diet) and 
IUGR males have increased food 
intake only when fed with the high-fat 
diet

Da Silva et al. 
(2013) [50]

Low protein diet (8% 
protein) during 
pregnancy and lactation

Male and 
female

60 days Increased motivation for food reward 
(chocolate-flavored cookies) in IUGR 
offspring

Nielsen et al. 
(2013) [45]

50% of a normal diet 
during the last trimester 
of gestation

Male and 
female

From day 3 
postpartum to 
6 months

Undernourished young lambs prefer to 
eat a high-fat diet (dairy cream) until 
3 weeks of age, whereas the fetal 
well-nourished young lambs prefer to 
eat the diet less palatable and less 
energy dense (starch-rich popped 
maize)

Dalle Molle 
et al. (2015) 
[49]

50% of a regular chow 
starting on day 10 of 
gestation

Male and 
female

80 days Higher preference for palatable food in 
IUGR offspring when having standard 
chow and palatable chow available
IUGR offspring have a reduced 
conditioned place preference to 
palatable food when compared to 
controls

(continued)
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tem and observed altered TH and phospho-tyrosine hydroxylase (pTH) levels in the nucleus accum-
bens (NAcc) of IUGR rats in different metabolic status: at baseline and after 1 h of sweet food intake. 
The alterations in TH and pTH were shown to be sex-specific [49]. Interestingly, the IUGR females 
that needed fewer trials to reach criterion in the ASST had enhanced TH content in the orbitofrontal 
cortex (OFC) in response to sweet food intake [47]. In addition to changes in the enzyme involved in 
dopamine production, whose phosphorylated levels are positively related to the speed of dopamine 
synthesis [68], we also observed alterations in dopaminergic receptors. IUGR rats have reduced levels 
of dopamine-2 (D2) receptors in the NAcc when compared to controls [49], which explains IUGR 
deficiency in conditioning to a place paired with palatable food [69]. Secondly, we explored changes 
in the opioid system by exposing the animals to water or sucrose, and differences between IUGR and 
controls were found according to the age. IUGR pups have diminished phosphorylation of the 
μ-opioid-receptor in the NAcc independently of the received solution (water or sucrose). However, 
μ-opioid-receptor differences between IUGR and controls were not observed in older rats (3-months-
age). Because of the importance of the opioid system in the ontogeny of early feeding pathways [70], 
we believe that the changes observed in the opioid system of IUGR newborns may set the stage for 
the differential dopaminergic functioning found later in life in IUGR animals, and finally contribute 
to their altered food preferences. Changes in DA and opioid systems described in IUGR offspring are 
summarized in Table 33.2.

According to Da Silva et al. perinatal undernutrition alters neural responses to a high fat diet [52]. 
The experiments showed increased neuronal activation in perinatal undernourished females compared 
with control females in amygdala, caudate putamen and paraventricular nucleus of the hypothalamus. 
Therefore, high fat diet seems to have a higher impact in IUGR by activating hedonic areas followed 
by compensatory responses via the hypothalamus. One could propose that an imbalance between the 
homeostatic and hedonic control systems seems to be involved in the increased food consumption, 
especially palatable/rewarding foods, in IUGR animals.

Furthermore, studies show that the functioning of the HPA axis might be also involved in the dis-
ruptive eating behavior of IUGR animals, as they have higher corticosterone levels [35, 36, 71], as 

Table 33.1  (continued)

Author/year Intervention Sex Age Outcome

Alves et al. 
(2015) [47]

50% of a regular chow 
starting on day 10 of 
gestation

Male and 
female

70 days Increased sweet food consumption in 
IUGR males when acutely exposed to 
it, no differences in females. IUGR 
females needed fewer trials to reach 
criterion in the Attentional Set-Shifting 
Task (ASST), using sweet food as 
reward

De Melo 
Martimiano 
et al. (2015) 
[51]

Low protein diet (8% 
protein) during 
pregnancy and lactation

Male 70 days IUGR offspring consumed more 
palatable food and demonstrated 
increased motivation for food reward 
(chocolate-flavored cookies)

Da Silva et al. 
(2016) [52]

Low protein diet (8% 
protein) during 
pregnancy and lactation

Female 145 days Greater intake of a high fat diet with 
added simple carbohydrates in IUGR 
females, even without alterations in the 
taste reactivity to sucrose

Laureano et al. 
(2016) [53]

50% of a regular chow 
starting on day 10 of 
gestation

Male and 
female

1 day and 
90 days

More persistent hedonic responses to 
sucrose solution in IUGR newborns
Adult control rats decrease the hedonic 
responses to sucrose 40 s after 
receiving the solution, while IUGR rats 
do not show changes in the responses 
overtime
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well as altered mineralocorticoid and glucocorticoid receptors expression in the hippocampus [72] 
and hypothalamus [73, 74]. These features can lead to chronic hyperactivity of the HPA axis with 
altered responses to acute stress, with consequent impact on food choices and higher intake of palat-
able foods [6].

The literature is advancing in exploring the mechanisms involved in the fetal programming of eat-
ing behavior and food preferences, nevertheless studies aimed at a deeper investigation of the interac-
tion between the sensitivity to metabolic signals (insulin, leptin and ghrelin) and their modulation of 
neurotransmitters’ release and neurons’ activity in areas related to reward, pleasure and decision 
making are still needed. In addition, assessment of in vivo functional changes during food intake is 
another important step for this research area.

�Moderators of the Association Between Poor Fetal Growth and Food 
Choices: Possible Targets for Developing Interventions

Besides the study of mechanisms, it is important to explore the factors that modify the association 
between poor fetal growth and later food preferences. For example, Vega et al. demonstrated that 
resveratrol administration to dams fed with a low protein diet during gestation can partially prevent 
adverse metabolic outcomes in the adult offspring [75], with decreased leptin and insulin levels, as 
well as HOMA index in the undernourished offspring whose dams received resveratrol compared to 
their control counterparts. In addition, leptin replenishment from postnatal day 2–8 decreases the 
expression of orexigenic neuropeptides (NPY, AgRP) via enhanced leptin receptor (ObRb) signal-
ing, which led to increase oxygen consumption, carbon dioxide production, and physical activity, 
with consequent increase in milk intake but with no change in body weight on postnatal day 14 in 
IUGR rats [76].

There are few human studies also searching for such moderators. For example, the quality of 
maternal care, as well as its improvement, seems to modify the relationship between IUGR and emo-
tional eating, as well as sucrose intake, especially in girls. Moreover, as commented above, the studies 
from Reis et al. [30, 31] observed that the consumption of n-3 polyunsaturated fatty acids (n-3 PUFAs) 
decreases non-adaptive feeding behaviors in IUGR children and adolescents. n-3PUFAs modulate 
mood and inhibitory control [77], possibly by diminishing the activation of the mesolimbic DA path-

Table 33.2  Changes in dopamine and opioid brain systems in IUGR offspring compared to control

Brain marker/brain area Age/Sex Baseline Aftersweetfood

TH/VTA [46] Adult/Male ↑ –
TH/PFC [46] Adult/Male ↑ –
DAT gene expression/VTA and NAcc [46] Adult/Male ↑ –
mu-opioid receptor (MOR) gene expression/NAcc [46] Adult/Male ↓ –
D2 receptors/NAcc [49] Adult/Male and female ↓ –
TH/NAcc [49] [47] Adult/Male ↑ =
pTH/NAcc [49] Adult/Male ↑ =
TH/NAcc [49] [47] Adult/Female = ↑
pTH/NAcc [49] Adult/Female = ↑
TH/OFC [47] Adult/Female = ↑
Phospho mu-opioid/NAcc [53] Newborn/Male and female ↓ ↓
Phospho mu-opioid: mu-opioid/NAcc [53] Newborn/Male and female ↓ ↓

TH tyrosine-hydroxylase, VTA ventral tegmental area, DAT dopamine reuptake transporter, NAcc nucleus accumbens, 
pTH phospho tyrosine-hydroxylase, OFC orbitofrontal cortex
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way while increasing the activation of the mesocortical DA pathway [78]. Therefore, the consumption 
of n-3 PUFAs potentially decreases reward sensitivity, impulsivity and palatable food intake [79, 80], 
being a possible interesting molecular candidate for influencing feeding behavior in IUGR individuals 
towards a more healthy style (see Fig. 33.3).

�Conclusions

Aside from the early determinants of food preferences, there are many other aspects that will 
affect an individuals’ propensity to consume palatable foods. In addition, early and late determi-
nants interact over the life course (see Fig. 33.4). For instance, we recently showed that the same 
individuals who carry a risk allele for having obesogenic behaviors when facing environmental 
adversity, are also most likely to benefit from enriched environmental conditions. Therefore, a 
genetic differential susceptibility to the environment that affects the development of unhealthy 
behaviors in children exists [4]. However, other personal features, such as being born IUGR, may 
turn individuals more or less vulnerable to developing obesogenic behaviors depending on how 
good or bad is the environment in which they will grow up, which may be called a “phenotypic 
differential susceptibility” [81]. It remains to be clarified if IUGR individuals have a differential 
susceptibility to external influences (such as advertisement or stress) or to better environments 
(such as exposure to exercise), and this may serve as a basis for developing preventive measures 
that will have a protective role against the development of metabolic syndrome in this vulnerable 
population.

Fig. 33.3  n-3 PUFAs as a possible intervention to decrease non-adaptive feeding behaviors in IUGR individuals. 
Legend: The studies done so far used simply observed an association between the regular n-3 PUFAs intake and better 
feeding behaviors. Controlled clinical trials using n-3 supplementation (yellow) could clarify the potential role of these 
molecules in modulating food preferences in vulnerable children. Numbers represent the references cited in the text
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Key Points
•	 Starvation during gestation has a programming effect leading to premature lipid, glucose, endocrine 

and bone mineral metabolism disorders in adolescents and adults.
•	 Intrauterine starvation predisposes the individual not only to osteoporosis, but also to obesity and 

sarcopenia which contribute to the risk of osteoporotic fracture.
•	 Rapid compensatory growth in the neonatal or infant periods may exacerbate the negative effects 

of intrauterine starvation by producing obesity without significantly improving bone quality, thus 
increasing the risk of osteoporotic fractures.

•	 Survivors of famine conditions such as those experienced in Europe during WWII and in underde-
veloped countries thereafter, provide clinical proof of the immediate and late effects of intrauterine 
nutritional deprivation on bone quality.

•	 Immigrants coming to developed countries from famine-affected backgrounds are at risk of 
osteoporosis and related disorders caused both by their previous deprivation and by subsequent 
compensatory growth, presenting a serious public health issue for their adopting countries.

Keywords  Osteoporosis • Osteopenia • Metabolic bone syndrome • Early life starvation • Rapid 
compensatory over-feeding
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DNA	 Deoxyribonucleic acid
HRT	 Hormone replacement therapy
WWII	 World War Two

�Introduction: The Nature of Osteoporosis, Its Prophylaxis and Treatment

Osteoporosis (porous bone) is a loss of bone mineral density (BMD), mainly through calcium depri-
vation, and a loss of the normal architecture of the bone. The honeycomb structure of the calcified 
bone is degraded, depleted of minerals and brittle, thus significantly increasing the risk of fracture. 
This condition can occur in women as an acute transitional osteoporosis during pregnancy, when 
pelvic bones are demineralised, or as a permanent change to bones throughout the body in the post-
menopausal stage. It can also occur in both sexes as the result of prolonged cortisone or anticonvul-
sant therapy, prolonged immobilisation or, as the present chapter documents, intrauterine starvation 
which programmes the developing fetus for premature bone density loss in later life.

The diagnosis of osteoporosis is made by DEXA scan, which results in a numerical figure known 
as a T-score. This score compares the BMD of the subject with the expected BMD of a healthy 
30-year-old of the same sex, and expresses the difference in terms of standard deviations. A T-score 
between −1and +1, which is less than one standard deviation below or above the norm, indicates 
normal BMD. Below this range, a T-score from −1 to −2.5 indicates osteopenia (reduced bone), a loss 
of density which increases the risk of fracture and is often the precursor to osteoporosis. A T-score of 
−2.5 or lower indicates osteoporosis and the high risk of fracture associated with this condition [1].

In the prophylaxis of osteoporosis, emphasis should be placed on daily physical activity with light 
to moderate weight exercises, and exposure to the sun for 15 min to promote vitamin D formation. 
Oral supplements are appropriate for those with vitamin and mineral deficiencies. Persons with a 
known risk of osteoporosis, and those experiencing repeated falls and fractures, should be investi-
gated with a DEXA scan. In Australia, where the prevalence of osteoporosis doubled (after adjusting 
for age) between 1995 and 2008 [2] due to lack of sufficient attention to the problem in the past, the 
public health effort also includes clinical and radiographic screening to discover “silent” cases and to 
ensure adequate calcium and vitamin D intake for persons who are potentially at risk.

Subjects diagnosed with osteoporosis, as a result of a T-score of −2.5 or lower, ought to receive 
treatment with hormone replacement therapy (HRT) or with bone metabolites administered through 
tablets or intravenous infusion [3]. Patients with osteopenia should be counselled and individually 
treated, with or without medications according to their situation.

In the case of osteoporotic fractures, surgical intervention would be similar to that appropriate for 
other fractures, but with internal fixation using extended plates and longer stems in hip prosthesis. 
Bone grafting will often be required and a delay in healing can be expected.

�Historical Background to the Theory That Early Life Nutrition 
Programmes Adult Diseases

The intrauterine pathogenesis of adult disorders is a fairly recent discovery, mostly dating from the 
late twentieth century. The brief outline given in sections “Historical Background to the Theory That 
Early Life Nutrition Programmes Adult Diseases” and “Extension of the Theory to Include Musculo-
Skeletal Pathology” of this chapter illustrates some key points in the development of the theory and is 
not intended as a comprehensive historical study.

G.M. Weisz and W.R. Albury
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�Initial Studies on Survivors of Mass Famines During WWII

The effect of early life malnutrition on the development of adult diseases was discovered in studies 
conducted on European populations which had been exposed to hunger during their embryonic, fetal, 
neonatal or early childhood periods some 40–50 years earlier as a result of wartime conditions.

During WWII there were food shortages throughout Europe, but these were especially acute in 
occupied countries where the conquering Axis powers confiscated food and sometimes removed fer-
tilising earth. In some occupied countries such as Greece or the British Channel Islands plundering by 
the occupying Axis forces was aggravated by Allied blockades. Starvation was also used by the 
German authorities as a weapon to force submission or administer punishment, as in the siege of 
Leningrad, the Dutch embargo, and the harsh conditions imposed on the inmates of ghettos and con-
centration camps.

These circumstances produced large cohorts of survivors who had experienced starvation perina-
tally and as children. In later years studies of the Channel Islands, Leningrad and the Dutch cohorts 
showed an association between early life starvation and the development of adult metabolic disorders 
leading to increased mortality [4–6].

�Development of the Theory of Fetal Programming

Subsequently, the theory of the effect of early life nutrition on the development of adult diseases was 
confirmed. Important studies, led by researchers under Lucas starting in the 1980s, were comprehen-
sive and scientific, and were done initially from a paediatric point of view focussed on the nutrition of 
the developing human [7].

The adult aspect of the theory was elaborated in a series of multi-professional studies. Work on the 
metabolic syndromes resulting from starvation was done at Southampton Hospital under Barker and 
Hales, leading to the “thrifty phenotype hypothesis” in 1992 [8]. The “Barker theory” was at times 
revised or criticised, but all in all, as the theory of a “programming” mechanism, it was globally 
accepted and published as the “developmental origins of well-being” [9]. The same phenomenon of 
pathogenesis was studied by epidemiologists from the 1990s [10–12]. Later, in 2014 Vaiserman estab-
lished the connection between early life nutrition and longevity [13].

The theory of fetal programming was supported experimentally in various animal species, in dif-
ferent geographical areas and by different researchers. But it nevertheless attracted some criticism, 
mainly invoking the lack of explanation for the time lag between gestation and adult diagnosis, and 
advocating additional environmental influences during adulthood. More recently, the epigenetic 
mechanism leading to an adult susceptibility to disease has been presented as a DNA modification 
causing insulin resistance, atherogenesis and osteoporosis [14]. According to this explanation, these 
conditions would be a result of “the phenomenon of developmental plasticity whereby a simple geno-
type may give rise to a different phenotype depending on the prevailing environment” [15].

�Extension of the Theory to Include Musculo-Skeletal Pathology

In early studies of the long-term effects of early life malnutrition – for example, those focusing on the 
survivors of the Channel Islands occupation, the Leningrad siege, and the Dutch embargo – issues 
relating to musculo-skeletal pathology were not considered. The relation between gestational 
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development and the initially suspected intrauterine origin of adult musculo-skeletal pathology 
(adipose tissue, sarcopenia, osteopenia) was therefore elucidated somewhat later compared to the 
general metabolic studies, but was eventually well defined.

�Early Life Starvation and Bone Metabolism

In the 1990s Cooper and associates gradually developed the theory that changes in early stages of bone 
development due to starvation and reduced provision of nutrition, minerals and growth factors, will lead 
to bone metabolic changes in adults [16]. This theory was further elaborated in the following decade, 
when the pathogenesis of osteoporosis was described and a role was attributed to intrauterine program-
ming, confirming the earlier analysis of growth in infancy and bone mass in adult life [17–19]. Important 
connections were shown to exist between maternal life style, maternal body mass and vitamin D depen-
dence, which could predict bone mass in offspring and the risk of future fracture [20–22].

A detailed review in 2012 re-emphasized the epigenetic programming of metabolic disorders, 
including osteoporosis [15]. And in 2015 further descriptions were published giving clear confirma-
tions of the bone metabolic aberrations resulting from intrauterine macro- and micro-nutritional 
deprivation [23].

�Recent Studies on Survivors of WWII Ghettos and Concentration Camps

Recently, small scale studies of survivors of WWII ghettos and concentration camps have demonstrated 
an increased incidence of adult osteoporosis not only in those subjects who experienced perinatal starva-
tion but also in those who were severely malnourished as children and young adults [24, 25].

The immediate effects of starvation on bone metabolism and fractures were established in 1941–
1942 in a clandestine study carried out over 17 months in the Warsaw Ghetto by the equally clandes-
tine Ghetto Medical School [26]. Their studies on bone histology showed both architectural bone 
changes and depleted matrix, namely osteoporosis and osteomalacia. Fractures in children were found 
not to heal, making surgical treatment inexpedient.

To illustrate the long-term effects of such starvation in survivors of WWII concentration camps and 
ghettos, the metabolic details of 14 cases are presented in Table 34.1, a small sample out of the cohort 
of survivors in Australia, the country with the third largest such population in the post war period.

In the above mentioned table (Table 34.1) and those which follow (Tables 34.2 and 34.3) the risk 
of fractures within 5 and 10 years were calculated from the results obtained with DEXA scanners, and 
all were compared with age and gender general values. The Garvan nomogram, also used here, is an 
individual risk assessment based on clinical parameters, number of fractures/falls, combined with 
BMD and/or T-score values [27]. The predicted risk and the prognostic values suggest, as expected, 
that the more intense the osteoporosis, the higher the fracture incidence will be.

To further illustrate the long-term effects of early life starvation, the metabolic details of three 
siblings (cases 7–9 in Table 34.1 above) from the same family of survivors of the Budapest Ghetto are 
used (Table  34.2). A fourth sibling (not included in Table  34.1), born post-liberation, serves as a 
control. The fracture risk in this small group of survivors is indicative of moderate risk predicted in  
5 and 10 years.

Studies on this small group of WWII survivors cannot be statistically significant, so a rigorous 
epidemiological study on a larger population of child survivors will be required to confirm these 
findings.

G.M. Weisz and W.R. Albury
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�Possible Transgenerational Effect of Intrauterine Starvation

Of additional interest in the study of this cohort is evidence which supports the view that the 
effects of intrauterine starvation might be found in later generations. This phenomenon would be 
consistent with epidemiological studies which have established that the “adverse consequences  
of altered intrauterine environments can be passed from first generation to second generation 
offspring” [28].

A female subject in one of the studies cited above [25] has a son whose history would suggest a 
transgenerational effect (Table 34.3). At age 39 he had hyperlipidaemia, high blood pressure, coro-
nary infarct, and glucose intolerance, all typical adult outcomes of fetal starvation although it was the 
mother who was undernourished perinatally, not her son. At age 41 the son was found to have 
osteopenia with a DEXA bone density T-score of −1.5. This outcome could be the result of a genetic 
predisposition in one family, or it could be an early sign of the transgenerational transfer of inherited 
metabolic disease. Once again, further research is needed to clarify this point.

Table 34.2  Fracture risk in one family

Subject and age  
when tested Age at time of starvation

Duration of  
starvation

Osteoporosis (≥ ++)  
or osteopenia (+)

% risk any 
fracture in 
5/10 years

% risk hip 
fracture in 
5/10 years

M2, age 64 4 12 months + 6.4/11.8% 1.1/2.1%
H1, age 62 1.5 12 months + 5.0/10.3% 0.6/1.2%
M3, age 60 From last trimester in utero  

to 6 months postnatal
9 months ++ 13/26% 5.0/9.0%

S2, age 60 Born 1947 Nil – 2.0/4.2% 0.1/0.2%
From Weisz and Albury [25]; © 2014 Weisz and Albury, under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/3.0), with some numerical errors in the original table corrected
Table showing the presence (+) or absence (−) of late adult bone mineral abnormality and fracture risk in three siblings 
who were malnourished as children during WWII and one control sibling born after the war

Table 34.3  Metabolic changes in a female survivor of early life starvation and her son

Subject and 
age when 
tested Perinatal history

Duration of 
starvation Lipids

Blood 
pressure

Glucose 
intolerance

Osteoporosis 
(≥++) or 
osteopenia (+)

% risk any 
fracture in 
5/10 years

M4, age 60 Born 1943 in 
Ghetto Debrecen, 
Hungary; in 
January 1945 
Rothschild 
Hospital, Vienna

In ghetto last 
trimester, 
8 months severe 
starvation in 
1944

+ + − ++ 13/26%

Son of M4, 
age 39–41

Born 1972 in 
Sydney

Nil + + + + 0.5/1.0%

Source: private practice of the author, GMW
Table showing the presence (+) or absence (−) of abnormalities in lipids, blood pressure, glucose metabolism and bone 
mineral density in a mother who was exposed to perinatal starvation and her son who experienced normal perinatal 
nutrition

G.M. Weisz and W.R. Albury
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�Intrauterine Nutrition as a Programmer of Bone Development

�General Principles

The concept of trimester based intrauterine development has become essential for an understanding 
of fetal programming, including the programming of bone development. The effects of many environ-
mental and intrauterine conditions upon the fetus are trimester sensitive, although the relationship is 
not absolute as some overlapping developments between trimesters have also been found (Fig. 34.1).

Intrauterine conditions during the first 12 weeks from conception, the embryonic trimester, were 
found to affect neuron [29] and mesenchymal-cartilaginous tissue development, between weeks 4 and 
9 in particular. Cell formation could be affected by external ionising radiation, hypo- or hyper-glycaemia, 
zinc or folic acid deficiency (predisposing to neural arch malformation such as spina bifida, with or 
without externally protruding myelocoele) and by viral infection in the mother, such as rubella affecting 
the myocardium and most recently Zika virus affecting brain development (microcephaly).

It is in the first trimester that thalidomide disturbs limb development, that opioid drugs, alcohol and 
nicotine affect neurological development (including the effects of alcohol on Corpus Callosum 
Disorder), and that DES contributes to genital malformations and malignancy.

The following 6 months of pregnancy, namely the two fetal trimesters, were found to be critical to 
the multiplication and growth of existing cells. It was determined that various organs grow at a differ-
ent pace, the periods being both sensitive and critical.

The second trimester is most sensitive to metabolic intake, affecting adipose, muscle and bone 
tissue formation; whilst glucose and cortisol are most critical in the third trimester with effects on the 
developing child’s kidney formation, birth weight, limb length and head circumference at birth, as 
well as on post-partum maternal weight changes.

During nutritional deprivation, the body adapts to the food shortage in various ways. The number 
of developing cells is selectively controlled, while oxygen and nutrition are redirected toward the vital 
organs (brain, heart, arteries). These changes in growth and function are economically or “thriftily” 
developed to make the best use of vital resources. The resulting neonate will be small sized and low 
in weight (BMI, head, chest and abdominal circumferences), which establishes the basis for future 
neonatal, childhood, or adult diseases.

Fig. 34.1  Pathological influences on osteogenesis. Legend: Illustration of the effects of toxins on bone formation 
(Designed by author, GMW)
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Conversely, it was found that an excessive food supply in the neonatal period, intended to provide 
a morphological “catch-up” development, in fact predisposes to obesity and early metabolic syn-
dromes of diabetes, hypertension and cardiac disease, with an impact on longevity and potentially on 
bone metabolism also. Even with the “catch-up phenomenon,” not all bones return to their normal line 
of growth [30–33].

�Specifics on Intrauterine Nutrition as a Programmer of Adult Musculo-
Skeletal Diseases

Adipose tissue development occurs mainly in the third trimester (around 30 weeks). Starvation or 
various degrees of sub-nutrition will predispose to low birth weight, compensated by a “catch-up” 
metabolism. Both experimental and epidemiological studies suggest that fetal nutritional deprivation 
programmes obesity in adulthood. The issue of obesity is important to any consideration of osteopo-
rosis and fracture risk, since excessive body mass places an abnormal strain on weight-bearing bones.

Myogenesis  Maternal and fetal under-nutrition were found to be programmers of muscle develop-
ment, and are also trimester sensitive. The development of the muscular system arises from the somites 
region of the embryo’s paravertebral region. The myocytes first produce myofibril I (second trimester) 
then myofibril II (third trimester), each developing with an attached peripheral nerve. Restriction of 
glucose and cortisol will redirect nutrients from muscle formation to more essential organs.

It has been documented, both experimentally and epidemiologically, that fetal nutritional depriva-
tion programmes adult sarcopenia (reduced flesh) a condition in which both muscle mass and muscle 
strength are diminished [34]. Like obesity, sarcopenia increases the fracture risk associated with 
osteoporosis, since a subject with weak muscles would be more likely to experience falls than would 
a person with normal strength.

Osteogenesis  As noted above, the recognition of intrauterine starvation and its effect on bone metab-
olism was subsequent to studies on general metabolism. Numerous researchers made contributions to 
the theory of intrauterine starvation resulting in premature adult osteoporosis. The theory was repro-
duced experimentally, re-affirmed epidemiologically and is now generally accepted.

�Specifics on Fetal Programming and the Mechanism of Osteoporosis 
Development

According to the 1962 classification of Casuccio [35], still applicable today, osteoporosis develops in 
several ways: by

	(a)	 Primary Osteoblastic deficiency, which is congenital (osteogenesis imperfecta); by
	(b)	 Reduced Osteoblastic activity in the absence of trophic stimuli (inactivity, ovarian agenesis, 

testicular agenesis, menopause); by
	(c)	 Reduced Osteoblastic activity from inhibitory stimuli (Cushing cortico-steroidism, excess ACTH, 

thyrotoxicosis); or,
	(d)	 In the case of Normal Osteoblastic activity, by an insufficiency in construction material.

It is necessary to recall the process of normal osteogenesis and its requirements in order to appreci-
ate how starvation programmes the adult onset of osteoporosis and sarcopenia [36] (Fig. 34.2).
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The concept of “sensitive period” or critical trimester dependence was also applied in bone mineral 
studies. While there are overlapping trimester effects, the particularly vulnerable trimester is the one 
in which a particular “development occurs with greatest ease” [29]. It was found that intrauterine 
osteogenesis is under hormonal control, as well as dependent upon the availability of minerals and 
vitamins D and K [37] (Fig. 34.2). Vitamin K in particular has wide-ranging effects on bone forma-
tion, a matter which is discussed further in section “Vitamin K-Anticoagulant Antagonism During 
Gestation and the “Paradoxical Calcification” Phenomenon: Osteoporosis Versus Arterial Wall 
Calcifications in Adults” below.

Bone ontogenesis is already evident in the fourth week of the embryonic period with some bone 
formation, but a soft structure. Mesenchymal cells are transformed into osteoblasts, which soon lead 
to osteoclasts within the intra-membranous axial ossification (skull, mandible, clavicle, ribs, sternum 
genesis) (Fig. 34.3).

Fig. 34.2  Osteogenesis. Legend: The extent of normal and pathological bone formation (Designed by author, GMW) 

Fig. 34.3  Bone formation 1. Legend: Schematic illustration of bone cell development (Designed by author, GMW) 
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More frequent is endochondral appendicular ossification of long bones, pelvis and vertebrae 
(Fig. 34.4). During the second and the third trimesters, limb development (muscle and bone) continues 
with intra-membranous ossification: osteoblasts secrete the non-mineralised bone matrix, and then 
they transform into osteocytes.

The enchondral path appears first as chondrocytes (cartilage) at the end of the first trimester, then 
they partially apoptose (self-destroy), but some transform into osteoblasts, from where the path leads 
to osteoclasts. These osteoclasts contribute to bone marrow formation by destruction of the central 
bone matrix, leaving a cavity for the hematopoietic marrow. Although the matrix continues to absorb 
calcium, the central bone space is emptied, whilst the bone grows externally toward the cortex/
periosteum.

A balance is maintained between osteoblast and osteoclast activities under the influences of miner-
als (sulphur, calcium, phosphates, magnesium, selenium, strontium, zinc) and vitamins D and K; of 
hormones (pituitary growth and parathyroid secretion); of glucose, cortisol and the important osteo-
proteins. Vascularisation of the bone leads to the blast/clast equilibrium, producing normal bone 
architecture (Fig. 34.5a).

Any derangement of the chondrocytes leads to chondroplastic pathology. A disturbance in the 
blast/clast equilibrium in the direction of excessive osteoclastic activity will lead to osteopenia or 
osteoporosis (Figs. 34.5b and 34.6a), whilst reduced osteoclastic activity will lead to osteopetrosis 
(excessive mineralisation of the bone) (Fig. 34.6b).

The development will continue during the neonatal stage, as bone growth is not complete at birth. 
It was found to continue, albeit in diminished blast/clast (production/destruction), balance, even in 
adults.

Fig. 34.4  Bone formation 2. Legend: Normal osteogenesis (Designed by author, GMW) 

Fig. 34.5  Bone architecture seen in transverse cross-section. Legend: (a) normal bone architecture. (b) Osteoporosis 
(Computer design by author, GMW) 
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The need for a strong osteogenic line was confirmed in bone healing experiments: an unstable 
fracture fixation will allow chondrocytes to develop along the chondrogenic lineage resulting in 
fibrous union, whilst a stable bone fixation leads to early mesenchymal cell invasion and development 
along the osteogenic lineage.

�Vitamin K-Anticoagulant Antagonism During Gestation and the “Paradoxical 
Calcification” Phenomenon: Osteoporosis Versus Arterial Wall Calcifications 
in Adults

The vitamin K complex is essential for a normal osteogenesis. Any deficiency through malnutrition, 
lack of congenital enzymatic production, lack of intestinal absorption or antagonism by anti-
coagulants, leads to various bone metabolic abnormalities [37, 38].

Normal osteogenesis requires carboxylation of bone proteins, a process which is vitamin K dependant. 
Vitamin K complex was proven to be promoted by enzymatic carboxyl reductase and is essential in the 
production of three basic bone proteins [39–42]. The substances making up this complex [43, 44] are:

	(a)	 Matrix Gla protein or K1, a potent protector against arterial wall and cartilage calcification.
	(b)	 Osteocalcin or K2, the most potent, promotes osteoblast stimulation and osteoclast inhibition.  

An insufficiency of K2 leads to osteopathy.
	(c)	 Protein S promotes coagulation, and its deficiency leads to childhood osteoporosis with vertebral 

compressions. 

The pathological features resulting from vitamin K deficiency, apart from haemorrhagic events are 
[37, 40, 45, 46]:

•	 Cerebral: microcephalus, hydrocephalus, mental retardation;
•	 Ocular: microphthalmia, cataracts, blindness;

Fig. 34.6  Osteoporosis and osteopetrosis. Legend: Radiographic images of osteoporosis and osteopetrosis (From 
private practice of author, GMW, 1970s) 
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•	 Acoustic: deafness;
•	 Skeletal: stappling of epiphysis, shortened limbs, shortened fingers, nail bed deformities, scoliosis, 

facial bone anomalies (depressed nasal bridge and nasal hypoplasia);
•	 Cardiac, with various congenital anomalies.

Several clinical syndromes result from vitamin K deficiency.

	1.	 From lack of vitamin K production: Bone reductase deficiency syndrome (known as pseudo-
warfarin embryopathy) is an imbalance due to a congenital defect of vitamin K metabolism.  
It leads to insufficient carboxylase and to the “calcification paradox,” namely to calcifications of 
epiphyseal areas and arterial walls at the same time as the bones become demineralized leading to 
osteoporosis [47–50].

	2.	 From lack of absorption: Malabsorption vitamin K deficiency embryopathy is an imbalance due to 
intestinal malabsorption or to malnutrition, with similar cartilage and neurological complications.

	(a)	 Malabsorption is due either to a small intestine inflammatory or autoimmune disease (Crohn 
disease, Coeliac disease, Lupus, etc.) or to short bowel syndrome. The latter is a result of bariatric 
by-pass surgery performed for morbid obesity. Vitamin K1 deficiency is specific to the upper 
small bowel (ileal) level, with by-pass exclusion or resection for malignancy. Alternatively, 
vitamin K2 deficiency results from distal small bowel level (end-ileal) or large bowel (colon) 
exclusion or resection [43].

	(b)	 The K2 malnutrition syndrome is a nutritional deficiency in the pre-gestational and gestational 
periods leading to the same clinical syndrome as the previous embryopathy.

Both syndromes present with abnormalities detectable by means of ultrasound or x-ray investiga-
tions during gestation, imaging the growth plate (punctate chondrodystrophy of hips, ankles, etc.) and 
stunted sizes in new-born parameters. Both are curable with vitamin K2 supplementation.

	3.	 From antagonism by anti-coagulants: warfarin embryopathy. Treatment with warfarin can be 
required during pregnancy for mothers with thrombotic vein pathology (leg or embolic) or heart 
disease (valve replacement or arrhythmia). Warfarin is toxic to the osteocalcin devoid embryo or 
to the partially protected fetus. A vitamin K/warfarin imbalance leads to severe embryonic/fetal 
haemorrhages and neurological complications.

The effect of warfarin is trimester sensitive: in the first trimester there is no antagonism to the 
administered warfarin. Indeed the malformations following warfarin treatment appear in weeks 6–9 
of gestation, when most of the intracranial bleeding occurs. During the second and third trimester, the 
balance between vitamin K and anticoagulants is also vulnerable.

The role of vitamin K deficiency in the pathogenesis of osteoporosis and vascular calcification has 
been raised in the literature but it remains disputed, an unresolved topic [37]. Experimental reproduc-
tion of early closure of epiphyseal growth plates was documented [51] and supported by several, but 
not unanimous clinical studies [46].

Experimentally, the osteocalcin (K2) deficiency in mice led to an increased bone formation, with 
calcification of growth plate, whilst the matrix Gla protein deficiency (K1) led to the “calcification 
paradox” [37, 40–43]. The prophylactic values of vitamin K2 supplement showed improved bone 
strength, preventing fracture re-occurrence [52, 53].

The temporal gap between the intrauterine period and the late effect in adulthood needs a scientific 
explanation. One theory accepts the direct relationship between the effect of warfarin on the mother 
and the development of bone and arterial pathology in the embryo/fetus. This is similar to the effect 
of nutritional deficiency in the fetus as a programmer of later adult glucose, lipid and mineral metabo-
lism. This hypothesis was reinforced recently in a study of children treated for congenital heart dis-
ease with warfarin, which found osteocalcin in the arterial wall calcifications and also found decreased 
bone density [54].
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A daily vitamin K supplement of 1 μg/kg would prevent or treat the warfarin osteopathy [42].  
A replacement anticoagulant therapy using heparin is effective, with its large sized molecule unable 
to be filtered through the placenta, but it carries other specific risks for the mother.

The effect of the more recent and as yet only experimental oral anticoagulants on intrauterine life 
has not been sufficiently tested. Experimental studies on rats and rabbits indicate a similar haemor-
rhagic syndrome, since Xarelto (rivaroxaban) and others are of small molecular weight and are fil-
tered through the placenta [55]. Clinical studies are awaiting the results of the antidote studies, prior 
to their approval. The authors could find no detailed studies regarding the effect of these new antico-
agulants on osteogenesis, but it is expected that small molecular weight drugs would filter through the 
placenta and lead to the same complications as warfarin does.

�Postnatal Compensatory Growth and Adult Bone Quality

The situation with regard to individuals who experience intrauterine starvation and then undergo 
“catch up overfeeding”, or “compensatory growth,” after birth is still unclear. McCance in the early 
1960s, using an animal model, indicated that recovery is limited, with prolonged over-nutrition lead-
ing only to partial bone quality improvement [56]. On the other hand, more recent animal experiments 
on post-starvation overfeeding showed that “reduction in bone quality is a transient and reversible 
phenomenon” [32].

In studies focussed on human longitudinal bone growth after malnutrition, rather than on bone 
quality, Prader et al. concluded in 1963 that even with catch up growth “recovery is nearly always 
retarded” [30]; whereas in the following year Golden found evidence that with an adequate diet 
“almost complete reversal of stunting is possible [and] children can reach their own height poten-
tials” [31]. What are needed are direct, long-term studies of human bone quality in the circumstances 
of intrauterine starvation followed by compensatory growth. In the absence of these, the evidence 
cited in section “Extension of the Theory to Include Musculo-Skeletal Pathology” above makes it 
prudent to assume that compensatory growth cannot fully reverse the effects of the fetal programming 
of osteoporosis. There is also a possibility that compensatory growth could potentially exacerbate 
these effects.

�Fetal Programming of Osteoporosis as a Public Health Issue

In countries where food shortages are common, the public health challenge is to provide for large 
numbers of people with programmed osteopathy. Wealthier countries, on the other hand, must prepare 
to care adequately for immigrant populations from these backgrounds who can also be expected to 
undergo compensatory growth.

The risk to these migrant populations, many with infants, neonates and pregnant women, apart 
from their previous exposure to starvation (partial, selective or full), is also an eventual exposure to 
overfeeding in their new countries. A Swedish report published in 2010 on survivors of the civil war 
in Biafra (1967–1970), who were born nutritionally deprived 40 years earlier and who subsequently 
had a sufficient nutritional supply, documented their high levels of obesity [57].

Although this study and others like it do not explicitly address the issue of bone metabolism, the 
balance of evidence from the research cited above gives reason to expect that these populations experi-
encing compensatory growth would suffer from bone mineral deficiencies as well as other metabolic 
disorders. Obesity in particular, as noted in section “Specifics on Intrauterine Nutrition as a Programmer 
of Adult Musculo-Skeletal Diseases” above, adds significantly to the risk of osteoporotic fractures.
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Societies receiving large numbers of nutritionally deprived immigrants will face a medical and 
organisational demand for the provision of extensive public health services within a few decades. 
Public health initiatives will need to be directed toward the prevention of osteoporosis as well as early 
diagnosis and treatment in order to reduce the incidence of fractures and other disabilities resulting 
from this condition.

�Conclusions

Nutritional deprivation during pregnancy or in the post-natal period can have a programming effect on 
the development of an adult, leading to complex disturbances in glucose, lipid and bone mineral 
metabolism. The theory that intrauterine nutritional status can programme an adult onset of osteopo-
rosis has been proven clinically, epidemiologically and experimentally.

Decreased bone mineral content and bone mineral density of the femoral neck, with increased risk 
of fractures, was recently found in a small group of survivors of intrauterine starvation (in particular, 
case 2, Table  34.1), an indicative finding although statistically not significant. Outcomes of this  
kind, if confirmed by broader studies, would provide support for Cooper’s theory of a link between 
intrauterine development and early adult osteoporosis.

The fetal programming of adult osteoporosis has a multi-factorial pathogenesis that despite several 
proposed plausible theories, is not yet definitely established. A good explanation may be found in the 
description given by Kueper of pregnant women whose exposure to hunger was connected with early 
onset of osteoporosis in their offspring [23].

A patient’s history of intrauterine malnutrition should raise the suspicion of a tendency toward 
osteoporosis and should be used in the early detection of adult osteoporosis, apart from obesity and 
sarcopenia.
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Key Points

•	 Fetal growth restriction is associated with increased risk of preterm birth, perinatal mortality and 
neurodevelopmental delay.

•	 The growth restricted fetus employs a number of adaptations to preserve energy and ensure oxygen 
and nutrient delivery to vital organs, including alteration of sleep state architecture.

•	 The development of sleep begins in utero, when identifiable sleep states emerge. Sleep undergoes 
marked maturational changes after birth within the first 6 months of life.

•	 Infants and children born both preterm and growth restricted have altered maturation of sleep.
•	 Poor sleep in childhood is associated with neurocognitive and behavioural deficits.
•	 The long-term consequences of altered sleep in preterm and FGR children are unknown and require 

future follow-up.

Keywords  Fetal growth restriction • Sleep • Preterm birth • Sleep architecture • Circadian rhythms

Abbreviations

AGA	 Appropriate birth weight for gestational age
AS		  Active sleep
EEG		 Electroencephalogram
EMG	 Electromyogram
EOG		 Electrooculogram
FGR		 Fetal growth restriction
IS		  Indeterminate sleep
N1		  Non-rapid eye movement stage 1 sleep
N2		  Non-rapid eye movement stage 2 sleep
N3		  Non-rapid eye movement stage 3 sleep

mailto:Stephanie.yiallourou@acu.edu.au
mailto:MacKillopInstitute@acu.edu.au


488

NREM	 Non-rapid eye movement sleep
PNA		 Postnatal age
QS		  Quiet sleep
REM	 Rapid eye movement sleep
SCN		 Suprachiasmatic nucleus

�Introduction

Fetal growth restriction (FGR) complicates 5–10% of pregnancies and is associated with increased 
risks of preterm birth (<37 weeks gestation), perinatal mortality, and short and long term morbidity 
[1]. FGR is associated with a high risk of neurodevelopmental impairment, including motor and sen-
sory deficits, cognitive and learning difficulties, and cerebral palsy [2]. Underpinning these deficits, 
FGR is associated with altered brain structure with reduced total brain and cortical gray matter vol-
ume [3]. In particular, both the hippocampus and the cerebellum are known to be effected [4]. Much 
later in life, during adulthood, it is also well established that FGR is associated with high risk of meta-
bolic disorders such as hypertension and diabetes leading to heart disease [5].

In addition to the well-known neurodevelopmental and cardiovascular consequences of FGR, there 
is a growing body of evidence showing that FGR alters the development of sleep in utero [6, 7]. Also, 
being born preterm, whether the infant is growth restricted or not, can alter the maturation of sleep 
after birth. Thus, FGR may program the fetus for life-long sleep related sequelae. This is of particular 
concern as it is well described that poor sleep in childhood is related to neurocognitive impairment [8] 
and in adulthood metabolic disorders and cardiovascular disease [5].

�Fetal Growth Restriction (FGR)

FGR describes the fetus that does not reach its genetic growth potential and primarily results from 
placental insufficiency, which compromises the delivery of oxygen and essential nutrients to the fetus. 
FGR is defined as an estimated fetal weight and/or birth weight at or below the fifth percentile for ges-
tation and sex. FGR can manifest from poor maternal nutrition or a number of fetal and maternal dis-
orders, such as maternal vascular disease, fetal infections, multiple gestations and exposure to maternal 
smoking during pregnancy. Severe FGR results in fetal asymmetry, where head growth is spared rela-
tive to body growth; known as the ‘head sparing’ effect. These fetal adaptations are critical to optimise 
oxygen and nutrient delivery to the brain and heart of a compromised fetus and involves complex car-
diovascular and metabolic changes. In regards to sleep, we know that the compromised fetus alters its 
organization of sleep states, favouring a state that requires reduced energy needs, in an effort to further 
preserve energy in a reduced oxygen environment [6, 7]. While these adaptations are beneficial in the 
short-term they may program the fetus for long-term morbidities [9]. In the long-term, it is well known 
that FGR is associated with heightened risk of adult onset of cardiovascular disease, including coronary 
heart disease and hypertension [5, 9, 10]. We also know, though human data is scarce, that FGR alters 
the maturation of sleep circadian rhythms in neonatal life and sleep efficiency later in life [11]. 
Understanding the long-term effect of FGR on sleep is of particular importance, as sleep is the main 
behavioural state during the neonatal period and is known to be important for neurological develop-
ment [12]. Currently, there is no therapy to treat these long-term dysfunctions.
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�Sleep and Its Development

�Function of Sleep

Approximately one-third of an adult’s day is spent asleep, and this proportion is even larger in infants and 
children, who spend approximately two-thirds of each 24-h day asleep [13]. Whilst no consensus has been 
reached, the function of sleep is thought to be involved in the homeostatic maintenance of key body sys-
tems. Sleep is thought to be fundamental for memory consolidation [13], peak immunological performance 
[14], restoration of somatic function [15], and neurological growth and repair [16]. The hypothesis that 
sleep is essential for brain connectivity/plasticity has recently been suggested to be the leading contender 
for the primordial function of sleep [17]. In support of this concept, studies show that neuronal connectivity 
changes with sleep, sleep loss, and with changing afferent input [18]. Thus it is not surprising that obtaining 
adequate sleep is imperative to sustaining optimal day time functioning and health [13].

�Sleep States

�Children and Adults

In order to understand the development of sleep, a brief understanding of sleep states is crucial. In 
children and adults, sleep is divided into two distinct states known as rapid eye movement (REM) and 
non-rapid eye movement (NREM) sleep. NREM is further divided into sleep stages N1, N2 and N3. 
These stages are distinguished by a succession of changes in electroencephalographic (EEG) activity. 
EEG terminology defines waves by their frequency in cycles per second, or Hertz (Hz). Defined fre-
quency ranges include: delta (1–4  Hz), theta (4–7  Hz), alpha (8–13  Hz), and beta (>13  Hz). 
Polysomnographic recordings are used to asses sleep stages determined by differences in EEG activ-
ity, the presence or absence of eye movements (electrooculographic activity, EOG) and changes in 
muscle tone (electromyographic activity, EMG).

Humans enter sleep via N1 which is characterised by rolling eye movements along with low voltage 
mixed frequency theta activity (Fig. 35.1). In stage 2, theta activity continues and fast sleep spindles (an 
oscillatory burst of EEG activity of 12–15 Hz and at least 0.5 s) and k-complexes (a well-defined EEG 
pattern consisting of a sharp negative wave followed by a slow positive component lasting at least 0.5 s) 
appear (Fig. 35.2). Following stage 2 we enter our deepest sleep known as stage 3 (also called slow wave 
sleep, SWS). Stage 3 is characterized by high amplitude, low-frequency delta waves and spindle activity 
(Fig. 35.3). From NREM sleep, we transition to REM sleep, a “lighter sleep state” where dreaming usu-
ally occurs. REM sleep is characterised by a sudden loss in muscle tone and the presence of rapid eye 
movements. The EEG is similar to wake patterns characterized by low-voltage, high frequency EEG 
activity as well as theta rhythms (Fig. 35.4). NREM sleep and REM sleep continue to alternate through-
out the night in a cyclic fashion. The majority of NREM sleep occurs within the first half of the night and 
REM sleep episodes generally become longer throughout the night.

As evidenced by its physiological characteristics, sleep in children and adults is a highly complex 
and regulated process, with distinct states. This mature form of sleep is not present at birth, however, 
and sleep undergoes marked maturational changes in both fetal life and within the first year of life as 
it forms adult-like states and patterns. The following section outlines the maturation of sleep during 
fetal life and infancy.
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�Fetal Life

The development of sleep begins in fetal life. Sleep can be identified in the human fetus as early as 
28 weeks gestation [19] and at 32 weeks of gestation fetal sleep can be clearly differentiated into three 
defined states; Active sleep (AS), Quiet sleep (QS) and Indeterminate sleep (IS). AS is thought to be the 
precursor for REM sleep and is defined by continuous mixed EEG activity consisting mostly of theta 

Fig. 35.1  Polysomnographic recording of N1 sleep. A typical example of a polysomnographic recording of a child in 
non-rapid eye movement stage 1 sleep (N1). Electroencephalographic (EEG) activity is recorded at frontal (F4), occipi-
tal (O2) and central (C4) regions and referenced to mastoid regions (M1). Note the EEG recording is dominated by theta 
activity. There is the presence of rolling eye movements (circled in red) in the electrooculograph (left (L) and right (R) 
EOG) and muscle tone recorded by the electromyography (EMG) is also relatively high

Fig. 35.2  Polysomnographic recording of N2 sleep. A typical example of a polysomnographic recording of a child in 
non-rapid eye movement stage 2 sleep (N2). Electroencephalographic (EEG) activity is recorded on frontal (F4), occipi-
tal (O2) and central (C4) regions and referenced to mastoid regions (M1). Note the presence of sleep spindles (circled 
in red) in the EEG. There is the absence of eye movements recorded by the electrooculograph (left (L) and right (R) 
EOG) and high muscle tone recorded by the electromyograph (EMG)
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brain waves and irregular breathing. QS is thought to be the precursor for NREM sleep which emerges 
at 32 weeks of gestation [15]. QS is defined by bursts of slow wave EEG activity (delta waves) amongst 
otherwise discontinuous EEG activity, and regular breathing. Indeterminate sleep (IS) refers to sleep that 
cannot be classified as either AS or QS. The proportion of time a fetus spends within each sleep state is 
a function of gestational age. Generally, the human fetus will spend approximately 80% of the 

Fig. 35.3  Polysomnographic recording of N3 sleep. A typical example of a polysomnographic recording of a child in 
non-rapid eye movement stage 3 sleep (N3). Electroencephalographic (EEG) activity is recorded on frontal (F4), occipi-
tal (O2) and central (C4) regions and referenced to mastoid regions (M1). Note the EEG recording is dominated by slow 
wave delta activity. There is an absence of eye movements recorded by electrooculograph (left (L) and right (R) EOG) 
and high muscle tone recorded by the electromyograph (EMG)

Fig. 35.4  Polysomnographic recording of REM sleep. A typical example of a polysomnographic recording of a child 
in rapid eye movement sleep (REM). Electroencephalographic (EEG) is recorded on frontal (F4), occipital (O2) and 
central (C4) regions and referenced to mastoid regions (M1). Note the EEG recording is characterised by low-amplitude 
high frequency activity. There is the presence of rapid eye movements (circled in red) recorded by the electrooculograph 
(left (L) and right (R) EOG) and low muscle tone recorded by the electromyograph (EMG)
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sleep-wake cycle in the sleep period, with this consisting of twice the amount of AS compared to 
QS. Early in the pregnancy, the fetus spends a large amount of time in IS [20]. This decreases as the 
pregnancy progresses, with a significant increase in QS seen from 32 to 40 weeks of gestation, with AS 
time unchanged [21]. Once at term age, time spent in AS and QS equalises.

The entrainment of circadian rhythms also begins before birth [21–23]. Circadian rhythms are 
physiological changes that occur based on an intrinsic 24-h cycle, usually influenced by light and 
darkness [15]. Circadian rhythms are controlled by the suprachiasmatic nucleus (SCN) in the anterior 
hypothalamus. In the fetus, SCN cells are known to have intrinsic circadian rhythmicity, and respond 
to periodic fluctuations in the release of maternal hormones such as melatonin [24]. Melatonin is an 
endogenous neuroendocrine compound primarily produced by the pineal gland and has a major role 
in regulating circadian rhythms. In adults, melatonin production is controlled by the SCN, with high 
levels of synthesis at night, and low levels during the day. The SCN receives light information from 
the retina and sends information to the pineal gland to modulate the production of melatonin. 
Melatonin plays a role in sleep state regulation, where specific blockade of melatonin receptors (M1 
or M2) can alter the percentage of time spent in NREM and REM [25].

The developing fetus is reliant on maternal fluctuations in melatonin to entrain rhythmicity. 
Maternal melatonin can readily cross the placenta and the fetal blood-brain-barrier. While the SCN 
develops throughout gestation, it is still functionally immature after birth. Thus, before birth, it is 
thought that the mother entrains the developing fetus circadian rhythm to the light-dark cycle. This 
entrainment is evidenced in the fetus, with a night-day rhythm of fetal heart rate being synchronised 
with maternal rest-activity and melatonin rhythms [23].

�Infancy

Within the first 6 months of life, dramatic maturational changes occur to sleep as adult-like sleep 
states and sleep patterns emerge. This rapid reorganization parallels the complex maturation of the 
central nervous system and hence sleep is often thought to be a unique window into the developing 
brain. Within this period of maturation both sleep state architecture and 24  h sleep-wake cycles 
undergo marked changes.

Quiet Sleep

A typical pattern of QS in a newborn infant is represented in Fig. 35.5. The EEG pattern is character-
ised by frequent notched, high amplitude slow waves occurring against a low voltage background. 
There is an absence of eye movements and except for occasional twitches QS is devoid of body move-
ments and muscular activity. During QS, the EMG is high and remains tonic throughout. Respiratory 
rate during QS is regular and mean heart rate and blood pressure is decreased compared to AS.

Active Sleep

Figure 35.6 presents a typical pattern of AS in a newborn infant. During AS the EEG is characterised by 
a low amplitude, mixed frequency signal. As illustrated in Fig. 35.6, the presence of discontinuous 
ocular deflections in the EOG (rapid eye movements) is prominent. In contrast to QS, AS is character-
ised by frequent body movements and regular muscle contractions. Grimaces, whimpers, smiles and 
twitches of the face and extremities are common during the AS state. Gross shifts of position of the limbs 
in addition to frequent 10–15 s episodes of tonic, athetoid writhing of the torso, limbs and digits also 
occur. Tonic muscle tone is significantly reduced compared to QS. The respiratory rate is very irregular 
and can be associated with, but not limited to, brief periods of apnoea, hypopnoea and tachypnoea. 
Heart rate and blood pressure are generally higher in AS compared to QS and is also more variable.
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Maturation of Infant Sleep State Architecture

The duration and cycling of sleep states throughout sleep is termed as sleep state architecture. 
Typically newborn infants enter sleep via AS and cycle between AS and QS, with sleep cycles lasting 
45–60 min [26]. Within each sleep cycle, infants spend approximately half their time in each sleep 
state. Between 10 and 12 week postnatal age (PNA), a critical period of reorganization occurs when 
infant sleep patterns shift to a more mature form [27]. After 12 weeks PNA, the onset of sleep via AS 
switches to QS and the proportion of AS gradually decreases while the proportion of QS and wakeful-
ness increases. By 6 months PNA the amount of AS comprises one-third of total sleep time, approaching 
adult REM proportions [28].

Fig. 35.5  Polysomnographic recording of QS sleep. A typical example of a polysomnographic recording of a newborn 
infant in quiet sleep (QS ). Note the electroencephalographic (EEG) recording is dominated by theta activity. There is 
absence of rapid eye movements recorded by the electrooculograph (EOG); muscle tone recorded by the electromyo-
graph (EMG) is also relatively high and respiration (Resp) is regular

Fig. 35.6  Polysomnographic recording of AS sleep. A typical example of a polysomnographic recording of a newborn 
infant in active sleep (AS). Note the electroencephalographic (EEG) recording is characterised by low amplitude mixed 
frequency activity. There is the presence of rapid eye movements (circled in red) recorded by the electrooculograph 
(EOG), muscle tone recorded by the electromyograph (EMG) is low and respiration (Resp) is irregular
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Maturation of EEG Patterns

In infancy as the brain matures, marked changes are also seen in the development of EEG activity in 
the first 6 months after birth. Within the first 3 months the disappearance of discontinuity or “tracè 
alternant” pattern in the EEG occurs and is replaced by a continuous slow-wave pattern. Between 2 
and 3 months PNA sleep spindles begin to emerge which are a distinctive feature of adult N2 sleep. 
By 5–6 months PNA, K-complexes and delta waves are present in the EEG and NREM stages 1, 2 and 
3 can be identified. In AS, a reduction in the amplitude and increase in the mixture of EEG frequencies 
occur as the more mature REM-like pattern emerges [27].

Maturation of Infant Sleep-Wake Cycling

Changes in sleep-wake cycling also occur across infancy. Diurnal sleep wake patterns develop within 
the first 12 weeks of life. Around the time of birth and during the first few months after birth the cells 
within the human SCN increase in number and size [29] and melatonin levels become rhythmic by 
9–12 weeks after birth [30]. Due to maturation of circadian rhythms, the distribution of sleep across 
the 24-h cycle changes with PNA. Within the first 6 weeks, newborns average five episodes of sleep 
in 3–4 h blocks. After this time, longer periods of sleep are sustained, particularly at night and by 
9–16 weeks, diurnal patterns are established, with sleep at nights lasting 8–9 h [31]. The amount of 
total sleep time within a 24-h cycle also decreases with PNA. Newborns spend approximately 16 h of 
each 24 h period and this gradually decreases to 13–14 h by 6–8 months PNA [31].

In summary, during fetal life and infancy, rapid maturational changes in sleep state architecture and 
the organization of sleep-wake patterns occur. In the fetus, the development of circadian rhythms 
relies on maternal melatonin cues. Thus, sleep undergoes significant maturational changes in utero 
and continues into the neonatal period. Therefore, as the development of sleep begins in utero, it is not 
surprising that sleep would be particularly vulnerable to conditions of prenatal and postnatal stress, 
where intrauterine environment is poor such as FGR and preterm birth.

�Effects of Preterm Birth and FGR on the Development of Sleep

FGR is associated with increased risk of preterm birth as preterm delivery is the only treatment option 
to prevent fetal death and hypoxia. Preterm birth, with an appropriate weight for gestational age 
(AGA), is known alter the development of sleep and the compounding effect of FGR is known to aug-
ment these features. Of note, the long-term separate effects of preterm birth and FGR on sleep are 
difficult to differentiate. Many long-term investigations have studied cohorts of infants born with “low 
birth weight”. The term “low birth weight” is a broad description of infants born <2500 g regardless 
of gestational age and therefore includes infants born preterm AGA and infants that are 
FGR. Nonetheless, the effects of (1) preterm birth alone and (2) FGR in preterm and term infants on 
sleep are discussed separately in the following sections.

�Effect of Preterm Birth

Preterm newborns spend much more of their time asleep compered to term born infants, with 90% of 
their 24-h day spent sleeping. In preterm infants born <30 weeks gestation, development of sleep state 
architecture parallels that of the fetus [21]. Between 32 and 42  weeks postconceptional age, the 
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amount of QS more than triples, the amount of IS more than halves, and the amount of wake time 
increases by a factor of four while the time spent in AS remains constant [21]. After term equivalent 
age, the development of sleep state architecture does not appear to be altered by prematurity [32]. 
Percentages of time spent in QS, AS and IS are similar between preterm-born infants compared to 
term-born infants aged between 38 and 55 weeks postconceptional age [32].

In contrast to sleep state architecture, prematurity is known to effect the development of circadian 
rhythms in infancy. While exposed to bright (and sometimes continuous) light in the neonatal nursery, 
the premature infant must complete crucial stages of SCN maturation ex utero [33]. This environment 
is in stark contrast to the in utero environment, where the fetus receives maternal melatonin cues for 
the development of rhythmicity. Consequently, preterm birth alters the developmental trajectory of 
circadian rhythms, with studies identifying that prematurity delays the development of melatonin 
rhythmicity in preterm infants aged between 23 and 34 weeks gestation age [33].

�Effect of Fetal Growth Restriction

�Fetus

In severe FGR, Doppler and behavioural studies have shown altered organization of behavioral states 
in the fetus. These alterations are thought to arise from either adaptive responses to placental insuffi-
ciency or cellular brain damage as a result of chronic hypoxia and/or malnutrition in human fetuses 
[34]. Compared to appropriately grown fetuses, FGR fetuses have reduced amounts of AS and 
increased amounts of QS and IS [34]. This re-organisation of sleep state architecture is thought to be 
an adaptive response to a hypoxic environment, as the brain shifts its time spent in a state with higher 
oxygen needs (AS) to one with lower oxidative needs (QS) [6, 7]. Differences in in utero development 
of sleep in FGR fetuses compared to appropriately grown fetuses have been confirmed in animal stud-
ies. Compared to appropriately-grown fetuses, chronically hypoxic sheep fetuses, had significantly 
lower amounts of low voltage/high frequency electrocortical activity (reflecting AS sleep) and the 
incidence and duration of sleep state transitions was altered. [35].

�Preterm FGR Infants

The compounding effects of both preterm birth and FGR are known to effect both sleep state architec-
ture and circadian rhythmicity in neonatal and post-neonatal periods. Within the immediate neonatal 
period, studies using power spectral analysis techniques have identified that FGR may affect EEG 
activity in preterm infants [36]. Single channel EEG studies revealed a higher amount of delta activity 
in FGR neonates compared to matched preterms born with appropriates birth weights [36]. In addi-
tion, FGR neonates had lower amounts of beta, alpha and theta power, however no differences in sleep 
state architecture were found between the two groups [36]. Beyond the neonatal period, 
Hoppenbrouwers et al. [32] showed that a delay in sleep state architecture is evident in preterm infants 
born growth restricted. In this study growth restricted infants (defined as <10th percentile for weight) 
had higher amounts of AS compared with age matched preterm infants with appropriate birth weights 
[32]. Interestingly the average duration of wakefulness, as well as the longest episode of wakefulness, 
was prolonged in infants born to smoking mothers. This interaction between smoking and sleep state 
percentages, however, disappeared in babies who were ventilated [32].

In regards to 24 h day/night patterning, Kenneway et al. studied the development of melatonin 
rhythmicity in preterm infants born growth restricted. Emergence of melatonin rhythmicity was stud-
ied between 46 and 55 weeks postconception by monitoring the excretion of the urinary melatonin 
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metabolite 6-sulfatoxymelatonin. Levels of 6-sulfatoxymelatonin were 67% lower at night in preterm 
infants born growth restricted, showing the delay in circadian rhythmicity that occurs in preterm 
infants is exacerbated by FGR [33].

�Long-Term Effects of Preterm Birth and FGR on Sleep

�Effect of Preterm Birth

Based on subjective measures of sleep, results from face-face interview reveal that preterm children 
born <37 weeks gestation at age 10 (N = 130) had no differences in sleep duration, bed sharing, night 
awakenings, bed resistance and sleep onset difficulties compared to term born children [37]. In con-
trast, objective measures of sleep, including actigraphy and gold-standard polysomnography reveal 
different results. In a study in very preterm (<32  weeks gestation) children aged between 7 and 
12 years, polysomnographic studies revealed that preterm children had earlier sleep onset times com-
pared to term-born children, suggesting that very preterm children have an earlier sleep phase [38]. 
Sleep architecture in childhood was also altered with preterm children spending more time in N2 
sleep, less time in N3 and more nocturnal awakenings [39].

In contrast, other studies have shown that sleep architecture is not altered by preterm birth in child-
hood, however rates of sleep disordered breathing are high along with periodic limb movements [40, 41]. 
In addition, studies based on questionnaire data, show adolescents born preterm have a higher propensity 
to morningness, again indicating advanced sleep phase compared to term-born individuals [42].

�Effect of Fetal Growth Restriction

Few studies have investigated the long-term effect of FGR on sleep. Of the studies available, actigra-
phy and not gold standard polysomnography has been used to assess sleep patterns and quality. 
Consequently, a paucity of data on the long-term effect of FGR on sleep architecture exists. Actigraphy 
studies in children aged between 4 and 7 years, compared 26 term-born FGR to 47 term-born AGA 
children have been performed [43]. Compared to their appropriately grown peers, FGR children had 
reduced amounts of sleep and a higher percentage of children categorised as poor sleepers, defined by 
a lower sleep efficiency and more awakenings during the sleep period [43].

Adult studies investigating sleep/wake patterns indicate that very low birth weight (<1500 g) alters 
circadian rhythms. In adulthood, being born very low birth weight was associated with earlier rise 
times, with a wake up time 45 min earlier compared to term born controls, suggesting that preterm birth 
may permanently alter sleep by advancing sleep phase [44]. However, in the former study the global 
definition of “low birth weight” grouped FGR and preterm adults together and the full effects of FGR 
could not be discerned. Nonetheless, Kenneway et al. showed that low overnight melatonin excretion 
was associated with low birth weight and this effect amplified in adults that had a low ponderal index 
(where a low ponderal index reflects asymmetric FGR) and who were obese in adulthood [11].

Animal models in rats, using fetal protein restriction as a model of FGR, show that fetal undernu-
trition can result in long-term alterations of sleep in adulthood. Though the proportion of sleep states 
were not altered, increases in delta activity was observed in the FGR mice over a 24-h period [45]. 
Similarly, prenatally malnourished adult rats spent 20% more time in slow-wave sleep and 61% less 
in REM sleep compared to control adult rats when studied at 90–120 days of age [46].
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In summary, both preterm birth and FGR alters the maturation of sleep. In the long-term, being 
born preterm leads to significant alterations in sleep architecture and circadian rhythms phase. In FGR 
fetuses, sleep state organization is significantly altered, perhaps as an adaptive response to preserve 
energy. Though studies in children and adults are lacking, in utero changes that occur due to FGR may 
program the fetus for lifelong alterations in sleep, particular impacting sleep quality in children and 
circadian phases in adulthood.

�Future Research

Both preterm birth and FGR	 alter the development of sleep. The exact mechanisms of how 
these permanent alterations are unknown. The combination of both chronic hypoxia and undernutri-
tion in fetal life along with ex-utero development in an intensive care setting may play a role. In 
response to a hypoxic environment, reduced time spent in AS during fetal life could potentially effect 
brain maturation. AS is thought to play a significant role in the stimulation of central nervous system 
development in the fetus and the neonate [47]. In particular, animal studies indicate that muscle 
twitches during REM sleep are highly organised behaviours and induce specific cortical activity dur-
ing sleep [48]. It is though that AS, in particular, provides endogenous stimulation to sensory process-
ing areas in the central nervous system via fetal movements, breathing movements, sucking, 
swallowing, yawns, stretches and eye movements [49].

We also know that FGR has long-term effects on brain structure, in particular the hippocampus and 
the cerebellum [4]. EEG theta activity can be recorded from both the hippocampus and cortical regions 
and is prominent during REM sleep. Though the function of theta activity is unclear and difficult to 
study in humans, it has been proposed that theta activity during REM sleep plays a role in learning 
and memory consolidation [50]. However, whether or not theta activity is permanently altered by 
FGR in REM sleep remains unknown.

In children, sleep disruption and poor sleep quality are known to impair cognitive functioning, con-
centration, daytime alertness and overall behaviour [8]. NREM and REM sleep are known to be impor-
tant for memory consolidation and neurological growth and repair [16]. It has been well established that 
infants born preterm and FGR go on to have neurodevelopmental and behavioural impairments. Few 
studies have investigated the inter-relationship between prematurity, sleep and neurodevelopmental 
impairment during childhood. One study showed, in toddlers born preterm with appropriate birth 
weights, those with sleep/wake patterns that closely aligned with the 24-h circadian cycle had higher 
abbreviated intelligence quotient scores at 3 years of age [51]. Additionally, at 6 years these children had 
a lower risk for illness-related medical visits [51]. To date, the relationship between poor sleep and neu-
rodevelopment in children born preterm and FGR, has not been explored. Indeed, there is the potential 
that poor sleep could exacerbate neurodevelopmental deficits in this population.

�Conclusions

Sleep undergoes marked maturational changes in fetal life and infancy. Stress to the fetus, as occurs 
with FGR, may disrupt this development. Consequently, altered sleep has been reported in children 
and adults born FGR. Future studies are required to determine the long-term impact of FGR on sleep, 
both in childhood and adulthood. In particular, a detailed investigation of circadian rhythms and sleep 
state architecture in combination with neurodevelopmental assessment in childhood may provide 
unique insight into the life-long outcomes of being born FGR.
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Key Points

•	 Abnormal birth weight is a risk factor for several diseases in adulthood including cancer, cardio-
vascular disease, diabetes, overweight or mental disorders.

•	 “Omics” techniques are powerful tools in the quest for biomarkers.
•	 The following genes have been linked with abnormal birth weight: IGF-I, IGF-II, ADCY5, CDKAL1, 

ADRB1, HMGA2, LCORL, CMPXM2, CLDN1, TXNDC5, LRP2, PHLDB2, LEP, and GCH1.
•	 The following proteins have been proposed as abnormal birth weight biomarkers: IL-8, TNF-alpha, 

IFN-gamma, IL-10, alpha fetoprotein, free beta hCG, PAPP-A, MMP-9, VEGF, endothelin peptides, 
and A-FABP.

•	 Phospholipids, monoglycerides and vitamin D3 metabolites have been found as potential metabolic 
biomarkers of abnormal birth weight.

Keywords  Low birth weight • High birth weight • Biomarkers • Omics • Genomics • Transcriptomics 
• Proteomics • Metabolomics

Abbreviations

11B-HSD-2	 Hydroxysteroid (11-beta) dehydrogenase 2
2D-DIGE	 Two-dimensional difference gel electrophoresis
A-FABP	 Adipocyte fatty acid-binding protein
ADCY5	 Adenylate cyclase 5
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ADRB1	 Adrenoceptor beta 1
BCL6	 B-cell CLL/lymphoma 6
beta-hCG	 Beta-human chorionic gonadotropin
CDK19	 Cyclin-dependent kinase 19
CDKAL1	 Cyclin-dependent kinase 5 regulatory subunit associated protein 1-like 1
CE	 Capillary electrophoresis
CLDN1	 Claudin-1
CNVs	 Copy number variations
CPXM2	 Carboxypeptidase X 2 (M14 family)
CRP	 C-reactive protein
DNA	 Deoxyribonucleic acid
ENG	 Endoglin
ESI-LC-MS/MS	 Electrospray ionization-liquid chromatography-tandem mass spectrometry
FLNB	 Filamin B
FLT1	 fms-related tyrosine kinase 1
FSTL3	 Follistatin-like 3
GC	 Gas chromatography
GCH1	 Guanosine-5′-triphosphate cyclohydrolase 1
GDM	 Gestational diabetes mellitus
HBW	 High birth weight
HMGA2	 High mobility group AT-hook 2
hPGH	 Human placental growth hormones
ICAM-1	 Intercellular adhesion molecule 1
IFN-gamma	 Interferon gamma
IGF-I	 Insulin-like growth factor I
IGF-II	 Insulin-like growth factor II
IGFBP-1	 Insulin-like growth factor-binding protein 1
IGFBP-3	 Insulin-like growth factor-binding protein 3
IHD	 Ischaemic heart disease
IL-8	 Interleukin 8
IL-10	 Interleukin 10
INHA	 Inhibin alpha subunit
INHBA	 Inhibin beta A subunit
IUGR	 Intrauterine growth restriction
KCNQ1	 Potassium voltage-gated channel subfamily Q member 1
LBW	 Low birth weight
LC	 Liquid chromatography
LC-MS	 Liquid chromatography-mass spectrometry
LCORL	 Ligand-dependent nuclear receptor corepressor-like
LEP	 Leptin
LGA	 Large for gestational age
LRP2	 Low-density lipoprotein receptor-related protein 2
LYN	 Proto-oncogene, Src family tyrosine kinase
MALDI-TOF	 Matrix-assisted laser desorption/ionization-time-of-flight
MMP-1	 Matrix metalloproteinase-1
MMP-9	 Matrix metalloproteinase-9
MMPs	 Matrix metalloproteinases
MS	 Mass spectrometry
NDRG1	 N-myc downstream regulated 1
NFIA	 Nuclear factor I/A
NGS	 Next-generation sequencing
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NMR	 Nuclear magnetic resonance
PAPP-A	 Pregnancy-associated plasma protein A
PE	 Preeclampsia
PHLDA2	 Pleckstrin homology-like domain family A member 2
PHLDB2	 Pleckstrin homology-like domain family B member 2
PlGF	 Placental growth factor
PROCR	 Protein C receptor
PTMs	 Post-translational modifications
QSOX	 Putative quiescin sulfhydryl oxidase
RNA	 Ribonucleic acid
SDS-PAGE	 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SELDI-TOF	 Surface-enhanced laser desorption/ionization-time-of-flight
SGA	 Small for gestational age
SMG8	 Nonsense-mediated mRNA decay factor
SNA	 Sambucus nigra agglutinin
SNPs	 Single nucleotide polymorphisms
TNF-alpha	 Tumour necrosis factor alpha-like
TPBG	 Trophoblast glycoprotein
TXNDC5	 Thioredoxin domain-containing protein 5
VCAM-1	 Vascular cell adhesion molecule 1
VEGF-A	 Vascular endothelial growth factor A
VLBW	 Very low birth weight
WHO	 World Health Organization
XBP1	 X-box binding protein 1
ZNF127	 Zinc finger protein 127

�Introduction

According to the World Health Organization (WHO), biomarkers are defined as “almost any measure-
ment reflecting an interaction between a biological system and a potential hazard, which may be 
chemical, physical, or biological. The measured response may be functional and physiological, bio-
chemical at the cellular level, or a molecular interaction” [1]. Finding parameters that could (at early 
stage of gestation) indicate which pregnant women are at risk to deliver an infant with birth weight 
higher or lower than assumed acceptable range would allow modification of the pregnancy manage-
ment to optimise foetal growth and achieve desired birth weight [2]. Moreover, knowledge about the 
biochemical components and processes related to abnormal birth weight may indicate nutrition, life-
style or pharmacology-related solutions that can be introduced to prevent delivery of abnormal birth 
weight neonate.

Regarding birth weight, the normal range is between 2500 and 4000 g [3]. A normal birth weight 
is one of the factors indicating a proper foetus development. Different genetic and environmental fac-
tors may alter the foetus growth affecting birth weight, what may have the long-term effects on human 
health. Such lasting changes in the biological functions and structures during the foetal and early 
infancy development, induced by distinct factors and affecting individual health later in life, are called 
the foetal programming [4]. This concept was introduced almost 30 years ago by Barker et al. who 
reported an association between low birth weight and increased risk of ischaemic heart disease (IHD) 
in adulthood and increased incidence of death from IHD [5]. Nowadays the evidence of foetal pro-
gramming concept is clear as researchers have developed numerous studies reporting the impact of 
early life to disease development in adulthood [6–12]. One of the most important assumptions regard-
ing foetal programming is the thrifty phenotype hypothesis. The idea is based on the association 

36  Biomarkers of Abnormal Birth Weight in Pregnancy



506

between aetiology of type 2 diabetes and poor nutrition during the prenatal and postnatal development 
[4]. It suggests that malnutrition during the foetal and early infancy causes lasting changes in glucose 
and insulin metabolism reflected by poor foetal and infant growth and subsequent development of 
type 2 diabetes in adulthood [13]. Inappropriate organ development in LBW infants may be respon-
sible for future diabetes, as dysfunction of multiple organs (i.e. liver, pancreas, gut, muscle, adipose 
tissue, kidney and brain) is involved in the process of glucose intolerance, prediabetes and finally type 
2 diabetes development [8]. The association between the low birth weight and risk of type 2 diabetes, 
impaired insulin secretion and insulin resistance in adulthood are considered as predominantly non-
genetic. Nevertheless, poor nutrition causes modifications in foetal development which may comprise 
postnatal survival, particularly in challenging environmental conditions.

Increasing evidence suggest that low birth weight is associated with an increased risk of adult dis-
ease. LBW may lead to hypercholesterolemia, development of endothelial dysfunction and athero-
sclerotic process at a young age or higher blood pressure in adulthood [6]. Furthermore, a 
meta-regression analysis performed on data from 27 studies indicates association between LBW and 
adult depression [7]. A potential contribution of very low birth weight (VLBW), below 1500 g, to 
childhood cancer was examined by unconditional logistic regression performed based on combined 
case-control datasets of the cancer and birth registries of California, Minnesota, New York, Texas and 
Washington states. The dataset comprised of 17,672 children up to 14 years old who were diagnosed 
with cancer and 57,966 randomly selected controls. The data indicate that VLBW is a strong risk fac-
tor for hepatoblastoma development in childhood and moderate risk factor for other gliomas and reti-
noblastoma [9]. Based on the prospective analysis of 193,306 children (born from 1936 to 1972) 
registered in the Copenhagen School Health Record, it was established that LBW is associated with a 
decreased risk for colon cancer, while HBW is associated with an increased risk for colon cancer and 
decreased risk for rectal cancer [14]. In another report the effect of prenatal development on hearing, 
vision and cognition in adulthood was investigated. The study was performed based on UK biobank 
data, and depending on the studied factor, different numbers of participants completed each measure. 
The results indicate that participants with the smallest and the largest birth weights had significantly 
poorer function than others [15]. High birth weight (HBW) carries also an increased risk for several 
diseases in adulthood. Gillman et al. analysed combined results from two cohort studies (one included 
nurses and other their children) to evaluate the association between birth weight and adolescent BMI. 
Based on the analysis of data from 14,881 participants, it was concluded that HBW increases a risk of 
overweight in adolescence [10]. Another population-based study was conducted in a group of 15,600 
children aged from 3 to 6 years. The purpose of this study was to determine whether association 
between high birth weight and hypertension exists. Obtained results indicated that HBW or postnatal 
weight gain is associated with childhood hypertension [11]. Several studies have shown a positive 
association between HBW and cancer. HBW has been reported as a risk factor for childhood leukae-
mia and astrocytoma, as well as breast, prostate, endometrial and colon cancer in adulthood [12]. 
Moreover, HBW is associated with difficult labour and delivery. Birthweight of a child greater than 
4000 g is the indication for operative birth or caesarean section. Caesarean delivery places also the 
mother at a higher risk for blood transfusion, infections, hysterectomy or even death [16]. Also that 
large baby can suffer during a vaginal delivery. A child is at risk of fractures, trauma, shoulder dysto-
cia and brachial plexus injury [17]. Interestingly, the birth weight may also influence the mother’s 
future life. Based on the data from Framingham Offspring Birth History Study, it was shown that 
“giving birth to an infant with high birth weight was associated with increased breast cancer risk in 
later life, independently of mother’s own birth weight and breast cancer risk factors” [18]. In case of 
a VLBW child, maternal anxiety may compromise lactation [19]. Lactation may also be perturbed by 
caesarean delivery, due to reported differences in oxytocin and prolactin when comparing maternal 
levels between those delivering via caesarean section and vaginally. Consequently, caesarean delivery 
may affect early breastfeeding [20]. Health consequences of abnormal birth weight for mother and 
offspring are presented in Table 36.1.
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Birthweight and foetal development may be affected by maternal health. One of the main factors 
leading to macrosomia – defined as an excessive birth weight – is maternal obesity or immoderate 
weight gain during the pregnancy [21]. In a Danish study, the effect of maternal weight gain on birth 
weight was investigated. It was found that the risk of birth weight <3000 g is increased when maternal 
weight gain is below recommended level and the risk of birthweight >4000 is almost twice higher 
when the women gained more than what was recommended [22]. Macrosomia is also characteristic to 
mothers who are diabetic before pregnancy or develop gestational diabetes mellitus (GDM). Infants 
born to GDM mother have significantly higher percentage of body fat than infants born to lean women 
[21]. On the other hand, maternal underweight and mentioned low weight gain during pregnancy are 
risk factors for LBW [22]. Another maternal factors contributing to LBW are placental pathology 
[23], hypertension and preeclampsia (PE) [24] or exposure to social stress during pregnancy [25]. 
LBW or small for gestational age (SGA) may also appear as a consequence of heterogeneous syn-
drome associated with multiple factors like hypertensive disorders, smoking, infection, undernutrition 
or unexplained factors, generally named as intrauterine growth restriction (IUGR) [26]. Risk factors 
for abnormal birth weight are presented in Table 36.2.

Table 36.1  Health consequences of abnormal birth weight for mother and offspring

Consequences Ref.

Very low 
birth weight

Maternal
Maternal anxiety may compromise lactation [19]
Offspring
Strong risk of hepatoblastoma and moderate risk of retinoblastoma and other gliomas in 
childhood

[9]

Low birth 
weight

Offspring
Cardiovascular disease, hypercholesterolemia, development of endothelial dysfunction and 
atherosclerotic process in adolescence or higher blood pressure in adulthood

[5, 6]

Increased risk of type 2 diabetes in adulthood [13]
Increased risk of depression in adulthood [7]
Deterioration of hearing, vision and cognition in adulthood [15]
Decreased risk of colon cancer [14]

High birth 
weight

Maternal
Difficult labour and delivery/caesarean delivery – higher risk for blood transfusion, 
infections, hysterectomy, death for mother and lactation disorders

[16]

Increased risk of breast cancer [18]
Offspring
Deterioration of hearing, vision and cognition in adulthood [15]
Increased risk of fractures, trauma, shoulder dystocia and brachial plexus injury for the 
child during delivery

[17]

Increased risk of leukaemia and astrocytoma in childhood [12]
Increased risk of breast, prostate, endometrial and colon cancer in adulthood [12]
Increased risk of hypertension in childhood [11]
Increased risk of overweight in adolescence [10]
Increased risk of colon cancer and decreased risk of rectal cancer [14]

The table presents the reported consequences for mother and offspring’s health in childhood, adolescence and adulthood 
resulting from high or low birth weight in pregnancy
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�Technologies for the Discovery of Biomarkers

The above-mentioned data indicate the importance of searching for biomarkers of abnormal birth 
weight. A huge development of biomarker discovery field was possible thanks to the development of 
high-throughput analytical methods which allow for rapid and accurate measurement of multiple 
parameters [27]. Over the last three decades, we can observe an immense development of large-scale 
technologies among which the four major ones are genomics, transcriptomics, proteomics and metab-
olomics (Fig. 36.1). “Omics” suffix refers to a large-scale approach applied to study the complete set 
of deoxyribonucleic acid (DNA) molecules, ribonucleic acid (RNA) transcripts, proteins and metabo-
lites, respectively. The term “genomics” was first proposed by geneticist Thomas H. Roderick in 1986 
as the name of a new scientific journal devoted to the research on sequencing, gene mapping and new 
technologies in genetics [28]. Since that time, genomics has begun the new epoch of considering the 
particular biological systems at different levels (e.g. genome) as a whole. Then, in 1995, Wilkins et al. 
and Wasinger et al. published the first papers using the term proteomics and described both methods 
of global protein detection as well as the data analysis [29–31]. Finally in 1999, Jeremy K. Nicholson 
defined metabonomics as “the quantitative measurement of the dynamic multiparametric metabolic 
response of living systems to pathophysiological stimuli or genetic modification” [32]. Two years 
later Oliver Fiehn devoted his paper to describe metabolomics and different approaches used in this 
field [33]. Even though initially terms metabonomics and metabolomics referred to slightly different 
approaches in metabolite analyses, nowadays these two terms are used interchangeably. In order to 
analyse the biological samples in the most comprehensive manner, omics technologies require the 
usage of sophisticated tools that are characterized by high resolution, sensitivity and reproducibility. 
Furthermore it is crucial to design experiments carefully, starting with proper biobanking of the bio-
logical materials, followed by accurate sample treatment, choosing a proper analytical platform and 
finally by performing appropriate data filtering together with statistical and bioinformatics analyses. 
The revolutionary technology used nowadays in genomics and transcriptomics is called next-
generation sequencing (NGS). This high-throughput technology allows for rapid and deep analyses of 
huge amount of data which has to be then analysed using different bioinformatics tools. NGS has 
many applications in genomics (e.g. copy number variations (CNVs), single nucleotide polymor-
phisms (SNPs)) and transcriptomics (e.g. gene expression, microRNA profiling, splicing variants). It 
permits searching for specific DNA methylation and histone modifications responsible for the epigen-
etic regulation [34]. Proteins are the effector molecules of cell functions and therefore play a key role 
in determining the phenotype. Two main proteomics approaches exist, termed “top-down” and “bot-
tom-up” proteomics. The main advantage of top-down proteomics is a possibility to obtain protein 
sequences and detection of post-translational modifications (PTMs); however it has got also many 
limitations such as sensitivity or limited availability of bioinformatics tools [35]. On the contrary, the 

Table 36.2  Causes of LBW and HBW

Causes Ref.

Low birth weight Hypertension [24]
Placenta and vascular abnormalities [23]
Foetal infections (toxoplasmosis, rubella, HIV, parvovirus 19) [26]
Genetic abnormalities [42]
Underweight/low weight gain during pregnancy [22]
Social stress [25]

High birth weight Maternal obesity/immoderate weight gain during pregnancy [21]
GDM

The table presents maternal diseases and other conditions which predispose pregnant women to deliver high or low birth 
weight child
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bottom-up proteomics is more mature and more often used. Its main application is the protein identi-
fication and quantification. In proteomics the most commonly used technique for biomarker discovery 
is mass spectrometry (MS). Before analysis in MS, the proteins have to be first digested. In this 
regard, there are two main strategies which are in-solution digestion using trypsin as a proteolytic 
enzyme or SDS-PAGE (sodium dodecyl sulphate – polyacrylamide gel electrophoresis) followed by 
in-gel digestion. Finally the resulting peptide mixture is separated using the liquid chromatography 
(LC), and the obtained spectra are identified using the available databases. Protein quantification 
might be performed using stable isotope labelling or label-free approach [36, 37]. Among all of the 
omics technologies, metabolomics represents the actual biological outcome most strongly as it is the 
last in the cascade of omics and most sensitive in terms of the phenotype response to genetic or exter-
nal factors [38]. The two major techniques used in metabolomics are nuclear magnetic resonance 
(NMR) and mass spectrometry. The samples that are analysed with NMR do not require any previous 
treatment, whereas sample treatment for MS analysis depends on the separation technique which is 
coupled to MS, i.e. liquid chromatography, gas chromatography (GC) and capillary electrophoresis 
(CE). Taking into account that each separation technique allows for detection of different classes of 
compounds to increase the metabolites coverage, it is crucial to use all of the available analytical 
platforms, if feasible. After completing the run in equipment, the raw data have to be first reprocessed 
and aligned, followed by the data treatment including normalization, filtering and statistical analyses 
[39]. Identification of the obtained significant features can be done at different confidence levels using 
the existing spectral databases and eventually chemical reference standards (in order to confirm the 
metabolite assignment) [40]. Once metabolites are identified and assigned to the biochemical path-
ways, they can serve as the potential diagnostic biomarkers of a particular disease or condition. 
Application of metabolomics in biomarker discovery can give the information about the pathomecha-
nisms underlying diseases and can improve their diagnosis or even predict the short- and long-term 
consequences. Each particular omics approach can bring the novel information about the biological 
processes at different levels independently. However integration of high-throughput experimental and 

Fig. 36.1  The “omics” cascade. Particular “omics” technique has different approaches to sample analysis. In the field 
of biomarkers research, a global analysis is used mostly in discovery phase, whereas a target analysis is utilized for vali-
dation of potential biomarkers. Fluxomics is a powerful tool to study biochemical pathways
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computational technologies from the field of genomics, transcriptomics, proteomics and metabolo-
mics allows for comprehensive analysis of the system biology. This is a holistic approach which seeks 
to obtain a complex information about the human or animal biology. Recent advances in the omics 
field provide insight into the molecular mechanisms of different diseases and conditions, with precise 
and complex information about the interactions between genetic and environmental factors. System 
biology holds a great potential in elucidating the risk of disease devolvement, individual susceptibil-
ity, predicting the response to drugs, etc. In this regard, large-scale technologies lead to the develop-
ment of personalized medicine and thus enable to progress with the targeted drug therapies for 
patients. Nevertheless integrating the omics data in the context of system biology is an emerging field. 
Hence novel techniques for acquiring and analysis of the data obtained through the research of 
genome, transcriptome, proteome and metabolome are still evolving. Among all components of sys-
tems biology, epigenetics plays an important role in the foetal programming. It regulates the gene 
expression via DNA methylation and histone modifications without changing the underlying DNA 
sequence. Despite the fact that epigenetics modifications regulate the physiological development, they 
can also be induced in response to several environmental factors (e.g. diet, drugs) [41]. Epigenetics 
together with genomics, transcriptomics, proteomics and metabolomics studies is a powerful tool able 
to provide the knowledge about the molecular networks that are responsible for metabolic program-
ming at different stages of prenatal and postnatal life, having also a potential to discover biomarkers 
of abnormal birth weight.

�Biomarkers of Abnormal Birth Weight

Until now, “omics” techniques were used in several studies to search for biomarkers of abnormal birth 
weight. Genetic background cannot be omitted while considering factors influencing a birth weight. 
Based on the epidemiological studies, it was estimated that genetic factor may be responsible for birth 
weight in up to 80%. In humans, several genes were found to be related to birth weight. A defect in 
the insulin-like growth factor (IGF-I) gene was found in small-for-gestational-age subjects. Moreover 
another insulin-related genes (e.g. insulin receptor, insulin receptor substrates 1 and 2 or IGF-II) were 
found critical for normal foetal growth [42, 43]. Furthermore, based on the study of almost 70,000 
individuals, additional loci responsible for birth weight were discovered. Some of them were previ-
ously known as related to type 2 diabetes (ADCY5 and CDKAL1), adult blood pressure (ADRB1) 
and adult height (HMGA2 and LCORL) [44]. Measurement of placental gene expression in pregnan-
cies with growth dysfunction revealed upregulation of CPXM2 and CLDN1 and downregulation of 
TXNDC5 and LRP2 genes in case of foetal growth restriction. In case of macrosomia, PHLDB2 and 
CLDN1 genes were upregulated while LEP and GCH1 downregulated [45]. A recent study has found 
that placental 11B-hydroxysteroid dehydrogenase type 2 (11B-HSD-2) mRNA is a potential placental 
biomarker of foetal smallness [46]. Regarding proteomics markers, a shotgun plasma proteomics 
approach was used to evaluate maternal biochemical pathways regulating infant birth weight. The 
results show that in the third trimester, plasma of mothers who will later deliver low birth weight 
infants was richer in several pro-inflammatory cytokines (IL-8, TNF-alpha and IFN-gamma), while 
the anti-inflammatory cytokine IL-10 was decreased. Moreover, matrix metalloproteinases (MMPs) 
were upregulated in mothers with low birth weight infants [47]. In a different study, serum alpha feto-
protein (msAFP), free β-hCG and pregnancy-associated plasma protein A (PAPP-A) were retrospec-
tively evaluated as potential biomarkers for adverse pregnancy outcomes. Combination of all three 
proteins was found predictive for pre-term delivery and LBW [48]. Recently published paper demon-
strates the use of the multiplex protein array assay targeting vascular endothelial growth factor 
(VEGF-A), acute phase proteins C-reactive protein (CRP), soluble intracellular adhesion molecule 
(ICAM-1), soluble vascular cell adhesion molecule (VCAM-1) and matrix metalloproteinases 
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(MMPs) to evaluate biomarkers of adverse birth outcome including abnormal birth weight. In this 
study MMP-9 and VEGF proteins, endothelin peptides and 8-isoprostane were proposed as markers 
associated with birth weight [49]. An adipocyte fatty acid-binding protein (A-FABP) is one of the 
proteins in maternal serum that was found to be related to neonate’s birth weight. The hypothesis link-
ing this protein with birth weight has originated from a metabolomics research. Based on serum meta-
bolic fingerprinting, several metabolites (phospholipids, monoglycerides and vitamin D3 metabolites) 
were found correlated with birth weight. Detected lipids were diminished in the serum of mothers 
who delivered large neonates, while A-FABP was found negatively correlated with the level of serum 
lipids and directly related to the birth weight of the future neonate [3]. Multivariate model showing 
classification of pregnant women according to neonate’s birth weight based on the serum metabolic 
fingerprint is presented in Fig. 36.2. Currently reported molecular biomarkers which enable to predict 
abnormal birth weight are presented in Table 36.3.

�Biomarkers for Maternal Diseases Influencing Birth Weight

As already mentioned there are several maternal conditions which influence birth weight. Some of 
them (e.g. GDM, preeclampsia or IUGR) may develop in the course of pregnancy; therefore finding 
biomarkers that can predict their development may help to assure a normal birth weight. Genetic 
background of GDM is partly similar to those predisposing to type 2 diabetes. Polymorphisms in 
genes such as TCF7L2, CDKAL1 and KCNQ1 may increase the risk of GDM [50]. Maternal plasma 
microRNA has also a potential to predict gestational diabetes. Five miRNAs (hsa-miR-16-5p, hsa-
miR-17-5p, hsa-miR-19a-3p, hsa-miR-19b-3p, hsa-miR-20a-5p) differentially expressed in GDM are 
potential non-invasive biomarkers [51]. Proteomics biomarkers of GDM have been reviewed by Singh 
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Fig. 36.2  Classification of pregnant women according to neonate’s birth weight based on serum metabolic fingerprints. 
Partial least square discriminant analysis (PLS-DA) score plot generated based on the data obtained by serum 
LC-QTOF-MS fingerprinting analysis in positive ion mode [3]. Colours indicate neonate’s birth weight: normal (green), 
high (red) and low (blue)

36  Biomarkers of Abnormal Birth Weight in Pregnancy



512

et al. Several proteomics techniques were used in the quest for GDM protein biomarker including 
two-dimensional difference gel electrophoresis (2D-DIGE), matrix-assisted laser desorption/
ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS), surface-enhanced laser desorption/
ionization-time-of-flight-mass spectrometry (SELDI-TOF-MS) and the electrospray ionization-liquid 
chromatography-tandem mass spectrometry (ESI-LC-MS/MS) techniques. By use of these approaches, 
the following protein biomarkers for GDM were proposed: fibronectin-SNA, clusterin, apolipoprotein 
CII, fibrinogen alpha chain precursor, haptoglobin, protein SMG8, apoptosis-inducing factor and oth-
ers [52]. Metabolomics has also been used to search for GDM biomarkers. In one of the studies, serum 
fingerprints of GDM patients were compared with controls showing differences in lysophospholipids, 
taurine-bile acids and long-chain polyunsaturated fatty acid derivatives [53]. However in this study, 
women with already developed GDM were compared to controls. Consequently, significant metabo-
lites can be considered as GDM biomarkers, but their ability for GDM prediction requires further 
investigations. Attempts to find prognostic biomarkers of gestational diabetes have been made in 
another metabolomics study. By use of NMR-based plasma metabolomics, Pinto et al. have found that 
glucose, amino acids, betaine, urea, creatine, cholesterol as well as plasma lipoproteins, fatty acids, 
triglycerides and metabolites related to gut microflora are potential prognostic biomarkers of GDM 
[54]. Preeclampsia may also have a genetic background. Currently multiple genes (FLT1, LEP, INHA, 
ENG, PROCR, MMP1, XBP1, FSTL3 as well as FLNB, INHBA, BCL6, TPBG, NDRG1, LYN and 
QSOX) were found predisposing to preeclampsia [55]. Preeclampsia is closely related to hyperten-
sion; however, in recently published article, it has been shown that genetic risk scores for hypertension 
and blood pressure are not associated with preeclampsia [56]. Several studies have been performed in 
order to find proteomics biomarkers of PE. The results indicate that the most frequently reported pro-
teomics biomarkers of preeclampsia were alpha-2-HS-glycoprotein, endoglin, fibrinogen alpha chain, 
fibronectin, fibulin-1, haemoglobin subunit alpha, haemoglobin subunit zeta, plasminogen, pregnancy-
specific beta-1-glycoprotein 3, pregnancy-specific beta-1-glycoprotein 4, thyroid hormone-binding 
protein and vitronectin [57]. In order to search for small molecule biomarkers of preeclampsia, several 
studies using NMR [58] and LC-MS [59] were performed. Based on the NMR metabolic profiles of 
urine and serum, potential biomarkers present in both body fluids were proposed. Hippurate was 
found the most important metabolite for the prediction of preeclampsia based on the analysis of urine, 
while lipid (including an atherogenic lipid profile) based on the analysis of plasma samples. LC-MS 
serum acylcarnitines were measured in the first trimester of pregnancy in maternal serum of PE group 
and controls. Performed study enabled to identify stearoylcarnitine as a novel biomarker of PE [59]. 
Likewise, in case of IUGR, researchers were searching for potential biomarkers at different omics 
levels. Genetic determinants of IUGR have been reviewed by Zhang [60]. Significantly lower expres-
sion of growth factor genes (hPGH, IGF-I, IGFBP-1 and IGFBP-3) was found in placentas from 
human IUGR in comparison to the ones with normal foetal growth. It has been also demonstrated that 
IUGR is associated with maternal and foetal angiotensinogen Thr235 genotype, what might be 

Table 36.3  Different types of abnormal birth weight molecular biomarkers

Type of biomarker Biomarker Ref.

Genes IGF-I, IGF-II [42, 43]
ADCY5, CDKAL1, ADRB1, HMGA2, LCORL [44]
CMPXM2, CLDN1, TXNDC5, LRP2, PHLDB2, LEP, GCH1 [45]

Transcripts 11B-HSD-2 [46]
Proteins IL-8, TNF-alpha, IFN-gamma, IL-10, MMPs [47]

Alpha fetoprotein, free beta hCG, PAPP-A [48]
MMP-9, VEGF, endothelin peptides [49]
A-FABP [3]

Metabolites Phospholipids, monoglycerides, vitamin D3 metabolites [3]
The table shows potential prognostic biomarkers of abnormal birth weight at different molecular levels, i.e. genes, 
transcripts, proteins and metabolites
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responsible for insufficient placental circulation. Among other genes related to IUGR, inversion of 
chromosome 6 of the CDK19 gene or deletion of chromosome 1p32-p31 of the NFIA gene was 
reported. Epigenetic studies have shown differential methylation changes in growth-restricted pla-
centa genes, ZNF127 gene expression was upregulated and PHLDA2 downregulated [60]. Proteomics 
and metabolomics biomarkers of IUGR have been reviewed by Conde-Agudelo et al. and divided 
them based on their functions on angiogenesis, endothelial/oxidative stress and placental related bio-
markers. In the group of proteins, placental growth factor (PlGF), soluble fms-like tyrosine kinase-1, 
soluble endoglin, vascular endothelial growth factor, angiopoietin-2, endothelial cell adhesion mole-
cules, fibronectin, lactate dehydrogenase, pentraxin 3, cytokines and C-reactive protein were reported 
as potential biomarkers of IUGR, whereas, regarding metabolites homocysteine, 8-oxo-7,8 dihydro-
2-deoxyguanosine, isoprostanes and asymmetric dimethylarginine were proposed [26]. Biomarkers 
for maternal diseases influencing birth weight are summarized in Table 36.4.

�Conclusions

Development of high-throughput analytical platforms and chemometric tools allowed for “omics” 
field inception. Genomics, transcriptomics, proteomics and metabolomics have been extensively used 
to search for disease biomarkers. Considering the importance of foetal programming and neonate’s 

Table 36.4  Prognostic biomarkers for maternal diseases influencing birth weight

Type of 
biomarker Disease Ref.

GDM

Genes TCF7L2, CDKAL1, KNCQ1 [50]
Transcripts hsa-miR-16-5p, hsa-miR-17-5p, hsa-miR-19a-3p, hsa-miR-19b-3p, hsa-miR-20a-5p [51]
Proteins Fibronectin-SNA, clusterin, apolipoprotein CII, fibrinogen alpha chain precursor, 

haptoglobin, protein SMG8, apoptosis-inducing factor
[52]

Metabolites Glucose, amino acids, betaine, urea, creatine, cholesterol as well as plasma lipoproteins, 
fatty acids, triglycerides

[54]

Preeclampsia

Genes FLT1, LEP, INHA, ENG, PROCR, MMP1, XBP1, FSTL3, FLNB, INHBA, BCL6, 
TPBG, NDRG1, LYN and QSOX

[55]

Proteins Alpha-2-HS-glycoprotein, endoglin, fibrinogen alpha chain, fibronectin, fibulin-1, 
haemoglobin subunit alpha, haemoglobin subunit zeta, plasminogen, pregnancy-specific 
beta-1-glycoprotein 3, pregnancy-specific beta-1-glycoprotein 4, thyroid hormone-
binding protein, vitronectin

[57]

msAFP, PAPP-A [48]
Metabolites Hippuric acid, lipids [58]

Stearoylcarnitine [59]
IUGR

Genes hPGH, IGF-I, IGFBP-1 and IGFBP-3, CDK19, NFIA [60]
Changes in methylation of ZNF127 and PHLDA2 genes

Proteins Placental growth factor, soluble fms-like tyrosine kinase-1, soluble endoglin, vascular 
endothelial growth factor, angiopoietin-2, endothelial cell adhesion molecules, 
fibronectin, lactate dehydrogenase, pentraxin 3, cytokines, C-reactive protein

[26]

Metabolites Homocysteine, 8-oxo-7,8 dihydro-2-deoxyguanosine, isoprostanes, asymmetric 
dimethylarginine

The table shows potential biomarkers of such maternal conditions that may influence on neonate’s birth weight. 
Biomarkers are divided into genes, transcripts, proteins and metabolites, according to their molecular type
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proper birth weight, these techniques were also applied to search for predictive biomarkers of possible 
birth weight abnormalities. Until now several potential biomarkers of abnormal birth weight were 
reported. However, before introducing them into routine clinical diagnostics, proposed biomarkers 
require validation on large cohorts and in distinct medical centres, independently. Nevertheless, stud-
ies on the mechanisms underlying foetal growth disorders are meaningful, as they may indicate how 
to assure a normal foetal growth.
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Key Points

•	 Type 2 diabetes is a worldwide global health concern and its development is closely associated 
with perinatal insults, such as undernutrition or overnutrition.

•	 Pancreatic islets are among the main targets of early life nutritional insults, which can eventually 
result in significant islet impairments.

•	 Skeletal muscle and white adipocytes are the major peripheral insulin-dependent tissues injured by 
metabolic malprogramming effects, leading to type 2 diabetes later in life.

•	 Malprogramming effects, which lead to phenotypes like obese individual with insulin resistance or 
lean with insulin hypersensitivity later in life, are highly dependent on the time and severity of the 
nutritional insults.

•	 Imbalanced autonomous nervous system, especially through changes in muscarinic acetylcholine 
receptor signaling in pancreatic islets, contributes to the type 2 diabetes development later in life.

•	 Recent studies show relevant epigenetic modifications in pancreatic islets to explain the early life 
impairments due to nutritional insults.

Keywords  Pancreatic islets • Nutritional insults • Sensitive periods of life • Fetal programming • 
Developmental Origins of Health and Disease (DOHaD) • Metabolic programming • Epigenetic
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ANS	 Autonomous nervous system
CNS	 Central nervous system
DOHaD	 Developmental Origins of Health and Disease
mAChR	 Muscarinic acetylcholine receptor
T2D	 Type 2 diabetes

�Introduction

Numerous experimental [1, 2] and epidemiological [3, 4] studies have highlighted the metabolic dis-
eases as a major threat to global health. Metabolic dysfunctions commonly related to prenatal and post-
natal nutritional insults, such as undernutrition or ingestion of high caloric diets, are one of the triggers 
of the development of obesity, hypertension, and type 2 diabetes (T2D), among other disorders.

Studies have confirmed the importance of the thrifty phenotype hypothesis, which states that low 
birth weight is one of the major risk factors for the development of metabolic syndrome later in life. 
Based on this hypothesis, the idea of the Developmental Origins of Health and Disease (DOHaD) was 
proposed, and this concept has been extensively discussed and accepted by numerous researchers around 
the world [5]. The DOHaD concept pursues to explain how insults (e.g., malnourishment) during critical 
windows of body development, such as perinatal phase, can lead to metabolic dysfunctions later in life. 
Normally, the early life effects of malnourishment on metabolism will be observed in the adult offspring 
if their diet improves or if overnutrition occurs [6, 7]. In sum, the DOHaD concept can be defined as a 
malprogramming of the metabolism, which induces diseases when children become adults. The DOHaD 
notion is not only limited to nutritional insults but also focuses on insults caused by several drugs, such 
as nicotine, which is an important trigger of metabolic dysfunctions in adulthood [8].

The central nervous system (CNS) is affected by undernutrition leading to its malformation and 
this is particularly due to its sensitive developmental phase [9, 10]. However, the CNS is not the only 
affected system and several other tissues, such as the liver and the endocrine pancreas [11–13], are 
also impaired by nutritional restriction during the perinatal phase. The pancreatic islets are believed 
to be a key target of metabolic programming [12, 14–16]. Such impairments might lead the endocrine 
cells of the pancreas, especially beta cells, to exhaustion, which will eventually result in T2D that is 
when the beta cells are not able to produce enough insulin to overcome the insulin resistance devel-
oped as consequence of the disease impairments. During the last decade, numerous studies have 
linked overnutrition and undernutrition effects on beta-cell dysfunction with epigenetic mechanisms, 
which appear to induce the onset of T2D [17, 18]. Given the importance of pancreatic islets in meta-
bolic programming, this chapter aims to focus on the current advances to understanding the role of 
pancreatic islets and perinatal programming, particularly due to nutritional insults.

�The Intrauterine and Suckling Phases as Very Sensitive Windows 
for Metabolic Programming

The endocrine pancreas development is an important biological process that will constitute the pan-
creatic islets of Langerhans. This critical stage (Fig. 37.1) makes this organ very sensitive to changes 
in hormone, macro- and micronutrients, metabolites and growth factors in their surrounding environ-
ment [19]. The T2D is one of the major dysfunctions of the pancreatic islets, it has been closely 
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associated with maternal exposition to nutritional insults, both overnutrition and undernutrition, in 
critical stages of offspring development [20, 21]. In this section, we will focus on the effects of mater-
nal undernutrition both during pregnancy and lactation as well as the outcome presented by the off-
spring later in life, once these changes are greatly contributing to the T2D.

In early life, especially when pregnant and lactating dams undergo a low-protein or low-calorie 
dietary regimen, the lack of amino acids to guarantee metabolic demand affects maternal endocrine 
systems in mothers, via placenta or change in milk composition, malprogramming the pancreas physi-
ology of their offspring [22, 23]. In addition, changes in metabolism as well as in pancreatic islet 
function are also found in the offspring, as a long-term consequence, when perinatal overnutrition 
occurs [20, 24].

Thus, for a healthy and functioning endocrine pancreas, an equilibrated-homeostatic environment 
is necessary during its formation/maturation. It is important because the pancreatic endocrine cells, 
especially glucagon-containing α-granules are observed since the 9th embryonic day (E9; in the 
mouse); on the other hand, insulin-containing β-granules are not typically seen at this period. Even 
though the endocrine pancreatic cells could be seen at this time, they are not completely isolated as an 
endocrine cell line; all of them are associated together with the epithelial and/or exocrine cells and the 
pancreatic and duodenal homeobox factor 1 (Pdx1), a key factor for the early pancreatic progenitor 
cells differentiation, does not seem to be expressed yet. In fact, the pancreas originates from the dorsal 
and ventral regions of the foregut endoderm at the embryonic day E9.5 in the mouse, E11 in the rat, 
and 25–26 days of gestational age in the human [19].

Following the progression of pregnancy (around of E14 and E18; in the mouse pancreas), a surge of 
new endocrine cells, separated from the exocrine cells, begins to accumulate along the ducts and blood 
vessels. Interestingly, the morphogenesis and differentiation process continue after birth, when these 
new pancreatic endocrine cells adhere and form an aggregation that represents the first islets of 
Langerhans (consisting of insulin-producing β-cells, glucagon-producing α-cells, somatostatin-
producing δ-cells, ghrelin-producing ɛ-cells and pancreatic polypeptide-producing PP-cells) [25]. 
Considering the physiological importance of this process, an inadequate maternal nutrition either in 
pregnancy or in suckling phase is a determinant for the unhealthy shaping of pancreatic beta cell in 
early life.

Regarding metabolic malprogramming effects upon the endocrine pancreas, there are many studies 
reporting that the intrauterine and suckling phases are critical windows for malprogramming, leading 
to metabolic dysfunction associated to pancreas due to environmental injuries through the maternal 
dietary. Among the changes in organ and/or neuroendocrine systems, the maternal undernutrition in 
experimental animal models, either in pregnancy or in lactation, show many subtle malfunctioning 
effects on metabolism. Altogether, they appear as risk factors for the metabolic syndrome (Fig. 37.2). 

Fig. 37.1  Impact of insults during the sensitive periods of life. The impact of insults is greater during gestation and 
lactation and leads to more severe metabolic dysfunctions later in life. Moreover, recent studies indicate that adoles-
cence is also a susceptible period for programming and may imbalance metabolic homeostasis later in life
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In fact, there are many variations regarding the studies of malfunctioning effects on metabolic param-
eters, but it can be explained by the duration of insult, severity of food restriction, time where the 
insult occurs, sex, species and/or the moment in which data are evaluated. However, in general the 
phenotypic outcome depends on when mothers experience food deprivation (protein-, calorie-, and/or 
protein-calorie restriction), e.g., only in pregnancy, pregnancy plus lactation, or only in lactation.

In line with that, we can visualize the following effects:

	1.	 When food deprivation occurs at pregnancy, high peripheral insulin resistance, which is associated 
with an obese phenotype at adulthood in offspring, is usually present. At this point, the physiologi-
cal changes as long-term consequence of the effects of metabolic malprogramming in the important 
regulatory proteins that is involved in different signaling pathways controlling key functions in the 
cell have been found. Given that, impaired activation of the phosphatidylinositol-3 kinase (PI3-K) 
and protein kinase B (PKB, also known as Akt) pathway [26] and low protein expression and/or 
translocation activity of glucose transporter 4 (GLUT4) in white adipose tissue have been reported 
[27]. In addition, in this experimental model of food deprivation during pregnancy, it was observed 
a downregulation of the isoform zeta of protein kinase C (PKC ζ) that is directly involved in insulin-
mediated metabolic processes by positively influencing glucose uptake through the stimulation of 
the GLUT4 translocation in the cell [28]. Together with the p85α, a non-catalytic subunit associated 
with catalytic subunit p110β of the PI3K, in both white adipocytes and skeletal muscle, it was found 
decreased in adult rat offspring from mothers that underwent protein restriction during pregnancy 

Fig. 37.2  Metabolic malprogramming by maternal undernutrition in critical phase of life upon the peripheral insulin 
action in the adult offspring. Offspring whose dams experienced protein/calorie deprivation during pregnancy (espe-
cially later) and lactation (especially earlier) malprograms insulin-dependent tissues to different changes that converges 
with a high risk of type 2 diabetes onset. If malnutrition occurs during pregnancy, it can disrupt mechanisms that lead 
to insulin resistance in both skeletal muscle and white adipose tissues. On the other hand, if malnutrition occurs during 
suckling phase, a similar mechanism is also disrupted, but in this case, leading to insulin hypersensitivity in both skel-
etal muscle and white adipose tissues. Altogether, maternal malnourishment in critical stages of life malprograms the 
offspring to a high risk of developing type 2 diabetes
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[27, 29–31]. These changes are strong contributors to metabolic dysfunction, like insulin resistance, 
leading to high risk of T2D (Fig. 37.3).

	2.	 On the other hand, when dams are undernourished only during lactation (especially at the early 
lactation period) their offspring display high peripheral insulin sensitivity associated with a lean 
phenotype. In this case, the malprogramming effects, as long-term consequences, are influenced 
by the physiological changes in insulin signaling pathway like the one shown above. In line, 
autonomous nervous system imbalance [32], especially low parasympathetic tonus, can attenu-
ate the effects upon glucose-induced insulin secretion in pancreatic beta cell [14]. In an experi-
mental model, an increased translocation of GLUT4 associated with high activation of 
mammalian target of rapamycin (mTOR)/Akt pathway in white adipose tissue [33] and a high 
protein expression of insulin receptor substrate-1 (IRS-1), PI3K, and GLUT4 in skeletal muscle 
was also found [34]. Altogether, these cell-signaling changes are strong contributors to meta-
bolic dysfunctions, primarily leading to an insulin hypersensitivity pattern in peripheral tissues. 
Even though the insulin hypersensitivity is present as a primary effect, a second disturbance may 
develop, leading to a high risk of an impairment of the insulin secretion response on the beta 
cells and, eventually, the development of T2D. The development of T2D in this case might be 
triggered by an increased availability of food in individuals that underwent poor-energy diets in 
early periods of life [7] (Fig. 37.3).

Fig. 37.3  Metabolic malprogramming by maternal undernutrition in critical phases of life upon the insulin pathway in 
skeletal muscle and white adipose tissue in the adult offspring. Offspring whose dam experienced protein/calorie depri-
vation exhibit a disrupted insulin pathway, which leads to a metabolic syndrome pattern (not yet elucidated) with insulin 
resistance if malnourishment was during pregnancy and insulin hypersensitivity if malnourishment was during lacta-
tion. Insulin is a pivotal hormone that controls critical energy functions such as glucose metabolism, among other sig-
naling pathways. When the insulin molecule binds and activates its insulin receptor tyrosine kinase (IR), a phosphorylation 
activity occurs by recruiting different substrate proteins such as the IRS family of proteins. Subsequently, the phos-
phorylated IRS bind to various other different signaling proteins (including PI3K, which plays an important role in 
insulin function, primarily through the activation of the Akt/PKB and the PKCζ signaling cascades. In summary, the 
insulin-stimulated glucose uptake in muscle and/or adipocytes, via the GLUT4-vesicles translocation to the plasma 
membrane, involving the PI3K/Akt pathway, is altered (downregulation in malprogramming induced during intrauter-
ine phase) and (upregulation in malprogramming induced during suckling phase), and this has been demonstrated to be 
associated with the activation/expression of these insulin-dependent signaling proteins
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It is evident that beyond the disturbances in the insulin production/secretion (pancreatic beta-cell 
impairment), the insulin action in peripheral tissues (adipose tissue and skeletal muscle) are also 
imbalanced by malprogramming effects due to maternal nutrients scarcity in critical stages of life. In 
consequence, it appears as subtle changes in metabolism later in life, and all of these alterations con-
verge in metabolic dysfunctions that corroborates for the metabolic syndrome and T2D onset.

In a similar way as to gestation and lactation, many studies have supported that insults occurring 
during the adolescence can program the metabolism to exhibit dysfunctions later in life. Thus, beyond 
the pregnancy and suckling phases, adolescence is also a pivotal window where individuals that 
undergo nutritional insults may develop metabolic dysfunctions later in life. It has been shown that the 
adolescence is a sensitive period for the final maturation of neuroendocrine circuits, which includes 
those involved in energy expenditure [35]. Rats fed a high-fat diet during a period of 60 days that 
encompasses their peripubertal period exhibit more drastic effects (e.g., increased adipose tissue 
accumulation, impaired glucose tolerance. and decreased peripheral insulin sensitivity) compared 
with rats fed a high-fat diet during 60 days after the adolescence period, i.e., only during adulthood 
[36]. In the same line, when rats are fed a low-protein diet during adolescence, impaired beta-cell 
function and imbalanced metabolism homeostasis are observed [6]. This latter study points out to the 
alteration in the activity of muscarinic acetylcholine receptor (mAChR) subtypes as a possible mecha-
nism to explain, at least in part, where metabolic programming is acting through. Although the evi-
dence for adolescence as an additional window for metabolic programming is in place, it is still 
lacking mechanistic studies showing how this occurs.

�Early Nutritional Insults Malprogram Pancreatic Islet Function

At adulthood, endocrine pancreas is composed by around one million islets of Langerhans with vari-
able sizes (from 40 up to 900 μm). In fact, the location of smaller and larger islets of Langerhans is 
dependent on the metabolic availability during their development, whereas the smaller islets of 
Langerhans are deeply embedded in the pancreas’ parenchyma, the larger islets are found to be closely 
to the major arterioles, which points out that failure in nutrient delivery can affect drastically the 
endocrine pancreas development [19, 37]. In general, most of islets are constituted by around 3000–
4000 cells of the five major types, as described above. Human pancreatic islets consist of around 50% 
β-cells, ~40% α-cells, ~10% δ-cells, and few PP-cells, while rodent pancreatic islets comprise around 
of 60–80% β-cells, ~15–20% α-cells, less than 10% δ-cells, and less than 1% PP-cells [38].

Maternal scarcity of nutrients, during pregnancy and/or suckling phase, creates a larger energy 
demand in dams’ metabolism. Consequently it can lead to undernourishment in the offspring in these 
critical stages of life development, which is translated as lack of glucose, amino acids, hormone sig-
naling and/or the action of growth factors that are critical for the development of the endocrine pan-
creas in the offspring [19, 22, 39]. Moreover, insulin itself might modulate the endocrine pancreatic 
cell development. As elegantly reported in a previous study, the appropriate modulation of insulin 
signaling as feedback loop into the pancreas is pivotal for the optimal generation of pancreatic beta 
cells, where insulin signaling by itself can regulate the differentiation of pancreatic progenitor cells 
during the islet development and regeneration [40]. The physiological ability of pancreatic beta cells 
to synthesize and secrete insulin is regulated primarily by blood glucose levels, additionally neural 
and paracrine signals are important factors that influence pancreatic islet function. In fact, pancreatic 
islets from prediabetic obese mice, with an early malprogramming for metabolic disturbances, present 
failure in the autocrine effects of insulin, especially on the insulin receptor and insulin receptor sub-
strate-1 level [41]. Interestingly, this functional failure can be attenuated by exercise training, which 
modulates pathways, improving the metabolic parameters of exercised mice, particularly if the inter-
vention is performed in early developmental stages of life.
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Regarding the metabolic malprogramming effects, directly influencing pancreatic beta cells, it has 
been well demonstrated that the weak ability of pancreatic beta cells to secrete insulin is associated 
with lower activity of the autonomous nervous system (ANS) in potentiating glucose-induced insulin 
secretion. It has been reported that ANS is disrupted in adult rat offspring whose mothers were mal-
nourished during the first half of lactation [14, 32]. In addition, as shown previously, this functional 
disability of pancreatic beta cells to secrete insulin is, in part, intrinsically associated with an early 
malprogramming effect that leads to downregulation of the insulinotropic mAChR subtype M3 and 
upregulation of the insulinostatic mAChR subtype M2 [16]. These two subtypes of mAChRs belong to 
the superfamily of the G protein-coupled receptors. While the M3 subtype is a Gq/11-coupled receptor 
[42], the M2 subtype couples to Gi/o [43]. These two mAChRs are the major receptor subtypes modu-
lating signaling pathways in pancreatic beta cells. Moreover, the insulinotropic effect of mAChR 
subtype M3 as well as the insulinostatic effect of mAChR subtype M2 from adult rat offspring whose 
mothers were protein deprived just in the last third of pregnancy is shown to be functionally decreased; 
thus, acetylcholine-responsiveness of pancreatic islets to physiological stimuli is found to be drasti-
cally reduced [44].

In another rodent model of early malprogramming, besides the unbalanced function of the ANS by 
acting on the pancreatic beta cells potentiating insulin secretion [45, 46], the insulinotropic mAChR 
subtype M3 was found to be upregulated, while the insulinostatic mAChR subtype M2 was downregu-
lated in adult rat offspring [47], which is an important predictor for the onset of T2D.

It is important to highlight that in the critical stage in which pancreatic beta cells are developing, 
disturbances in the environment are a powerful factor addressing changes in several mechanisms 
involving transcription factors. These transcription factors underlie the architecture of the pancreas 
formation, as well as their maturation and function. As previously shown the capacity of beta cells to 
proliferate is critical for their ability to adapt either to physiological [48] or nonphysiological changes 
[22] in metabolic demands, which has been closely linked to epigenetic changes, as well described in 
the next section.

�Epigenetics and the Fetal Programming of the Pancreatic Beta Cells

Epigenetic has emerged as a key factor contributing to metabolic programming and may explain a 
substantial part of the mechanisms involved in the early life nutritional insults that manifest later in 
life as metabolic dysfunctions (Fig. 37.4). Interestingly, in humans, a study showed that children of 
mothers who were pregnant during the Dutch famine of 1944 (occurred in Netherlands at the end of 
the World War II) presented less DNA methylation of the Igf2 gene, a major factor in human growth 
and development, in blood cells during adulthood [49]. Recently, several studies, both in humans and 
animal models, have clearly shown that the maternal nutritional status has a key importance causing 
differential epigenetic changes in the offspring methylome, and these changes may lead to phenotypic 
consequences [50, 51].

T2D manifests when the secreted amount of insulin is not able to overcome the peripheral insulin 
resistance that diabetic individuals exhibit. For this reason, deciphering the epigenetic patterns in 
pancreatic islets is essential for understanding how the impairment of insulin release occurs and at 
which extent epigenetics contribute to this impairment, opening possibilities to more effectively 
tackle this disease (Fig. 37.5). A comprehensive study was recently developed to describe the human 
methylome in pancreatic islets [52]. In this study, the authors analyzed almost 500,000 CpG islands 
in pancreatic islets from T2D and nondiabetic individuals, providing a global map of the DNA meth-
ylation pattern in human islets, as well as potential novel candidates susceptible to methylation 
changes that may lead to T2D. In previous studies, the authors found increased DNA methylation of 
INS and PDX-1 in islets from T2D patients compared with controls [53, 54].
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The search for gene targets involved in islet health and disease that can be epigenetically altered by 
environmental inputs, such as nutrition, has been constant. The hepatocyte nuclear factor 4-α (HNF-4α) is 
a transcription factor required for proper beta-cell differentiation and glucose homeostasis [55]. It has 
been shown that maternal protein restriction leads to decreased HNF-4α mRNA levels in islets of the adult 
offspring, and this was due to a slight increase of DNA methylation at the promoter region and a consider-
able change in the histone marks specifically at the enhancer region [56]. In addition, T2D patients show 
decreased HNF-4α expression [57], which makes this gene a potential target for epigenetic therapy.

In an interesting study, Ding et al. [58] show that the F1 and F2 offsprings from dams that exhibited 
intrauterine hyperglycemia, i.e., gestational diabetes, presented impaired glucose tolerance, and impaired 
insulin secretion. In addition, they show downregulation of Igf2 and H19 from isolated islets from both 
F1 and F2 lineages of gestational diabetes. Igf2 and H19 are involved in islet development and patho-
genesis of diabetes; moreover, they are well-described targets of reciprocal imprinting leading to their 

Fig. 37.4  Maternal environment and nutrition. Maternal environment is affected by nutrition, which results in altered 
availability of bioactive molecules (e.g., folate) involved in epigenetic regulation. Altered epigenome occurs in the fetus 
making him/her susceptible to the development of metabolic diseases later in life

Fig. 37.5  Pancreatic islets as targets of metabolic programming. Stressors disturb the normal development of the endo-
crine cells of the pancreas leading to dysfunctions and consequent impaired glucose homeostasis. Numerous studies 
have pointed out epigenetics as a main role in these programming events (as described in the text)
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gene expression or repression, depending on their epigenetic imprinting inheritance from parents [59–
61]. Interestingly, the authors show altered methylation pattern of the differentially methylated regions 
(DMRs) in both Igf2 and H19, which can be one of the mechanisms involved in their abnormal gene 
expression [58].

The key features for the establishment of T2D is impaired beta-cell function combined with the 
decrease in beta-cell mass and the development of peripheral insulin resistance [62]. Pdx1 is a pancre-
atic transcription factor responsible for the early development and maintenance of the endocrine pan-
creas and the decrease in its expression, either in human or animals, has been associated with the 
development of T2D [63, 64]. Substantial epigenetic modifications were shown to affect pancreatic 
islet development by silencing the Pdx1 locus of adult animals that underwent an uteroplacental insuf-
ficiency (IUGR). Their Pdx1 expression is diminished by 50% early in life and by 80% when adults 
[65]. In this elegant study, Park et al. [65] showed a cascade of epigenetic modifications including 
increased methylation of the Pdx1 gene promoter and significant reduction of acetylated H3 and H4 
that encompasses CpG islands at Pdx1 in IUGR animals. DNA methylation leads to transcriptional 
silencing whereas histone deacetylation is associated with the repression of chromatin structure [66], 
which explains the striking decrease in Pdx1 expression in IUGR animals.

Interestingly, the metabolic programming is not limited to the impact of nutrition on the mothers, 
but also obese fathers have their own contribution. In this study, Ng et al. [67] showed that fathers 
exposed to high-fat diet program beta-cell dysfunction of their rat female offspring. Among the sev-
eral altered expression of pancreatic islet genes, they analyzed whether these alterations could be 
associated with epigenetic changes. They found that Il13ra2, the gene that exhibited the greatest fold 
difference in expression and is involved in some key metabolic networks, was hypomethylated, and 
thus indicates that these changes can be explained, at least in part, by modification of the offspring 
epigenome.

Therefore, it is clear that understanding and unraveling the epigenome pathways, which lead to 
disease due to under- or overnutrition during sensitive periods of life, will help understand islet func-
tion and possibly lead to novel therapies to prevent diabetes progression.

�Conclusion

The mechanisms of programming have been associated to a great extent to epigenetic modifications. 
In line, it might be associated with an early epigenetic mechanism imprinting where adaptations due 
to environmental adversity, which tries to ensure survival for the individual and promotes persistent 
alterations in the physiology and metabolism of developing tissues, including structural and func-
tional alterations in the endocrine pancreas, as well as changes in the insulin-sensitive target tissues. 
Consequently, it may persist throughout life, predisposing individuals to the onset of T2D. Although 
the understanding of epigenetic patterns regulating pancreatic islet development and function has 
advanced quickly, the precise mechanisms that regulate tissue function or disease risk remain largely 
unknown and a large amount of work needs to be done in order to expand our knowledge and find 
helpful and potential therapeutic targets.
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Key Points
•	 Both GABA and serotonin are synthesized within the pancreatic islets of Langerhans as well as the 

central nervous system and exert local actions on insulin synthesis and release.
•	 GABA is synthesized within the β-cells of the islets and can have both a direct inhibitory action on 

insulin secretion and a stimulatory action on glucagon from adjacent α-cells.
•	 GABA can also promote proliferation and survival of β-cells.
•	 Intrauterine growth retardation causes long-term changes in GABA receptor subtype expression in 

the pancreas of the offspring that can have lifelong implications for metabolic control and the risk 
of metabolic disease.

•	 Serotonin is synthesized in β-cells by the tryptophan hydroxylase genes, and serotonin receptors 
are found on β-cells throughout life.

•	 The 5-HTr2b serotonin receptor promotes β-cell proliferation, while 5-HTr3a potentiates glucose-
stimulated insulin release.

•	 During pregnancy placental lactogen and prolactin increase the expression of tryptophan hydroxy-
lases within β-cells, resulting in β-cell proliferation as part of a maternal adaptation to the insulin 
resistance of pregnancy.

•	 Serotonin receptor gene expression is altered during suboptimal intrauterine growth by epigenetic 
modification, resulting in long-term changes of pancreatic serotonin action in the offspring that 
could provide a risk for metabolic disease.

Keywords  Pancreas • β-cell • Islets of Langerhans • Serotonin • Gamma-aminobutyric acid • GABA 
receptor • Serotonin receptor
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GABA	 Gamma-aminobutyric acid
GAD	 Glutamic decarboxylase
GLP-1	 Glucagon-like polypeptide 1
Glut2	 Glucose transporter 2
IL-6	 Interleukin-6
MCP1	 Monocyte chemotactic protein 1
Pdx1	 Pancreatic and duodenal homeobox 1
SERT	 Serotonin transporter
SSRIs	 Selective serotonin reuptake inhibitors
TNFα	 Tumor necrosis factor-α
Tph	 Tryptophan hydroxylase
VEGF	 Vascular endothelial growth factor
VMAT2	 Vesicular monoamine transporter 2

Epidemiological studies have clearly demonstrated associated risks for either impaired growth in utero 
or relative overgrowth of the fetus at term and chronic diseases in adulthood such as type 2 diabetes and 
cardiovascular disease [1]. The contributing phenotype includes both a relative insulin resistance within 
insulin-target tissues in the offspring and anatomical and functional deficiencies in the endocrine pan-
creas [2]. We, and others, have utilized rodent models to show that a relative dietary protein restriction 
administered to the mother during pregnancy and lactation [3–5] has long-term effects on the develop-
ment of the endocrine pancreas and contributes to impaired glucose homeostasis in adulthood [6]. 
Maternal LP diet resulted in changes to the pancreatic islet morphology and a reduction of β-cell mass 
in the neonates [5, 7] through a decrease in β-cell proliferation, increased apoptosis, and diminished 
intra-islet vascularity [5, 8, 9]. The mechanisms responsible for long-lasting changes in pancreatic 
function include altered developmental expression of transcription factors and the presence of para-
crine growth factors [10]. However, the endocrine pancreas also expresses neurotransmitters that are 
more commonly associated with synaptic function and development in the central and nervous system, 
but which have important paracrine actions within the islets of Langerhans. This review explores poten-
tial changes to the presence and actions of two such molecules, gamma-aminobutyric acid (GABA) and 
serotonin, that might contribute to fetal programming of adult metabolic disease.

GABA acts as an important inhibitory neurotransmitter that is found throughout the neurons of the 
cerebral cortex where it plays a role in vision, motor control, and higher cortical functions. A variety 
of GABA receptor agonists, such as the benzodiazepines, potentiate the GABA-induced reduction in 
neural activity and are useful in the treatment of anxiety, while drugs that induce GABA production 
are used for the control of epilepsy and Huntington’s disease. Paradoxically, GABA has an excitatory 
role during brain development and drives the proliferation of neural progenitor cells and maturation 
of neurons in areas such as the hippocampus [11].

Conversely, serotonin (5-hydroxytryptophan) generally acts as a stimulator of neuronal activity and 
is involved with mood, appetite, pain recognition, cognition, and sleep cycle, among many other func-
tions. Selective serotonin reuptake inhibitors (SSRIs) are widely used to raise synaptic levels of sero-
tonin and elevate mood for the treatment of depression. Serotonin and other neurotransmitters are also 
involved in the hypothalamic control of the release of several pituitary hormones including ACTH, 
growth hormone, and prolactin. Both GABA and serotonin are also produced in non-neural tissues. The 
greatest generation of serotonin, approximately 80%, occurs in the gastrointestinal tract where it is 
produced by the enterochromaffin cells and contributes to gut motility [12]. Similar to GABA, sero-
tonin contributes to peripheral tissue growth and development. Damage to the human liver is associated 
with an upregulation of the serotonin receptors 5-HT2a and 5-HT2b, which mediate a direct proli
ferative action of circulating serotonin on hepatocytes to enable a regeneration of liver mass [13]. 
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Similarly, 5-HT2b receptors on osteocytes mediate an anabolic action of serotonin on bone accretion 
[14], while 5-HT1b receptors on endothelial cells mediate angiogenic effects of serotonin [15].

Both GABA and serotonin are expressed in the endocrine pancreas. GABA was shown to be 
enriched in the pancreas by Gerber and Hare in 1979 in rat [16] and was reduced following depletion 
of β-cells with streptozotocin. However, it was not until 1984 that GABA was linked physiologically 
to insulin secretion [17]. Although serotonin was shown to be present in pancreatic β-cells five decades 
ago [18], only recently has the potential importance to glucose homeostasis been recognized through 
a variety of mechanisms. Inappropriate presence or actions of both GABA and serotonin during intra-
uterine and neonatal development can potentially cause long-term perturbations to the metabolic axis.

�The GABA Signaling Pathway in the Endocrine Pancreas

As in the central nervous system, GABA expressed in the endocrine pancreas [19] is synthesized by 
glutamate decarboxylase (GAD) through the decarboxylation of L-glutamate [20]. The deactivating 
enzyme GABA transaminase [21] and GABA transporter proteins [22, 23] are similarly found associ-
ated with islets of Langerhans. GABAergic neurons present within the pancreas are closely associated 
and can penetrate the islet mantle [24, 25], but GABA is synthesized independently within the islet 
β-cells.

GABA is both utilized in an autocrine fashion and is released into the extracellular fluid and micro-
circulation of the islets of Langerhans where it has paracrine actions to cross regulate islet hormone 
synthesis and release [26–29]. The majority of GABA is expressed and co-released from pancreatic 
β-cells together with insulin in response to hyperglycemia [23] and secretogogues such as glucagon-
like polypeptide 1 (GLP-1) [30]. GABA is co-located within the large dense core vesicles of β-cells, 
from where it is exocytosed. In rodents considerably less GABA is synthesized within the islet 
endocrine cell types other than β-cells. However, in human islets the levels of GABA approach those 
found in the brain [31] due to synthesis in β-, α-, and δ-cells [32].

There are three GABA receptor forms present in the endocrine pancreas, the GABA-A, GABA-B, 
and GABA-C receptors. The GABA-A/GABA-C receptors belong to the superfamily of ligand-gated 
ion channels. The GABA-A receptor is an oligomeric chloride ion channel composed of up to five 
subunits. In rodent islets the subunits consist of α1, α4, β1, β2, β3, and γ3, and they are localized 
mainly in α-cells [33–36]. In human islets GABA-A receptors are found on all islet endocrine cell 
types [32]. Insulin can enhance GABA-A receptor presence on cells by causing translocation to the 
plasma membrane [37] through the Akt kinase second messenger system. Binding of GABA to the 
GABA-A receptor results in membrane hyperpolarization of the α-cell and a suppression of glucagon 
secretion [36] (Fig. 38.1). GABA-B receptors assemble as heteromers from GABA-B1 and GABA-B2 
subunits [38–42], and two isoforms of GABA-B1 exist, GABA-B1a and GABA-B1b. These are gen-
erated by differential promoter usage of the GABA-B1 gene [39]. The GABA-B receptors are 
G-protein-coupled receptors that activate Gi/o second messenger proteins and mediate slower meta-
bolic responses than GABA-A/GABA-C receptors. They are predominantly localized to β-cells in rat 
islets [43] (Fig. 38.2).

GABA regulates both insulin and glucagon release within the islets [26]. It has been proposed to 
have an inhibitory effect on insulin secretion through an autocrine negative feedback at high glucose 
concentrations [28]. In support of this role, activation of GABA-B receptors has been demonstrated to 
inhibit insulin secretion and suppress exocytosis of both insulin and GABA [43] (Fig. 38.1). Similarly, 
the administration of the GABA-B receptor agonist, baclofen, caused an inhibition of glucose-stimulated 
insulin secretion in rat islets [43] and the mouse MIN6 β-cell line [28]. Studies with GABA-B1 gene 
knockout mice showed that functional GABA-B receptors are essential for maintaining insulin con-
tent and secretion as well as glucose homeostasis [44] (Fig.  38.3). Such animals demonstrated a 
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greater β-cell insulin content and secretion and also insulin resistance [44]. However, the actions of 
GABA on glucose-stimulated insulin release may be biphasic, since insulin secretion from isolated 
islets was inhibited by GABA over a 1-h incubation (Fig. 38.3), but a prior exposure to GABA for 
45 min before incubation with a high glucose concentration enhanced insulin release [45]. This diver-
gence may be due, in part, to an independent ability of GABA to increase somatostatin release from 

Fig. 38.1  GABA actions in the pancreatic islets. GABA is synthesized in β-cells from glutamate by glutamic acid 
decarboxylase (GAD) and co-secreted within granules with insulin upon stimulation by glucose. Glucose uptake by the 
GLUT2 transporter increases ATP causing ATP-dependent potassium (KATP) channels to close, preventing potassium 
(K+) efflux, and results in membrane depolarization. The depolarization opens voltage-gated calcium (Ca2+) channels 
and increases Ca2+ conductance. Increased intracellular Ca2+ allows for Ca2+-dependent exocytosis of insulin-/GABA-
containing granules within first and second phases. GABA can act on GABA-B receptors on the β-cells to inhibit insulin 
secretion. Insulin can inhibit proglucagon synthesis within the α-cells at a direct transcriptional level, acting through the 
insulin receptor and the activation of Akt. Also, insulin can inhibit glucagon secretion by promoting GABA-A receptor 
translocation to the plasma membrane resulting in an inhibition of hormone secretion by GABA. GABA-A receptor 
activation results in increased chloride ion (Cl-) conductance, hyperpolarization of α-cells, and prevention of glucagon 
secretion. Conversely, islet α-cells respond to an elevation of extracellular glucose levels by increasing the intracellular 
ATP/ADP ratio following glucose entry into the cell via GLUT1. The increase in ATP blocks the KATP channels and 
depolarizes the membrane potential, which activates voltage-gated Na+ and Ca2+ channels, stimulating Ca2+ influx and 
eventually glucagon secretion
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Fig. 38.2  Immunohistochemical localization of GABA-A and GABA-B receptors in pancreatic islets from rats born to 
mothers exposed to a low-protein diet during pregnancy. Representative micrographs of pancreatic islets at age 21 and 
130 days from animals previously exposed to control or low-protein (LP) diet and stained for GABA-Aβ2/GABA-Aβ3 
(a–d [blue]) and GABA-B2 (e–h [gray] and counterstained for glucagon [brown]). GABA-Aβ2/GABA-Aβ3 was pre-
dominantly localized to the alpha cells in the periphery of the islet (black arrows) with less intense staining in the beta 
cell-rich islet core (white arrows). GABA-B was localized to the islet core. No differences in distribution were noted 
with diet or age (Reproduced from Durst et al. [55])

Fig. 38.3  Comparison of glucose tolerance and glucose-stimulated insulin release from islets in wild type and GABA-B 
−/− gene-knockout mice. (a) Blood glucose levels in wild type (WT, open squares) or GABA-B −/− knockout mice 
(filled squares) mice during a glucose tolerance test (GTT). Results were analyzed by two-way ANOVA with repeated 
measures design (n – 16 for each group): *p < 0.03 vs. wild type. Inset: area under the curve (AUC). Open bars, WT; 
filled bars, GABA-B −/−, *p < 0.01. (b) Glucose-stimulated insulin secretion in isolated islets from WT or GABA-B 
−/− mice in the presence or absence of the GABA-B agonist, baclofen (BACL). Results are expressed as insulin secre-
tion/insulin content per incubation vial containing five islets each (n – 4 independent experiments). ap < 0.01 vs. 2.8 mM 
glucose in WT islets; bp < 0.05 vs. 2.8 mM glucose in GABA-B knockout islets. Baclofen inhibited glucose-stimulated 
insulin secretion in WT islets but had no effect on GABA-B −/− islets (Reproduced from Bonaventura et al. [44])
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islet δ-cells utilizing GABA-A receptors [46] or the ability of insulin to negatively feedback within 
islets to reduce GABA synthesis [47].

Independently of effects on insulin secretion, GABA was also shown to increase β-cell prolifera-
tion, to prevent β-cell loss, and to normalize glucose tolerance in mice treated with multiple low-dose 
streptozotocin (STZ) to deplete β-cell mass [33] or partially pancreatectomy [48]. Similarly, GABA 
reduced insulitis, prevented β-cell apoptosis, and restored β-cell mass in the nonobese diabetic (NOD) 
mouse model of type 1 diabetes [33]. The ability of GABA to promote β-cell survival has been shown 
in rodents to be mediated by GABA-A receptors on β-cells, although these are much less abundant 
than the GABA-B receptors [33]. The trophic effects of GABA on β-cells also involve GABA-B 
receptor isoforms since deletion of the GABA-B receptor gene in mice disrupted pancreatic islet 
development with a reduction in islet number and an increased abundance of small, immature endo-
crine cell clusters [49]. This implies that any disruption to GABA synthesis or signaling during early 
development will have long-term implications for insulin availability. In isolated human islets, both 
GABA-A and GABA-B receptor types are responsible for the ability of GABA to promote β-cell 
proliferation [50, 51]. This may be relevant to the risk of development of type 2 diabetes which has 
been associated with a reduced expression of GABA-A receptors in human islets [52].

GABA release from the β-cells is also able to inhibit glucagon release from adjacent α-cells in rat 
pancreas [36], mouse islets, and perfused rat pancreas [53]. Glucose can indirectly alter GABA-A 
receptor gene expression within the α-cells [54] by inhibiting voltage-dependent calcium channels to 
prevent the rise in intracellular calcium following receptor stimulation. A lowering of calcium con-
centrations then releases a negative regulation of GABA-A receptor gene expression [54], resulting in 
an upregulation and leading to increased receptor trafficking to the α-cell membrane and an inhibition 
of glucagon secretion (Fig. 38.1).

�Changes to the Pancreatic GABA Signaling Pathway During Fetal 
Programming of Adult Glucose Intolerance

We examined whether maternal nutritional imbalance in utero might result in persistent changes in the 
pancreatic GABA system that might contribute to an increased risk of diabetes in the offspring. 
L-glutamate levels, representing the GABA precursor, were reduced in pancreas at birth in offspring 
of rats given a LP diet throughout gestation until weaning [55]. In adult rats a prior exposure to LP 
diet in fetal and neonatal life caused changes in GABA-A subunit expression in pancreas when com-
pared to animals that had received control diet. In adult offspring the abundance of GABA-Aβ3 sub-
unit mRNA was much decreased in the LP group (Table  38.1). L-arginine-stimulated glucagon 
secretion and gene expression were increased in LP-fed rats, and this persists into adulthood. However, 
the expression of GABA-B receptor and GAD within islets was unaltered. These long-term changes 
to GABA-A receptor expression and glucagon secretion could contribute to the impaired glucose 
tolerance that develops in offspring of LP-fed mothers during adulthood [6].

Fetal programming of postnatal metabolic dysfunction could also be mediated via the pancreatic 
GABAergic pathways through the availability of taurine. Taurine is a nonessential amino acid derived 
from the metabolism of methionine and cysteine and is a normal dietary constituent [56, 57]. While 
present in most mammalian tissues, it is particularly enriched in the brain and pancreas [6]. In the 
pregnant rat given with LP diet, circulating levels of taurine were reduced in both maternal and fetal 
blood. Supplementation of the diet with taurine alone was able to reverse the long-term deficits in the 
offspring in islet vascularity, β-cell mass, and glucose- and amino acid-dependent insulin release 
[58–60]. Also, taurine addition to culture medium prevented IL-1 and TNFα-induced apoptosis in 
isolated islets [61]. Taurine is a potent GABA agonist and has acute effects through interaction with 
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the GABA-A receptors to decrease insulin release and deplete cellular levels of GABA [62]. A deple-
tion of intracellular GABA could subsequently restrict interactions with the GABA-B receptors.

An alternative pathway by which GABA may be involved in fetal programming of glucose intoler-
ance involves the selection of pancreatic endocrine progenitors during pancreatic organogenesis and 
also during adaptive changes to β-cell mass deriving from progenitors postnatally. Pancreatic progeni-
tors expressing the transcription factor Pdx1, but not yet insulin, also exhibit a high level of expression 
of GAD and GABA-A receptor subtypes from as early as E15.5 in mouse [63]. The ontogeny of expres-
sion of GAD and GABA-A receptors mirrored the development of functional β-cells suggesting that 
GABA signaling may be associated with endocrine lineage commitment. Changes in the pancreatic 
GABAergic system in development may respond to nutritional or other environmental changes in utero 
due to differential genetic or epigenetic modulation of gene expression. Two isoforms of GAD exist 
through the differential expression of two separate genes, GAD 65 and GAD67. A number of splice 
variants of GAD67 were identified in human fetal pancreas from as early as 14 weeks’ gestation, which 
might differentially control GABA synthesis [64]. Additionally, epigenetic differences due to differen-
tial gene methylation exist in the neuronal production of GABA, representing a risk factor for schizo-
phrenia, and in GAD activity in the cerebellum with an association to autism [65, 66].

�Serotonin Synthesis Within the Pancreas

Serotonin is synthesized from tryptophan by two enzymes, tryptophan hydroxylase 1 (Tph1) and 
Tph2, both of which are present in β-cells [67]. This differs from other tissues where Tph2 is the 
dominant form in the central nervous system, while Tph1 is predominantly expressed in peripheral 
tissues. The expression of Tph1 is maximal in neonatal life in the rodent pancreas [67]. Also expressed 
is the transcription factor Pet1 whose expression is required for serotonin synthesis, being under the 
control of Nkx2.2 within the β-cells [67]. Pet1 directly activates the serotonin-synthesizing genes  
and also has insulin gene regulatory elements and facilitates the production of insulin and Glut2. 
Ablation of Pet1 in mice is associated with reduced insulin synthesis and glucose intolerance [67]. 
Pancreatic β-cells also express dopamine decarboxylase, which catalyzes the final stage of serotonin 

Table 38.1  Messenger RNA expression measured with qPCR for GABA-Aα1, GABA-Aα4, 
GABA-Aβ1, GABA-Aβ2, GABA-Aβ3, and GABA-Aγ3 subunits, GABA-B1 and GABAB2, and 
GAD65 in islets isolated at 130 days age from rats that had previously received control of low-
protein (LP)diet. Values represent mean ± SEM, relative to the reference gene HPRT and derived 
from 7 to 8 animals per group

Subunit Control LP

GABA-Aα1 5.6 ± 1.1 9.3 ± 1.2*

GABA-Aα4 2.6 ± 0.3 3.4 ± 0.4
GABA-Aβ1 2.5 ± 0.1 4.6 ± 0.2***

GABA-Aβ2 3.5 ± 0.2 6.1 ± 1.2*

GABA-Aβ3 12.4 ± 2.3 3.8 ± 0.3*

GABA-Aγ3 4.0 ± 0.2 5.4 ± 0.3*

GABA-B1 3.8 ± 0.3 4.4 ± 0.5
GABA-B2 1.6 ± 0.1s 1.7 ± 0.1
GAD65 4.3 ± 0.5 5.9 ± 0.6

Reproduced from Durst et al. [55]
Values represent mean ± SEM, relative to the reference gene HPRT and derived from 7 to 8 animals 
per group
*p < 0.05
***p < 0.001 vs. control
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production and facilitates storage of serotonin precursor molecules, as well as the transporter mole-
cule VMAT2 is responsible for packaging serotonin into secretory granules where it is co-released 
with insulin [68, 69]. Serotonin degradation is accomplished through the presence of monoamine 
oxidases A and B within β-cells.

Serotonin receptors are predominantly members of the G-protein-coupled receptor class and comprise 
at least seven subtypes (5-HTr1–7) [70]. 5-HTr3 differs in that it is a ligand-gated ion channel receptor. 
The 5-HTr1A, 5-HTr1D, and 5-HTr2A receptors are found on both β- and α-cells, while 5-HTr2B is only 
present on β-cells [71]. The HTr2B receptor is coupled to the Gαq G-protein subunit [72]. Other studies 
additionally identified 5-HTr3 on β-cells [73], although receptor abundance differentially changes during 
development and during pregnancy, as subsequently described.

�Serotonin Action in the Pancreas

Serotonin synthesis and release from β-cells have been shown to be glucose dependent [71, 74]. 
However, transgenic mice lacking the tph1gene, or the 5-Htr2b or 5-Htr3a receptor genes, do not 
become glucose intolerant on a normal diet [75], but can become glucose intolerant in later adulthood 
with a primary lesion being a failure to release insulin- and serotonin-containing granules [76]. The 
morphology, number, and size of islets were not altered compared to wild-type animals. However, 
exposure of fetal rats to the serotonin reuptake inhibitor, sertraline hydrochloride, did reduce β-cell 
mass at birth through a decreased islet size and a reduced expression of key developmental transcrip-
tion factors such as neurogenin3, Pdx1, and MafA [77]. The islet vasculature was also reduced along 
with the pancreatic expression of vascular endothelial growth factor (VEGF), suggesting that some of 
the effects on islet development may have been indirect. When tph1 gene or 5-Htr2b or 5-Htr3a gene 
knockout mice were maintained on a high-fat diet for 6 weeks from 4 weeks of age, then tph1- and 
5-Htr3a-deficient animals showed impaired glucose tolerance, but not those lacking 5-Htr2b [75]. 
Perifusion of isolated islets from Tph1- and 5-Htr3a-deficient mice showed a lack of first phase insulin 
release, but there were no changes to islet morphology or transcription factor gene expression. These 
findings imply that in nonpregnant, adult mice serotonin action of the β-cells is mediated predomi-
nantly through the 5-HTr3a receptor.

�Serotonin and Pancreatic Function During Pregnancy

Serotonin synthesis within the pancreas contributes to the two- to threefold increase in β-cell mass 
that occurs during pregnancy in both rodents and humans. This involves a reentry of normally nonpro-
liferative β-cells back into the cell proliferation cycle, in addition to a recruitment and maturation of 
resident pancreatic endocrine progenitor cells [78, 79]. The latter process may be the predominant 
mechanism in human pregnancy [80]. A major hormonal driver for the increase in maternal β-cell 
mass is circulating placental lactogen, acting via the prolactin receptor [81]. Placental lactogen also 
increases local islet levels of serotonin, which directly increases both β-cell proliferation and glucose-
stimulated insulin secretion during pregnancy. A primary action of placental lactogen is to increase 
the expression of Tph1 and Tph2 within β-cells, resulting in an increased synthesis, content, and 
exocytosis of serotonin [82] (Fig. 38.4). During pregnancy the ability of serotonin to modulate β-cell 
mass is mediated by the 5-HTr2b receptor in mid-gestation in mouse and 5-HTr1d in late gestation [83]. 
The expression levels of the 5-HTr2b receptor increase dramatically in pregnant mouse β-cells 
between E6 and E15, while 5-HTr1d expression is increased following E16 and postpartum [83]. 
Thus signaling via the 5-HTr1d receptor may represent an inhibitory growth signal to limit the increase 
in β-cell mass close to term and trigger the homeostatic apoptosis that occurs postpartum. However, 
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the 5-HTr3a receptor is required for adequate glucose-stimulated insulin release (Fig. 38.4). Conse
quently, animals null for 5-HTr3a show glucose intolerance during pregnancy despite undergoing the 
adaptation of β-cell mass [72].

�Mechanisms by Which the Serotonin Axis Can Contribute Fetal 
Programming of Adult Glucose Intolerance

Two main tissue foci exist whereby serotonin availability or action might impact the development of 
normal metabolic homeostasis, resulting in an increased risk of adult metabolic disease. The first of 
these is serotonin synthesis and release from the placenta and the second the efficiency of the adaptive 
increase in β-cell mass within the maternal pancreas.

Fig. 38.4  Paracrine actions of serotonin on pancreatic β-cell proliferation and insulin release during pregnancy in a 
mouse model. Placental lactogen and prolactin signal through the prolactin receptor (PRL) to increase expression of the 
serotonin-synthesizing enzymes, Tph1 and Tph2. This results in the co-release of insulin and serotonin within insulin 
granules. Extracellular serotonin signals to adjacent β-cells via the 5-HT21d receptor to promote glucose-stimulated 
insulin release. In mid-gestation serotonin signaling via 5-HTr2b and the activation of the Gq/11 G-protein subunit 
promote β-cell replication. However, the expression of 5-HTr2b declines in late gestation to be replaced by 5-HTr3a, 
which inhibits further β-cell proliferation through the activation of the Gi subunit
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The placenta is an active site of Tph1 expression and the synthesis of serotonin from maternally 
derived tryptophan [84]. Nutritional restriction in utero is associated with reduced levels of both free 
and albumin-bound tryptophan in the mother, reduced placental synthesis of serotonin, and less tryp-
tophan available for fetal tissue development [85]. Intrauterine growth restriction in the baboons 
caused by a 30% reduction in maternal food availability was associated with impaired development of 
serotonergic neurons in the fetus [86]. Serotonin production within the placenta was also reduced as 
a result of maternal stress [87]. Fetal nutritional imbalance or stress can also result in changes to the 
expression of the placental 5-HTr2a serotonin receptor, which mediates the actions of serotonin on 
placental growth and thereby fetal size [87]. Paquette and Marsit [88] showed that the 5-Htr2a gene 
is subject to epigenetic control of expression and can be differentially methylated by DNA methyl-
transferase 1 (DNMT1), as is the gene (slc6a4) encoding the cellular serotonin transporter, SERT, that 
allows reuptake of serotonin from the intracellular environment [89].

Interference in the serotonin axis during pregnancy in rats through the administration of SSRIs 
resulted in changes to insulin release and glucose intolerance in the offspring, leading to type 2 
diabetes. This was mediated, at least in part, by an increase in the underlying levels of tissue 
inflammation in the offspring as indicated by elevations in tissue tumor necrosis factor α (TNFα), 
interleukin-6 (IL-6), and monocyte chemotactic protein 1 (MCP1) [77]. The atypical antipsycho-
sis drugs such as clozapine are antagonists for the serotonin receptors 5-HTr2a and 5-Htr1a, which 
are present in the placenta. Following treatment with such drugs, a change in the methylation 
status of the SERT gene was also observed. An association was found between the degree of 
placental methylation of the 5-Htr2a gene and deficits in behavioral and learning outcomes in the 
offspring [90].

It is reasonable to assume that similar changes will occur in serotonin receptivity within the mater-
nal pancreas to the detriment of β-cell mass and function, predisposing the mother to hyperglycemia 
and the offspring to an increased risk of obesity and metabolic disease. However, direct effects of 
these drugs may also impact the development and future phenotype of the fetal pancreas. Neonatal 
rats exposed to SSRIs in utero were more likely to have reduced birth weight and an increased risk of 
development of adult diabetes, associated with a reduction in pancreatic β-cell area at birth and an 
altered expression of transcription factors controlling β-cell neogenesis and maturation and a decreased 
survival of β-cells [79].

�Conclusions

While a number of systemic and locally produced cytokines and adipokines, such as leptin and adipo-
nectin, are well documented to alter β-cell function and survival, it is clear that the islets of Langerhans, 
and especially the β-cells, synthesize neurotransmitter molecules such as GABA and serotonin. These 
appear to have largely autocrine and paracrine actions within individual islets that include β-cell pro-
liferation, survival, and glucose-stimulated insulin exocytosis. A key level of control appears to be a 
diverse expression of both GABA and serotonin receptor isotypes that are differentially expressed 
during development and during postnatal metabolic adaptations, such as pregnancy. An altered β-cell 
mass and phenotype that can persist throughout life are associated with offspring from compromised 
pregnancy resulting in intrauterine growth retardation. Both the paracrine GABA and serotonin axes 
within the islets are altered following such a prenatal experience and could contribute to the increased 
risk of type 2 diabetes seen in the offspring.
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Key Points

•	 Frequently underlying the association between maternal malnutrition and developmental program-
ming outcomes is increased placental and fetal exposure to glucocorticoids.

•	 Glucocorticoids are stress hormones which, while essential for fetal maturation in late gestation, 
are detrimental in excess as they restrict placental and fetal growth and development.

•	 Exposure of the fetus to glucocorticoids is tightly controlled by placental expression of the enzyme 
11β-HSD2, which converts glucocorticoids to their inactive form.

•	 Direct manipulation of glucocorticoid parameters in animal models reveals that glucocorticoid 
excess restricts fetal growth and cause adverse health outcomes in later life.

•	 Glucocorticoid overexposure also adversely affects placental development and function, with 
marked changes in vascular development and nutrient transporters.

•	 In models of maternal malnutrition (obesity, restriction of food intake, low-protein diet), maternal 
and fetal glucocorticoids are frequently elevated while placental 11β-HSD2 is decreased, thus 
further enhancing fetal glucocorticoid exposure.

Keywords  Placenta • Glucocorticoid • 11β-hydroxysteroid dehydrogenase type 2 • Developmental 
programming • Malnutrition • Low-protein diet
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11β-HSD2	 11-β hydroxysteroid dehydrogenase type 2
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PPAR	 Peroxisome proliferator-activated receptor
SAME	 Syndrome of apparent mineralocorticoid excess
VEGF	 Vascular endothelial growth factor

�Introduction

In the early 1990s, epidemiological studies revealed that low birth weight (a marker of adverse intra-
uterine conditions) was associated with an increased susceptibility to hypertension, hyperlipidemia, 
and type 2 diabetes later in life [1, 2]. From these initial observations arose the theory of “develop-
mental programming of adult health and disease” (DOHAD) whereby exposure of the fetus to adverse 
intrauterine conditions during critical periods of growth and development elicit modifications to struc-
ture, physiology, and metabolism. These permanent alterations manifest in poor health outcomes in 
later life including cardiometabolic disease and neuropsychiatric disorders. Over recent decades there 
has been extensive support for the hypothesis, with investigations in both human and animal models 
linking poor intrauterine conditions and subsequent fetal growth restriction with cardiovascular dis-
ease, the metabolic syndrome, and affective disorders.

While there are multiple factors that contribute to DOHAD, much of the attention in this field 
focuses on two key “programming” agents: maternal malnutrition and stress. Critically, however, 
malnutrition and stress are not mutually exclusive factors. Blockade of glucocorticoid synthesis has 
been shown to prevent the programming effects of maternal undernutrition in rats, indicating that 
these stress hormones partially mediate the effects of malnutrition on offspring [3]. Additional studies 
support this notion, demonstrating that malnutrition invokes a stress response in the mother and fetus 
[4, 5], and that stress may reduce food intake [6]. Furthermore, underlying these agents is a common 
mechanism of action, exposure of the developing fetus to excess glucocorticoids. While fetal matura-
tion is fundamentally reliant upon glucocorticoids, inappropriate timing of glucocorticoid exposure or 
excessive exposure restricts fetal growth and causes permanent structural, functional, and behavioral 
changes with adverse consequences later in life. This chapter will focus on how fetal glucocorticoid 
exposure is regulated, with a particular emphasis on the role of the placenta, and how this is altered in 
maternal malnutrition.

�What are Glucocorticoids?

Glucocorticoids are a class of steroid hormone which have many vital functions throughout the body. 
Cortisol and corticosterone (the major glucocorticoids in humans and rodents, respectively) influence 
many physiological processes including the regulation of blood pressure, fluid and electrolyte bal-
ance, immune function, and metabolism of macronutrients [7, 8]. Importantly, glucocorticoids play a 
fundamental role in mediating the body’s adaptive responses to physiological and psychological 
stressors. Production and release of glucocorticoids are controlled by the hypothalamic-pituitary-
adrenal (HPA) axis. Corticotrophin-releasing hormone and vasopressin from the hypothalamus stimu-
late the release of adrenocorticotrophic hormone from the anterior pituitary, which stimulates 
production and release of glucocorticoids from the cortical cells of the adrenal gland [9]. In humans, 
the amount of cortisol which is able to exert biological activity on tissues is limited by corticosteroid 
binding globulin (CBG). CBG is a glycoprotein which binds approximately 70% of circulating corti-
sol. An additional 20% of total cortisol circulates bound to albumin, leaving only 10% free and meta-
bolically active [10].
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During pregnancy, activity of the HPA axis is markedly upregulated, and accordingly, free cortisol 
levels rise, peaking in the third trimester at triple nonpregnant levels [11]. CBG levels approximately 
double over the first 6 months of pregnancy which partially compensates for the increase in maternal 
cortisol levels that occur during gestation [12]. The upregulation of glucocorticoids enables the mother 
to meet the metabolic demands of pregnancy and plays an essential role for preparation of the fetus 
for extrauterine life [13]. Glucocorticoids shift cells from a proliferating state to a mature, differenti-
ated state, and thus exposure of the fetus to glucocorticoids in the final part of gestation is critical in 
the preparation for life ex utero. Indeed, this is most notable in the lungs where glucocorticoids stimu-
late the production of pulmonary surfactant in the alveoli. This knowledge has been utilized for 
decades, with synthetic glucocorticoids administered to pregnant women threatening preterm labor in 
order to accelerate fetal lung maturation [14]. Glucocorticoids are also responsible for maturation of 
other fetal tissues including induction of gluconeogenesis in the liver [15, 16], neuronal and glial cell 
maturation in the brain [17], and adrenal gland development [16].

�Fetal Glucocorticoid Exposure is (Normally) Tightly Regulated 
By 11β-HSD2

Glucocorticoids are lipophilic and therefore can readily pass through the placenta; however, fetal gluco-
corticoid levels remain up to tenfold lower than maternal levels during the majority of gestation [18]. How 
does this marked differential come about? It is largely due to the presence of the enzyme 11-β hydroxys-
teroid dehydrogenase type 2 (11β-HSD2) in the placenta which acts as a barrier to the transport of mater-
nal glucocorticoids (Fig. 39.1). 11β-HSD2 catalyzes the conversion of cortisol and corticosterone into 
their inactive forms, cortisone and 11-dehydrocorticosterone, respectively (Fig. 39.2). In humans, 11β-
HSD2 is highly expressed in the syncytiotrophoblast [19] at the interface between maternal and fetal 
circulations. Similar patterns of 11β-HSD2 expression are seen in a functionally analogous area of the 
rodent placenta (known as the labyrinth zone) [20, 21]. Expression of 11β-HSD2 decreases at the end of 

Fig. 39.1  Placental 11β-HSD2 prevents the much higher levels of active glucocorticoids in the maternal blood reaching 
the fetus. Normally, 11β-HSD2 oxidizes active cortisol to inactive cortisone. Thus, the major source of active glucocor-
ticoid in the fetus is its own adrenal glands. In late gestation, 11β-HSD2 expression declines, enabling exposure of the 
fetus to maternal glucocorticoids and thus facilitating fetal tissue maturation
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gestation, presumably to facilitate fetal organ maturation [20]. Additive to this, there is evidence that 
P-glycoprotein, a membrane protein that extrudes a wide range of substances from cells, also plays a 
marginal role in limiting the passage of glucocorticoids across the placenta [22, 23].

An additional layer of regulation of fetal glucocorticoid exposure is served by expression of 11β-
HSD2 in fetal tissues. Expression of fetal 11β-HSD2 is initially widespread but later becomes specific 
to several fetal tissues including the brain, gut, kidney, and male reproductive organs [24, 25]. During 
early postnatal life, 11β-HSD2 continues to limit the glucocorticoid exposure of postnatally develop-
ing regions of the thalamus and cerebellum [26]. In adulthood 11β-HSD2 is localized to the kidneys 
and a few brain regions where it ensures the aldosterone specificity of the mineralocorticoid receptor 
(MR). This is vital for homeostasis of blood pressure and salt appetite [27], as demonstrated by inac-
tivating mutations of 11β-HSD2 which cause the syndrome of apparent mineralocorticoid excess 
(SAME), a condition primarily characterized by hypertension and suppression of the renin-
angiotensin-aldosterone axis [28].

Despite these layers of regulation, it is important to note that 11β-HSD2 does not completely shield the 
fetus from maternal glucocorticoids as premature exposure can restrict fetal growth and development. Ten 
to twenty percent of maternal glucocorticoids reach the fetus unaltered [29], and thus, increases in mater-
nal glucocorticoid levels (caused by stressors) have the ability to increase fetal glucocorticoid exposure. 
Furthermore, alterations in 11β-HSD2 expression and/or activity can significantly alter fetal glucocorti-
coid exposure [30]. The efficiency of 11β-HSD2 varies between individuals and can also be reduced by 
dietary insults, inflammation, and hypoxia [13]. Additionally, reduced activity of placental 11β-HSD2 
associates with low birth weight in humans [19, 31], although not in all studies [32]. Similarly, genetic 
ablation of 11β-HSD2 reduces fetal growth in a mouse model [33]. Taken together, these results highlight 
the crucial role of 11β-HSD2 in limiting fetal exposure to glucocorticoids.

�What Happens When Placental 11β-HSD2 is Bypassed? Implications 
for Fetal Development…

One of the most notable effects of excess glucocorticoid exposure is fetal growth restriction and the 
underlying alteration in fetal organ development trajectories. The majority of epidemiological and 
experimental data suggests that increased exposure to exogenous or endogenous glucocorticoids 

Corticosterone 11-Dehydrocorticosterone

11b-HSD2

11b-HSD1

CH2OH CH2OH

C O C O
HO
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(NAD-dependent)
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11β-dehydrogenase
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Fig. 39.2  The enzymatic actions of 11β-hydroxysteroid dehydrogenase (11β-HSD) in interconversion of active and 
inactive glucocorticoid in rodents. Active glucocorticoid (corticosterone) is metabolized by 11β-HSD2 to its inactive 
form (11-dehydrocorticosterone) while regeneration can occur via 11β-HSD1
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causes fetal growth restriction; however, the evidence can appear mixed in part due to the many con-
founding factors involved in the studies. Antenatal glucocorticoid treatment (to stimulate fetal lung 
maturation) has been linked to reduced birth weight, higher blood pressure, and insulin resistance 
later in life [34–36]. Despite these observations, it is important to note that exogenous glucocorticoid 
exposure is only necessary in complicated pregnancies at risk of preterm birth so it is difficult to iden-
tify the effects of the treatment alone. As for endogenous glucocorticoid exposure, Bolten and col-
leagues [37] found that maternal cortisol levels were negatively correlated with weight and length at 
birth but, failed to show any significant relationship between mothers’ perceived stress levels and 
cortisol level or size at birth. The strongest evidence linking excess endogenous glucocorticoid expo-
sure and fetal growth restriction in humans comes from studies that examine placental 11β-HSD2 
expression and activity. Fetal growth restriction is a characteristic of SAME, a condition caused by 
inactivating mutations in the 11β-HSD2 gene [38]. Placental 11β-HSD2 expression has also been 
found to be significantly lower in other cases of fetal growth restriction [31, 39]. Additionally, 11β-
HSD2 activity correlates positively with birth weight in general [19, 40]. Heavy consumption of 
liquorice (which contains glycyrrhizin, a 11β-HSD2 inhibitor) has been linked to reduced gestation 
length although no effect on birth weight was observed [41]. It is clear that environmental insults are 
capable of increasing fetal glucocorticoid exposure by altering the placental glucocorticoid barrier.

While human studies have provided evidence for association between reduced placental 11β-
HSD2, low birth weight, and later adverse health outcomes, animal models have been critical in 
establishing causation and mechanistic information. The most common model of glucocorticoid 
excess involves administering synthetic glucocorticoids, usually dexamethasone or betamethasone, to 
animals during pregnancy. Both drugs are poor substrates for 11β-HSD2 [42] and have been demon-
strated to decrease the activity of the enzyme [43]; therefore, treatment with these substances results 
in high levels of placental and fetal glucocorticoid exposure. Cortisol or corticosterone can also be 
administered during pregnancy to increase “natural” glucocorticoid exposure [44, 45]. Excess gluco-
corticoid exposure can also be achieved by pharmacological inhibition (through administration of 
carbenoxolone) or genetic ablation of 11β-HSD2. Both of these models greatly increase fetal expo-
sure to maternal glucocorticoids [46, 47]. Each glucocorticoid excess model reliably demonstrates 
pronounced and dose-dependent fetal growth restriction [33, 44, 46–52]. Additionally, offspring con-
sistently exhibit signs of developmental programming, suffering from conditions such as hypertension 
[48, 53, 54], hyperglycaemia [46, 49], hyperleptinemia [54, 55], and anxiety [47].

�…and Don’t Forget the Placenta!

The significance of maternal glucocorticoid excess and placental 11β-HSD2 is frequently placed in the 
context of fetal glucocorticoid exposure and subsequent programming effects. Yet, optimal placental 
development and function are clearly essential for optimal fetal growth and development, so what impact 
does glucocorticoid excess and modification of placental 11β-HSD2 have on the placenta itself? 
Evidence is emerging that the placenta is a key mediator behind the fetal growth restriction observed in 
models of glucocorticoid excess. Reinforcing this notion are observations in sheep that maternal but not 
fetal administration of glucocorticoids is responsible for fetal growth restriction [56].

With regard to placental structure, excess glucocorticoid exposure is detrimental. Thus, placental 
weight (particularly the weight of the labyrinth zone) is significantly reduced in rodent models of 
glucocorticoid excess [33, 44, 51, 57, 58]. This decrease in weight appears to be caused by a decline 
in the complexity of feto-placental blood vessel development. Treatment with dexamethasone from 
day 13 of gestation onward significantly decreases the volume and density of the fetal vascular net-
work and decreases the length and size of capillaries [51]. Dexamethasone has also been found to 
reduce branching complexity of fetal vascular networks in rats (Fig. 39.3, unpublished observations, 
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Burrows and Wyrwoll). Similarly, mid- and late-gestation administration of corticosterone decreased 
fetal capillary volume in mice [44]. Comparable outcomes are seen in an 11β-HSD2 knockout model 
of glucocorticoid excess; Wyrwoll and colleagues [33] observed a dramatic decrease in the total vol-
ume and diameter of fetal capillaries in the labyrinth zone of 11β-HSD2-KO placentas. These changes 
are likely to decrease the efficiency of maternal-fetal nutrient transport, making the placenta unable to 
meet the high energy demands of the fetus. Importantly, the volume of the maternal blood space does 
not appear to be altered in either of these models indicating that glucocorticoids exert their effects 
predominantly on fetal tissues.

Accompanying these structural changes are a range of changes to gene expression in the placenta. 
In the dexamethasone model, the decrease in fetal blood vessel development was accompanied by a 
decrease in the expression of the genes encoding angiogenic vascular endothelial growth factor 
(VEGF)-A [51]. In a related study Hewitt and colleagues also found that dexamethasone treatment 
decreased expression of peroxisome proliferator-activated receptor (PPAR)-γ, which normally 
increases Vegfa [59]. Expression of Vegfa and Pparγ was also found to be reduced in 11β-HSD2 
knockout placentas [33]. Thus, the observed reduction in fetal blood vessel development is likely 
caused by reductions in these angiogenic factors. Excess glucocorticoids exposure has complex 
effects on the transport of glucose and amino acids across the placenta. In models of glucocorticoid 
excess, transplacental transfer of these nutrients tends to decrease although the exact effects appear to 
be dependent on the route and timing of exposure [60]. In the 11β-HSD2 knockout model, system A 
amino acid transporter expression is increased at embryonic day 15, as is placental amino acid trans-
port. This may represent a compensatory mechanism of the placenta to maintain fetal weight. By day 
18, however, placental expression of the genes encoding glucose transporter (GLUT) 3 is reduced, 
and a corresponding decrease in fetal weight and plasma glucose levels is observed [33]. Similarly, 
overexposure to cortisol reduced placental glucose transport near term in an ovine model [45]. Late-
gestation exposure to dexamethasone has produced contradictory results [57]. An increase in GLUT1 
and GLUT3 expression was observed; however, blood glucose levels were reduced by as much as 
49% in dexamethasone-treated fetuses and fetal growth restriction was evident [57]. Clearly, the 
action of glucocorticoids on placental function is complex and requires further clarification.

Fig. 39.3  Dexamethasone exposure reduces the complexity of the feto-placental vascular architecture. These micro-CT 
images were obtained from vascular casts of rat placentas that were either controls or exposed to dexamethasone (Dex) 
during pregnancy
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�Maternal Malnutrition Alters Glucocorticoid-Related Parameters 
Including Placental 11β-HSD2

Rodent models of maternal malnutrition (over and undernutrition) during pregnancy provide impor-
tant insights into the mechanisms underlying the perturbed fetal development and subsequent health 
outcomes. Animal models of maternal undernutrition generally involve restricting food intake or feed-
ing dams a low-protein diet. A frequent observation in these models is alteration of glucocorticoid-
related parameters such as maternal and fetal corticosterone and 11β-HSD2 expression [4, 5, 61–63]. 
This suggests that glucocorticoids, at least in part, mediate the effects of malnutrition on the fetus and 
placenta. Animal models have demonstrated that maternal overnutrition also has detrimental effects 
on the health outcomes of offspring.

�Maternal Overnutrition

Unlike undernutrition, the effects of maternal overnutrition during pregnancy are a relatively new field 
of investigation. Animal models of maternal overnutrition usually involve dams consuming a high-fat 
diet; however, some studies use a high-sugar high-fat diet or a “cafeteria” diet (where rodents are fed 
human “junk foods”). In humans, maternal obesity usually increases offspring birth weight, although 
it is also a risk factor for being born small for gestational age [64]. Conversely, most studies in rodents 
have found that maternal overnutrition decreases birth weight [65–68] although some have found no 
change [69]. Changes to placental structure and function may underlie the growth restriction observed 
in these models. Decreases in labyrinth zone vascularity have been observed in some [70] but not in 
all studies [66, 71]. Hayes and colleagues [68] found that labyrinth zone vascularity increased but 
deficits in vessel maturity and tissue oxygenation were evident. In humans, maternal obesity has been 
associated with placental insufficiency and inflammation [71, 72]. As well as perturbing fetal and 
placental development, maternal overnutrition has substantial adverse effects on later-life health out-
comes. Offspring of over-nourished mothers exhibit increased adiposity, hypertension, insulin resis-
tance, hyperphagia, and decreased physical activity [65–68, 71, 73, 74]. While this list of conditions 
is similar to those programmed by excess exposure to glucocorticoids, it appears that the effects of 
overnutrition may involve other mechanisms. A recent study of obese women by Stirrat and col-
leagues [75] found that although the normal gestational increase in placental 11β-HSD2 activity was 
blunted, cortisol levels were lower throughout pregnancy indicating that excess exposure to glucocor-
ticoids did not occur. In fact, the authors proposed that decreased maternal cortisol may actually be a 
mechanism underlying the increase in fetal weight observed in many obese pregnancies.

�Restriction of Food Intake

Restricting food intake of pregnant rodents has detrimental consequences for fetal growth and later-
life health outcomes which is caused, in part, by glucocorticoid-related changes in placental structure 
and function. In this model of malnutrition, dams are fed a fraction (usually 50%) of the amount of 
food consumed by control animals. This treatment consistently causes fetal growth restriction, and 
accordingly, birth weight is reduced [5, 76–78]. Alterations of placental structure and function are, 
again, key mechanisms underlying fetal growth restriction in this model. Fifty percent food restriction 
decreases placental weight in some studies [5, 63] but not in others [62]. Decreased placental weight 
is accompanied by lower expression of 11β-HSD2, increasing exposure of the fetus and placenta to 
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glucocorticoids [5, 63]. Additionally, expression of the genes encoding GLUT 3 and amino acid trans-
porters 1 and 2 are also reduced, resulting in decreased nutrient availability to the fetus. Together, 
these changes in placental function contribute to the observed fetal growth restriction.

It is unclear whether stress responses from the mother and the fetus also contribute to fetal growth 
restriction in this model. Maternal and fetal corticosterone levels increase in response to food restric-
tion, suggesting increased exposure of the fetus to glucocorticoids [5, 62, 63]. Consistent with this, 
offspring exhibit signs of “programming” that are similar to those seen in models of glucocorticoid 
excess. Severe maternal intake restriction (30% of ad libitum) causes hyperphagia, hypertension, 
hyperinsulinemia, and hyperleptinemia in offspring 4-month-old offspring [78]. Similarly, pups of 
50% intake-restricted mothers showed signs of increased susceptibility to developing insulin resis-
tance and other symptoms of the metabolic syndrome [77]. On the other hand, only a weak, nonsig-
nificant inverse relationship is seen between serum corticosterone levels and fetal and placental weight 
[63]. Further, food restriction-induced fetal and placental growth restriction has been observed in 
mothers who have had their adrenal glands removed [62]. Together, these results suggest that dysregu-
lation of the placental glucocorticoid barrier and decreased nutrient supply to the fetus (caused by 
decreased transporter expression and nutrient unavailability) make the largest contribution to fetal 
growth restriction and subsequent programming in the intake-restriction model.

�Low-Protein Diet

A maternal low-protein diet (LPD) is one of the most commonly used models of fetal growth restric-
tion, particularly in rodents [79]. A balanced rodent diet contains around 20% protein. Rodents 
exposed to a low-protein diet receive between 5% and 10% protein depending on the study. Birth 
weight is consistently reduced in this model [79] but how a low-protein diet affects earlier patterns of 
fetal and placental development is less clear. Variation in results may be explained by methodological 
differences (including severity and duration of the dietary insult and the rodent species used) but 
overall, combining the results of multiple studies creates a roughly consistent picture.

It appears that the low-protein diet affects the fetus and placenta differently during different stages 
of gestation, as summarized in Table 39.1. Fetal growth restriction is evident as early as day 14.5 in 
the mouse [80], although some studies have reported no change until day 17.5 [4]. Interesting changes 
in placental structure and function underlie this pattern of fetal growth. Early in the last third of gesta-
tion, placental weight may actually increase in response to protein restriction, possibly as a compensa-
tory mechanism to limit or delay fetal growth restriction [80, 81]. Consistent with this, the labyrinth 
zone of placentas was relatively smaller in protein-restricted rats (at day 18); however, the overall 
increase in placental size meant that the absolute size of the labyrinth zone was not different from 
control placentas [81]. While the placenta may be able to compensate initially, a decline in function is 
seen in the final days leading to parturition and fetal growth suffers accordingly. Placental weight is 
reduced at day 17.5 and 18.5 in protein-restricted mice [4, 80]. Nutrient transport is also impaired in 
the final days of gestation. Jansson and colleagues [82] found that protein restriction in rats caused a 
decline in SNAT 2 mRNA expression at day 15, decreased transport of amino acids at day 19, and 
reduced fetal and placental growth at day 21. This evidence suggests that a decline in the nutrient 
transport capacity of the placenta plays a key role in low-protein-induced fetal growth restriction.

Another factor that significantly affects the nutrient transport capacity of the placenta is labyrinth 
zone vascularity. How a low-protein diet affects placental vascularity is not well characterized, and 
contradictory findings have been reported in the few studies that have addressed this question. Rutland 
and colleagues [80] reported a decrease in labyrinthine blood vessel length near parturition in mice. 
On the other hand, Doherty and colleagues [81] found no differences in fetal capillary length, diam-
eter, or surface area at day 18 of gestation in rats; however, this may be because they did not examine 
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placental vascularity close enough to term. The evidence above would suggest that at day 18 of rat 
gestation the placenta has not yet lost its ability to compensate for the protein deficiency.

Glucocorticoids have been implicated in LPD-induced fetal programming [3] but their role in 
LPD-induced fetal growth restriction remains unclear. Recent evidence has begun to examine this 
issue. Interestingly, it appears that the fetus’ stress response to maternal protein restriction is the major 
driver behind the patterns of fetal and placental growth observed in this model [4]. Fetal corticoste-
rone levels are increased from day 14.5 onward in response to the low-protein diet. While environ-
mental insults reduce 11β-HSD2 expression, glucocorticoids themselves upregulate 11β-HSD2 
expression [83]. Accordingly, 11β-HSD2 activity is higher in protein-restricted placentas than con-
trols [4] from day 13.5 to day 15.5. Maternal corticosterone levels are not different from controls at 
this stage so the increase in 11β-HSD2 means that feto-placental exposure to maternal corticosterone 
should be lower in protein-restricted pregnancies compared to controls. It is proposed that the fetal 
HPA axis (prematurely activated because of the low-protein diet) assumes the primary role in deter-
mining the exposure of the fetus to glucocorticoids. Thus, the fetus appears to drive the early matura-
tion (and subsequent growth restriction) of its own tissues in order to prepare for early birth and an 
adverse extrauterine environment [4]. Late in gestation, when the placentas adaptive capacity is 
exhausted, the protein restriction causes a decrease in 11β-HSD2 activity. This increases feto-placental 
exposure to maternal corticosterone. In the fetus, this increase likely amplifies the tissue maturation 
stimulus. In the placenta, the increased glucocorticoid exposure may underlie the observed decline in 
amino acid transporter expression [82] and labyrinthine vascularity [80], both of which contribute to 
fetal growth restriction.

�Conclusions

Epidemiological data and animal models have identified excess glucocorticoid exposure as a key 
mechanism underlying fetal growth restriction (summarized in Fig. 39.4). Key factors that determine 
feto-placental glucocorticoid exposure include fetal and maternal corticosterone levels and placental 
activity of the protective enzyme 11β-HSD2. Glucocorticoid excess is known to disrupt placental 

Table 39.1  Summary of studies investigating the effect of low-protein diet on fetal weight, placental weight, and 
glucocorticoid parameters in rodent pregnancy

Study Animal
% protein 
in diet

Day and (%) 
of gestation

Fetal 
weight

Placental 
weight

11β-HSD2 
activity

Maternal 
cort

Fetal 
cort

Langley-Evans 
et al. (1996)

Rat 9% 20 (89) ↓ ↑ ↓

Doherty et al. 
(2003)

Rat 8% 18 (80) ↓ ↑

Jansson et al. 
(2006)

Rat 4% 15 (65) ↔ ↔
18 (78) ↔ ↔
19 (83) ↔ ↔
21 (91) ↓ ↓

Rutland et al. 
(2007)

Mouse 9% 14.5 (74) ↓ ↑

Cottrell et al. 
(2012)

Mouse 8% 14.5 (74) ↓ ↓ ↓ ↑ ↑
15.5 (79) ↔ ↔ ↑ ↔ ↑
16.5 (85) ↔ ↓ ↑ ↔ ↑
17.5 (90) ↔ ↓ ↓ ↔ ↑

Studies are separated by species (rat and mouse) and the time point in gestation when the parameters are assessed
↔ indicates no change, ↑ an increase, and ↓ a decrease
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development, resulting in fetal growth restriction and the programming of cardiometabolic and neu-
ropsychiatric diseases. Poor maternal nutrition during pregnancy also causes profound changes in 
fetal and placental growth and is known to be linked to poor later-life health outcomes. Animal mod-
els have revealed that maternal undernutrition causes stress responses in the mother and fetus which 
involve increased secretion of glucocorticoids. This is accompanied by a decrease in placental 11β-
HSD2 activity and results in excess fetal and placental glucocorticoid exposure. It is important to note 
that glucocorticoids are by no means solely responsible for the effects of maternal malnutrition on 
fetal growth and later-life health outcomes. Rather, malnutrition-induced fetal growth restriction 
appears to be exacerbated by the excess glucocorticoid exposure that occurs as a result of the mother 
and fetus’ responses to this physiological stressor.
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Key Points

•	 Prenatal stress affects foetal programming leading to long-term detrimental effects for health.
•	 Maternal high-fat diet and/or obesity are metabolic stressors that can result in lifelong metabolic 

vulnerability in the offspring.
•	 The p66Shc gene modulates oxidative stress and insulin signalling.
•	 Knocking out the p66Shc gene in mice protects from the long-term effects of prenatal metabolic 

stress.
•	 The ultimate role of p66Shc in human health is highly dependent from environmental conditions 

and life stage.
•	 To maximize the effects, interventions strategies should be started as early as possible.
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ROS	 Reactive oxygen species
T2D	 Type 2 diabetes
WT	 Wild type

�Introduction

Obesity during pregnancy is a main risk factor for adverse health outcomes of both the mother and the 
offspring. The negative consequences of maternal obesity might become manifest early during devel-
opment but also in the long run [1]. This condition has been associated with hyperinsulinemia and 
gestational diabetes and is likely to result in pre-eclampsia [2]. Moreover, it has been causally related 
to an excessively rapid foetal growth, perinatal morbidity, in addition to elevated levels of cord leptin 
and interleukin-6 and to an overall increased chance for the offspring to develop metabolic and car-
diovascular pathologies later in life. Despite this evidence, still little is known about the mechanisms 
underlying these effects. Beyond the individual/genetic background, the intrauterine milieu has been 
advocated as the main effector accounting for a developmental origin of health outcome in a lifelong 
perspective ultimately affecting lifespan, as well as the quality of life during ageing (healthspan) [3, 
4].

A developing mammal is an experience-seeking organism, characterized by an elevated degree of 
plasticity. Its development is a very dynamic process relying upon the continuous interactions between 
a detailed species-specific genetic program and the many experiences provided by the pre- and post-
natal environment. These environmental triggers have the potential to shape a best-adapted phenotype 
acting as a forecast for the conditions the organism will face once adult (i.e. when the developmental 
program has been completed) [5]. To this regard, from an evolutionary perspective, the overall out-
come of such a dynamic process is highly dependent upon the stability of the environmental condi-
tions. Thus, if a mismatch occurs with respect to the milieu experienced by the developing and the 
adult organism, the ontogenetic adjustments aimed at finely tuning the individual to the environment 
might turn into embedded detrimental traces setting the stage for an increased vulnerability to later-
life diseases. In line with this hypothesis, it has been suggested that a number of non-communicable 
diseases characterized by metabolic dysfunction might be the result of the effects of “thrifty genes” 
selected – and evolutionary conserved – to increase survival chances of individuals living in poor 
nutritional environments. Yet, the effects of these “thrifty genes” would turn out to be maladaptive 
when these individuals are exposed to abundant nutrition across their lives, eventually leading to the 
onset of metabolic diseases [6].

The pregnant dam perceives, elaborates and conveys external inputs of different nature to the foe-
tus through the placenta. This organ, of both maternal and foetal origin, regulates the access of nutri-
ents and of hormones at proper times during development and is able to modify its structure and 
function in response to changes in the maternal environment [7]. Psychological or metabolic stressors 
can disrupt placental function. This might acutely affect the development of foetal tissues and organs, 
as well as redirect developmental trajectories through epigenetic reprogramming, resulting in long-
term effects [8, 9]. Ever increasing evidence points to oxidative stress (OS) as a common mediator 
linking maternal stress to placental dysfunctions, foetal programming and metabolic memory through-
out life [10]. Oxidative stress derives from the unbalance between the production of pro-oxidants 
(mainly reactive oxygen species – ROS) and the antioxidant capacity of the body to detoxify. This 
condition associates to very different pathological manifestations, including those related to meta-
bolic dysfunctions (e.g. obesity, type 2 diabetes (T2D), cardiovascular diseases  as well as metabolic 
syndrome (MetS), inflammatory state) and can be also triggered by chronic consumption of high-fat 
diet (HFD). In general, OS may cause random damage to proteins, lipids and DNA. Moreover, being 
involved in the process of telomere shortening, it may promote the ageing of tissues and organs by 
affecting cellular senescence. Oxidative stress associated to maternal obesity might result in 
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pathological conditions of the placenta, the embryo and the foetus [11, 12] also leading to epigenetic 
changes and altered gene expression in the foetus due to DNA damage [13]. However, the generation 
of ROS, within certain boundaries, is essential during the early gestation to promote cell proliferation 
and differentiation [14]. Thus, the redox homeostasis of the intrauterine milieu needs to be tightly 
regulated and changes to this environment may profoundly affect the developmental trajectories of the 
foetus, setting the stage for later-life vulnerability. Notwithstanding this evidence, environmental 
adversities may not act alone in determining the developmental origin of health and diseases as a 
growing body of literature suggests that modulators (genes) of lifespan exist and are conserved over 
large evolutionary distances.

In this context, the p66Shc has been described as a mammalian gerontogene involved in the regula-
tion of OS and metabolism affecting health throughout life and during ageing [15]. Genetically modi-
fied mice lacking the p66Shc gene (p66Shc−/−) are long-lived and show an increased healthspan 
[16–19]. Moreover, prenatal exposure to HFD in the p66Shc−/− mouse results in a gender-specific 
resilience to both stressful and metabolic challenges [20]. Thus, the p66Shc gene appears as a very 
appealing trait d’union linking together foetal development and senescence through OS and 
metabolism.

This chapter will focus on the role of the p66Shc gene throughout mammalian life. It will describe 
the effects of this gene from early developmental stages to senescence. Evolutionary as well as mech-
anistic perspectives will be provided and implications for human kind discussed.

�The P66Shc Gerontogene: Setting the Stage for Extended Healthspan

Almost two decades ago, Pelicci and colleagues reported the serendipitous discovery of the long-lived 
p66Shc−/− mouse [21]. These mutants show a 30% increase in longevity and are characterized by 
elevated resistance to OS, reduced triglyceride accumulation in the adipocytes, increased metabolic 
rate, decreased fat mass and resistance to diet-induced obesity [22].

P66Shc is one of the three isoforms encoded by the ShcA gene. This gene is almost ubiquitously 
expressed throughout the body showing tissue-specific changes in the levels of the p66Shc protein 
during development (see [15, 19] and references therein for complete a review). Each ShcA isoform 
harbours three identical functional domains; however, only p66Shc holds an additional N-terminal 

Fig. 40.1  Structure of the ShcA gene. P66Shc and p52Shc/p46Shc are encoded by two different m-RNAs. The p66Shc 
transcript has an alternative transcription initiation site from that of the p46Shc and p52Shc isoforms that are generated 
from an alternative splicing. Each of the three proteins holds an N-terminal phosphotyrosine-binding domain (PTB), a 
proline-rich domain (CH1) and a carboxy-terminal Src homology 2 (SH2) domain. The p66Shc is characterized by an 
additional N-terminal proline-rich domain (CH2) that becomes phosphorylated (red star) on a serine residual (S36) 
upon cellular stressors including metabolic and OS signals
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proline-rich domain (CH2) containing a serine phosphorylation site – Ser36 – that plays a key role in 
the specific signalling pathway triggered by cellular stress of different nature (e.g. OS and insulin; see 
below; Fig. 40.1). The main function of the p66Shc protein is to act specifically within the mitochon-
drion as a redox enzyme able to respond to OS insults by reinforcing this stress signal through the 
generation of H2O2 to trigger mitochondrial swelling and apoptosis [23]. Most intriguingly, within the 
adipose tissue, p66Shc generates H2O2 in response to insulin and, through this mechanism, it is able 
to reinforce the insulin-signalling cascade promoting fat accumulation [22]. To this regard, an inter-
esting hypothesis is that this gene has been evolutionary conserved in the mammalian genome for its 
capacity to increase survival chances under harsh environmental conditions characterized by reduced 
food availability and/or low temperatures [24]. However, this ‘thrifty function’ might turn out to be 
detrimental when food is constantly available. Thus, in westernized lifestyles countries, p66Shc, by 
boosting intracellular OS, might promote fat deposition and the onset of metabolic-related patholo-
gies accelerating in turn the ageing process (Fig. 40.2).

As previously mentioned, knocking out the p66Shc gene in mice overall results in an increased 
longevity and in an elevated resistance to both oxidative and metabolic insults [22]. A thorough phe-
notypic characterization of these mutants has revealed that p66Shc−/− mice show reduced central and 
peripheral levels of inflammatory markers upon immunogenic challenges, and these features are asso-
ciated to a more efficient neuroendocrine function [18]. In addition, these mutants showed improved 
cognitive abilities [25], a reduced emotionality, and when reaching senescence, by improved physical 
performance and by increased neurogenesis within the hippocampus; this latter feature appeares as a 
gender-dependent trait that is more pronounced in females [16–18, 24, 25]. Thus, it clearly appears 
that the signalling cascades mediated by p66Shc activation may be located at the crossroad of path-
ways involved both in central and peripheral stress responses, as well as in the regulation of energy 
homeostasis [19]. Moreover, and most importantly, the p66Shc knockout (KO) mice are characterized 
not only by increased longevity but also by an increased healthspan [19].

Fig. 40.2  Function of the p66Shc protein within the adipose tissue. Food intake stimulates insulin secretion that leads 
to the activation of p66Shc upon phosphorylation. The active form of p66Shc triggers the generation of H2O2 within the 
mitochondrion that, in turn, potentiates the insulin-mediated signalling pathway of fat accumulation within the adipo-
cyte eventually promoting fat accumulation and the onset and/or precipitation of fat-related disorders
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�High-Fat Diet Feeding During Pregnancy and Its Implications 
for the Mother and the Foetus: Lessons from the P66Shc Knockout Mouse

Preclinical and clinical data suggest that OS might play a pivotal role linking maternal metabolic 
stress to placental dysfunction, foetal programming and later-life vulnerability [10]. Despite the 
increasing evidence to support this field of research, still little is known about the possible underlying 
mechanisms.

Being involved in the modulation of fat metabolism and OS, the p66Shc gene might indeed play a 
role in the pathways linking metabolic maternal stress to foetal programming and later-life health 
outcome (Fig. 40.3) [4]. This issue was thoroughly investigated within the frame of the DORIAN 
study (“Developmental Origins of Healthy and Unhealthy Aging: the role of maternal obesity”). This 
large European project was aimed specifically at dissecting the prenatal determinants of healthspan 
and longevity by focussing on the mutual interaction among maternal cortisol, insulin resistance and 
OS, both in clinical and preclinical research.

We hypothesized that the lack of the p66Shc gene in mice might buffer the detrimental effects of a 
metabolic stress (HFD) during pregnancy, protecting both the mother and the offspring. To this aim 

Fig. 40.3  The role of p66Shc in metabolic stress-mediated foetal programming. Coexisting mechanisms might underlie 
the detrimental effects of early programming triggered by prenatal metabolic stress (insulin resistance, glucocorticoid 
overexposure and OS). The mutual interaction among these players might result in genotoxic effects (e.g. telomere short-
ening, DNA methylation and oxidation) overall leading to increased vulnerability to chronic disease and unhealthy ageing. 
P66Shc might play a key role in mediating the effects of OS in early programming (Figure modified from Iozzo et al. [4])
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HFD (or a standard control diet) was administered during peri-conceptional time and throughout 
pregnancy to female p66Shc wild-type (WT) and KO mice until delivery. To focus specifically on 
foetal programming, HFD consumption was stopped just before parturition; for the same reason, the 
offspring was weaned onto standard diet. Since the effects of prenatal stress strongly interact with sex 
hormones, both male and female offspring were phenotyped from birth to adult age. The characteriza-
tion of the metabolic, neuroendocrine and emotional profile of the adult offspring indicated that pre-
natal diet affects stress responses and metabolic features in a gender-dependent fashion, while 
knocking out the p66Shc gene attenuates such effects, acting as a protective factor. Overall, prenatal 
HFD resulted in reduced body weight at birth and in a greater catch-up, particularly in male subjects 
at adult age. The most striking effects of maternal HFD were observed in the female offspring that 
showed an increased body mass index (BMI) as well as higher leptin levels (compared to the prenatal 
standard diet-fed group); however, p66Shc−/− subjects were protected. Females of this genotype 
showed a better ability to cope with both metabolic and neuroendocrine stressors (enhanced glucose 
tolerance and insulin resistance, in addition to being protected from HFD-induced hypothalamic-
pituitary-adrenal (HPA) axis hyperactivity) overall suggesting that the effects of a metabolically 
stressful environment might be finely tuned by sex hormones [20].

As partial confirmation of the role played by OS early during development, we have also recently 
observed that the administration of antioxidants (N-acetylcysteine) to C57Bl6 mice during peri-
conceptional time and throughout pregnancy is able to buffer the effects of a maternal metabolic stress 
(HFD) on both the mother and the offspring. This piece of data is quite interesting since it appears to 
mimic the protective effects observed as a result of the lack of the p66Shc gene overall strengthening 
the link among maternal metabolic stress, foetal programing and OS/p66Shc (Berry et al. manuscript 
in preparation). A further interesting finding provided by our study is that HFD consumption before 
and during pregnancy results in detrimental effects not only in the offspring but also in the dams, 
affecting their reproductive success. In fact, we observed an increased maternal mortality during preg-
nancy, particularly around parturition, and the occurrence of aberrant maternal behaviours (increased 
cannibalistic episodes) immediately after delivery. In this context, it is interesting to note that, since 
HFD consumption did not lead to maternal obesity, all the observed effects (in both the offspring and 
in the dams) were purely due to maternal exposure to a metabolic stress [20]. Thus, extreme changes 
in the diet during pregnancy might indeed represent a powerful source of stress for the dams nega-
tively affecting their ability to cope with demanding psychophysical conditions dealing with repro-
duction (pregnancy and delivery) and the care of the offspring.

Indeed, clinical data clearly indicate that a diet rich in fats is a physiological stressor for pregnant 
women [26]; preclinical studies suggest that HFD consumption during pregnancy might challenge the 
maternal HPA axis resulting in increased secretion of glucocorticoids stress hormones associated with 
amplified emotional reactivity [27]. In addition, the effects of HFD during pregnancy appear to over-
lap with those provided by psychophysical stress and to converge to similar consequences on foetal 
growth, neurodevelopment and metabolism [28]. In this regard, it is worth mentioning that foetal 
exposure to glucocorticoid hormones is a fundamental process for mammalian development that is 
efficiently regulated throughout pregnancy and that the placenta plays a key role in this process [7].

In a very recent study, we have dissected out the effects of HFD-feeding specifically focusing on 
the narrow time comprising the final stages of pregnancy in mice. Indeed, we provided evidence that 
maternal HFD increased levels of maternal corticosterone immediately before and after delivery. This 
was associated with a lower placental weight, reduced 11β-HSD-2 enzymatic activity and m-RNA 
expression of the 11β-HSD-1 gene in this organ, resulting in a disruption of the time window of foetal 
exposure to maternal glucocorticoids. In this regard, prenatal HFD resulted in reduced body/foetal 
weight at the end of pregnancy and in an extended pregnancy length, suggesting a possible attempt to 
allow further foetal growth [29].
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From a behavioural point of view, HFD-fed dams showed a disorganized social and maternal 
behaviour at parturition. Most intriguingly maternal HFD consumption reduced c-Fos expression in 
the dams’ olfactory bulbs suggesting a reduced neural activity in brain regions involved in olfactory 
processing and social recognition. In this context, the inappropriate behavioural patterns observed, 
such as cannibalism, could depend upon an inability to discriminate salient olfactory stimuli, such as 
those provided by the newborn pups [29]. These data are particularly interesting when considering 
that olfaction (and the associated neuronal system) can account for behavioural decisions related to 
food choice and consumption [30]. Moreover, food odours are essential to control for food intake 
[31]. Thus, changes in the activity of the olfactory system, as a result of early exposure to HFD, have 
the potential to impact negatively on food choices at adulthood, reinforcing inappropriate behaviours, 
such as the choice of poor quality food.

�P66Shc Friend or Foe? Implications for Human Kind

Ever increasing evidence strongly suggests that the lack of p66Shc leads to undeniable beneficial 
effects. Indeed, this evidence is quite strong in animal models of metabolic and cardiovascular pathol-
ogies [32–34], and studies on human subjects mostly support the hypothesis of p66Shc being involved 
in the onset and/or precipitation of these pathological processes. As an example p66Shc gene expres-
sion was found to be increased in peripheral blood mononuclear cells (PBMC) of patients with coro-
nary artery disease (CAD) [35, 36] and with T2D [37] in association with increased levels of OS 
markers. Moreover, Natalicchio recently reported increased levels of p66Shc and of p53 (a pro-
apoptotic gene) in human pancreatic islet of donors with elevated BMI [32] supporting the link among 
obesity, lipotoxicity and the pathogenesis of T2D. Of note, Fadini and co-workers suggested that the 
p66Shc gene might be involved in the pathogenesis of MetS, a cluster of metabolic and cardiovascular 
conditions overall mimicking a precocious ageing process [38] strengthening the idea that the insulin-
p66Shc-H2O2 axis might be a critical component in both healthspan and longevity conditions.

Despite this convincing evidence, studies on p66Shc human cohorts, particularly in relation with 
ageing and/or prenatal conditions, are still limited and somehow controversial. Research focusing on 
genetic variants in the p66Shc gene show that these are extremely rare, not associated to longevity (at 
least in the Japanese population) [39] and probably not even involved in the genetic susceptibility to 
CAD [40] though an association between the Met410Val polymorphism and longevity in humans 
might exist [41]. By contrast, results from studies aimed at investigating the role of epigenetic changes 
in relation to human ageing appear overall more solid, and preserved DNA methylation of genes 
involved in the regulation of metabolism has been suggested to be a potential mechanism underlying 
healthspan during ageing [42]. To this regard, it is worth to note that the DNA methylation in CpG 
islands is associated with gene silencing and that the p66Shc promoter contains a relatively high CG 
content [43]. Interestingly, recent data suggest a role for decreased DNA methylation of the p66Shc 
promoter in placental tissue from women delivering intrauterine growth restricted neonates, a condi-
tion that is often associated to the development of metabolic disorders via foetal programming in later 
life [44]. In addition, Kim and co-workers found that low-density lipoprotein (LDL) cholesterol 
upregulates human endothelial p66Shc expression via hypomethylation of its promoter, a finding that 
may have relevance in the development of endothelial dysfunctions and its consequences in adults/
aged individuals who have been exposed to hypercholesterolemic environment in utero [45]. 
Notwithstanding the above-mentioned evidence, Pandolfi and co-workers found that fibroblasts from 
centenarians were characterized by the highest basal levels of p66Shc m-RNA and that these changes 
occurred in the absence of any modification of the p66Shc promoter methylation pattern [46]. In line 
with this finding, it has been recently proposed that the p66Shc-induced ROS formation might con-
tribute to self-endogenous defences against mild ischemia and reperfusion injury [47].
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Indeed, increasing evidence indicates that although excessive ROS might lead to the negative 
effects of OS on cellular homeostasis, low non-toxic levels of ROS can hold beneficial effects acting 
as second messengers in a broad range of intracellular signalling pathway dealing with cell prolifera-
tion and survival [48, 49]. This might promote health and longevity by delaying the progression or 
preventing the onset of chronic diseases. Thus, it is possible to hypothesize that low levels of ROS 
might set the conditions for a favourable environment aimed at improving systemic defences by 
inducing adaptive responses. This concept has been defined as mitochondrial hormesis or mitohorme-
sis [50, 51]. To this regard, it is worth mentioning that both calorie restriction (the most robust, non-
genetic intervention increasing healthspan and longevity in different species) [52] and physical 
exercise [53] might exert their positive effects on health through enhanced mitochondrial biogenesis. 
In addition, in the case of physical training, oxidative metabolism and increased generation of ROS 
have been also shown to play a key role [50, 51].

Taken together, evidence concerning the impact of p66Shc on human health appears more complex 
than expected, at least given the results of animal studies carried out in controlled experimental set-
tings [24]. We propose that the issue of beneficial vs. toxic effects deriving from changes in the 
expression levels of p66Shc should be carefully considered in the context of the different metabolic 
needs characterizing different life stages and the availability of nutritional sources (see conclusions 
and Fig. 40.4 below).

Fig. 40.4  Evolutionary overview of the p66Shc function and implications for human health. The p66Shc protein accu-
mulates fat within the adipocyte through a mechanism involving OS signalling. This thrifty function plays a pivotal role 
during perinatal development as well as during senescence, when fat accumulation and the generation of ROS, within 
certain boundaries, might trigger main pro-survival signalling cascades. This optimal performance occurs only under 
‘euenergetic’ conditions (a. green solid line) reaching its best under harsh environmental times when also adult-/middle-
aged subjects benefit from improved energy storage (b. red dashed line) as shown by a smooth U-shaped curve. By 
contrast, p66Shc over-performs under westernized lifestyle conditions (characterized by excessive caloric intake) pro-
moting the onset of metabolic disorders setting the stage for unhealthy ageing (c. black dashed line). This fuel-driven 
metabolic liability originates during perinatal life leading to the occurrence of overt metabolic pathologies during adult-
hood/middle age. Those subjects who will survive the burden of metabolic diseases during adult life will be character-
ized by unhealthy ageing
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�Conclusions

Extreme changes in the metabolic milieu before and during pregnancy, independently from maternal 
obesity, might represent a powerful source of stress affecting foetal programming with lifelong delete-
rious consequences on the healthspan and longevity of the offspring. A number of different and non-
mutually exclusive mechanisms, including OS, might underlie the detrimental effects of early 
programming triggered by prenatal metabolic stress, leading to important trans-generational effects 
also mediated by epigenetic remodelling of selected genes. The p66Shc ‘thrifty gerontogene’ might 
play a key role in mediating the long-term trans-generational effects of maternal obesity and/or HFD 
by affecting insulin metabolism and redox balance throughout pregnancy. Indeed, we have recently 
provided evidence that p66Shc−/− mice are protected from the stressful and metabolic challenges 
following prenatal exposure to HFD. However, the role of p66Shc in human healthspan, in relation to 
prenatal life, is more complex than expected, and we propose that its function may vary according to 
the metabolic needs characterizing different life stages and also to the availability of nutritional 
sources (Fig. 40.4). Thus, in a ‘euenergetic’ nutritional status, p66Shc might play a pro-survival/pro-
longevity role during life times characterized by an elevated energy demand such as early pre- and 
postnatal development as well as during senescence (Fig. 40.4a); adult organisms might also take 
advantage of this thrifty function in poor nutritional environments (Fig.  40.4b). By contrast, the 
p66Shc gene might over-perform when high caloric food is constantly available, leading to non-
communicable metabolic disorders (Fig. 40.4c). In addition, it should be taken into account that, at the 
cellular level, the generation of ROS (H2O2 in this case) is also involved in mediating specific signal-
ling pathways, leading to cell proliferation/differentiation vs. cell death; and thus a further synergistic 
level of action of the p66Shc gene might also rely upon these mechanisms.

Overall, an extensive and growing body of research demonstrates multiple linkages between pre-
natal life, metabolic stress and health outcomes at adulthood. Thus, knowledge of the biological 
mechanisms occurring during foetal development might help understanding/predicting individual 
variations in healthspan, including metabolic health [5]. To this regard, a life-course intergenerational 
approach to fight non-communicable metabolic disorders would be certainly worth pursuing starting 
from very early life stages rather than at middle-age, i.e. by the time the risk for individual vulnerabil-
ity to metabolic and cardiovascular pathologies is the highest [54] (Fig. 40.5). This should include 
changes in the overall lifestyle, such as nutritional habits, as well as moderate physical exercise for the 
pregnant women. Antioxidant therapy is currently emerging as a promising strategy to counteract the 
fuel-mediated metabolic liability originating during prenatal life (antioxidant supplementation and/or 
a diet rich in antioxidants). However, to this regard, a note of caution should be raised since, while it 
might prevent some of the deleterious consequences of prenatal metabolic stress, we are becoming 
more and more aware that ROS might also play an important role in hormetic processes, thus a right 
balance in the overall oxidative status of the organisms should be achieved [50, 51].
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Key Points

•	 Suboptimal intrauterine conditions have been linked to a wide variety of adverse effects later in 
life. Telomere biology is a candidate underlying mechanism by which maternal health, nutrition, 
and obstetric risk conditions can be transduced into long-term health effects in offspring.

•	 Animal and human studies point to the importance of the initial setting of the telomere system in 
development and progression of disease, aging, and mortality, and show that these effects persist 
across the life span.

•	 The initial programming of telomere homeostasis appears to be plastic and influenced by the intra-
uterine environment. Known genetic factors explain only a small amount of observed interindi-
vidual variability, and maternal-offspring correlation in telomere length is significantly higher than 
paternal-offspring correlation.
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Abbreviations

CBMC	 Cord blood mononuclear cells
CRP	 C-reactive protein
FGR	 Fetal growth restriction
GDM	 Gestational diabetes mellitus
IL-6	 Interleukin-6
IUGR	 Intrauterine growth restriction
LBW	 Low birth weight
LGA	 Large for gestational age
NCD	 Noncommunicable disorder
SES	 Socioeconomic status
SGA	 Small for gestational age
TA	 Telomerase activity
TL	 Telomere length
TNF-α	 Tumor necrosis factor α
VLBW	 Very low birth weight

�Introduction

The origins of many, if not all, the of conditions that constitute a major burden of disease and also exhibit 
health disparities can be traced back to developmental processes in fetal life. The likelihood of developing 
any complex, common, noncommunicable disorder (NCD) is a function of both cumulative risk exposure 
(e.g., excess caloric intake, stressful life events) and susceptibility to these exposures, as reflected in the 
wide interindividual variation in the biological responses to any given risk exposure [1–3]. Contrary to the 
belief that individual susceptibility is determined primarily by genetic (DNA sequence) variation, 

•	 Maternal (mal)nutrition, obstetric risk conditions, and maternal stress and lifestyle have been 
shown to be associated with fetal telomere length.

•	 Stress hormones, oxidative stress, and inflammatory agents are biological pathways which may 
link adverse conditions during pregnancy to fetal telomere length. Epigenetic regulation also 
appears to be very important in controlling the telomere system.
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susceptibility to NCDs is determined by dynamic interplay between genetics and environment, particu-
larly during intrauterine life [1, 4–6]. Development is a plastic, context-dependent process, wherein a 
range of different phenotypes can be expressed from a given genotype. The fetus seeks, receives, and 
responds to, or is acted upon by, the intrauterine environment during sensitive periods, resulting in struc-
tural and functional changes. Some of these changes may, either independently or through interactions 
with subsequent developmental processes and environments, have major consequences for health and 
disease susceptibility [1, 6, 7]. These concepts have variously been referred to as the fetal or developmen-
tal programming of health and disease risk [4, 8–10]. Except in extreme cases, fetal programming does 
not, per se, “cause” disease, but instead determines propensity for disease(s) in later life by shaping 
responsivity to endogenous and exogenous conditions [10]. For example, exposure to excess maternal 
glucocorticoids during pregnancy (which may result from under- or overnutrition, infection, or stress) has 
been shown to alter the developing fetal brain and peripheral systems, with long-term consequences for 
the offspring’s future risk of developing obesity and/or cardiometabolic disorders [11–16].

The majority of studies on the mechanisms underlying these effects are focused on processes 
that are specific to organs, phenotypes, or disorders of interest (e.g., mechanisms within the brain, 
adipocyte, pancreas, liver, etc.). However, it’s possible that something else of importance is being 
overlooked. The observation that adverse intrauterine conditions simultaneously influence a diverse 
set of disease risk-related phenotypes, coupled with the fact that the majority of these phenotypes are 
implicated in increased risk of common age-related disorders, raises the possibility that intrauterine 
adversity may also additionally (not instead) exert effects via some common underlying mechanism 
and that such a mechanism may involve cellular aging-related molecular processes. Telomere biology 
represents a candidate outcome of particular interest in this context, because; first, this system is 
among the most salient antecedent cellular phenotypes for risk of common age-related disorders 
implicated in health disparities; second, the initial setting of the system appears to account for the 
largest attributable effects on long-term health and disease-related outcomes; and third, initial setting 
appears to be plastic and substantially impacted by developmental conditions during intrauterine and 
early postnatal life.

We have recently reviewed the role of maternal stress and stress biology in fetal programming of 
the telomere system [17]. This chapter will focus on the role of maternal nutrition and obstetric com-
plications during pregnancy in programming the telomere biology system in a manner that may alter 
cellular function, aging, and disease susceptibility over the life span.

�The Importance of Telomere Biology for Disease Risk and Aging

Telomere biology is a highly evolutionarily-conserved system that plays a central role in maintaining 
the integrity of the genome and cell. Telomere biology refers to the structure and function of two enti-
ties—telomeres, noncoding double-stranded repeats of guanine-rich tandem DNA sequences and 
shelterin protein structures that cap the ends of linear chromosomes [18, 19], and telomerase, the 
reverse transcriptase enzyme that adds telomeric DNA to telomeres [20].

�Telomeres

Telomeres protect chromosomes from mistaken recognition by the DNA damage-repair system as 
DNA breaks. Because DNA polymerase is unable to fully replicate the 3′ end of the DNA strand, telo-
meres lose approximately 30–150 bp with each cell division. Eventually, telomeres reach a critical 
short length, resulting in decreased recruitment of shelterin proteins to form the protective internal 
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nucleotide loops, which, in turn, leads to cellular senescence. Once cells become senescent, they exhibit 
a variety of genetic and morphological changes that result in loss of tissue function. This is how telo-
mere attrition relates not only to longevity but also to the progression of common chronic diseases.

�Telomerase

Conventional DNA polymerase machinery is unable to fully replicate the ends of linear chromosomes. 
The enzyme telomerase utilizes its own template to add short TG-rich repeats to chromosome ends, 
thus reversing their gradual erosion at each round of replication [21]. Typically, telomerase activity 
(TA) is diminished or absent in most adult somatic cells, with the exception being cells with a strong 
potential for division, such as certain types of stem cells and active lymphocytes [22]. The selective 
reduction of telomerase expression makes senescence inevitable by placing an upper bound on cellular 
life span [23]. Telomerase not only maintains telomere length but also preserves healthy cell function. 
Loss of telomerase affects chromatin configuration and impairs the DNA damage response. Telomerase 
also promotes proliferation of resting stem cells and directly modulates crucial developmental signal-
ing pathways [24]. Finally, through telomere capping and maintenance, telomerase plays a particularly 
important role in cellular proliferation capacity and survival under conditions of cellular stress. 
Telomerase also performs an extranuclear role by co-localizing with mitochondria to protect mitochon-
drial DNA, decrease oxidative stress, and improve energy production and cellular function [25–28]. 
Thus, if telomere shortening represents the clock ticking forward on cells’ limited life span, telomerase 
can reverse or slow this clock [29], making the two an intricately interdependent, dynamic system. A 
very substantial body of research has established that shortened telomeres and reduced telomerase 
expression are linked to several age-related diseases [30–33] and earlier mortality [34, 35].

�Consequences of Telomere Shortening

As somatic cells divide, telomeres eventually reach a critical short length, resulting in decreased abil-
ity to recruit shelterin proteins, thus leading to cellular senescence or apoptosis [36]. Loss of telomere 
function causes chromosomal fusion, activation of DNA damage checkpoint responses, genome insta-
bility, and impaired stem cell function. After cells become senescent, they produce inflammatory 
mediators [37] that also affect neighboring cells, leading to further damage within organs and tissues 
that accumulates over the life course. Thus, as individuals age, they acquire more senescent cells, 
accompanied by various age-related pathologies (e.g., arteriosclerosis). This is how a reduction of 
telomere length (TL) and a steeper telomere attrition rate relate not only to longevity but also to earlier 
onset and more rapid progression of common chronic diseases. Moreover, recent important discover-
ies suggest that the integrity of telomeres affects not only the replicative capacity of the cell but also 
underlies other changes that enforce a self-perpetuating pathway of global epigenetic changes affect-
ing the integrity of overall chromatin structure (DNA folding) that protects against senescence and 
cellular aging [38–41].

�Consequences of Dysregulation of Telomerase Expression Capacity

In addition to maintenance of TL, telomerase plays a central role in preserving healthy cell function 
by promoting the proliferation of resting stem cells, modulating signaling pathways during embryo-
genesis and adult tissue homeostasis [42], and protecting cellular proliferation capacity and survival 
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under conditions of cellular stress. Telomerase also plays a key extranuclear function: it localizes to 
mitochondria, where it protects mitochondrial DNA, increases mitochondrial membrane potential, 
and decreases mitochondrial superoxide production, thus decreasing oxidative stress and improving 
mitochondrial efficiency and cellular function [27, 43]. Thereby, a diminished capacity to express 
telomerase leads to more rapid telomere attrition over time, impaired DNA damage responses, and 
impaired cellular energetic function.

�Importance of the Initial Setting of the Telomere System

The initial (newborn) setting of TL and telomerase expression capacity represent critically important 
aspects of an individual’s telomere system [44]. TL at any given age during life is a joint function of 
(a) the initial (newborn) TL, and (b) telomere attrition rate over time (which, in turn, is a function of 
number of cell divisions (growth, age), the effects of exposures that produce TL shortening (e.g., 
oxidative stress), and the counteracting effects of the activity of the enzyme telomerase) [44]. Birds 
are a particularly well-suited and commonly used animal model to study telomere dynamics over the 
life span and across generations. Findings from avian studies suggest that TL and telomere attrition 
rates in early life are (i) far better predictors of realized life span than TL and attrition rates in later 
life, and (ii) their effects persist over and above those for risk exposures in later life [45–47]. Thus far, 
there are no human studies that have prospectively tracked TL from birth until old age. However, a 
human study that prospectively assessed TL across different adult populations over a 12-year period 
found almost no within-individual rank change in TL from baseline to follow-up and concluded that 
the relationship of TL with pathology and longevity appears to originate in the initial (early life) set-
ting of TL [48]. Another recent human study in newborns demonstrated that compared to newborns 
with normal TL, newborns with reduced TL at birth exhibited greater DNA damage at baseline and 
also upon exposure to mitomycin C challenge (a common genotoxic agent) [49]. Thus, there is strong 
plausibility for the hypothesis that a reduction in the initial (newborn) setting of TL and telomerase 
expression capacity confers greater susceptibility for earlier onset and faster progression of age-
related disorders that manifest in later life.

�Determinants of the Initial Setting of TL

The assumption that initial setting of TL is largely under genetic control has been challenged for the 
following reasons: first, although the heritability of TL is high, (a) known genetic variants across all 
studies to date collectively account for only a small proportion of variation in TL (e.g. [50, 51]), and 
(b) the mother-offspring correlation in TL is substantially larger than the father-offspring correlation, 
regardless of the sex of the offspring. These findings, in conjunction with the understanding that heri-
tability may overestimate genetic effects (because it includes maternal intrauterine effects), lead to a 
hypothesis that favors a major role for maternal effects in the initial setting of TL. Second, several 
experimental and observational studies in animals and humans demonstrate that adverse intrauterine 
conditions such as stress, dietary manipulations, and obstetric complications are associated with 
shorter TL at birth and in adult life and provide biological plausibility for this hypothesis [52, 53]. 
Thus, it appears that the initial setting and regulation of telomere homeostasis, including chromo-
somal telomere length and both the telomeric and extra-telomeric activities of telomerase, may be 
plastic and receptive to the influence of intrauterine or other early postnatal life conditions (see below). 
Also, telomere homeostasis in various cell types, including the germ line, stem cells, and proliferating 
as well as postmitotic tissue may serve as a fundamental integrator and regulator of processes underly-
ing cell genomic integrity, function, aging, and senescence over the life span. This may have major 
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implications for health and disease susceptibility for complex common disorders. We have advanced 
the hypothesis that context- and time-inappropriate exposures to physiological stresses during the 
embryonic, fetal, and early postnatal periods of development may alter or program the telomere biol-
ogy system in a manner that accelerates cellular dysfunction, aging, and disease susceptibility over 
the life span [17, 52].

�Nutrition During Pregnancy and Programming of Offspring Telomere 
System

Recent studies in animals and humans suggest that adverse or suboptimal conditions in intrauterine 
life are associated with shorter offspring TL and altered expression of TA in various tissues [52], 
thereby supporting the notion that TL may in part be programmed in utero. The role of maternal 
nutrition during pregnancy in programming various disease risk phenotypes in offspring is well estab-
lished. In this section, we summarize available data from animal and human studies (Tables 41.1 and 
41.2, respectively) reporting on the consequences of maternal (mal)nutrition on the offspring telomere 
biology system.

�Malnutrition During Pregnancy and Offspring TL

Although calorie restriction after the third month of life increased life span in mice [64], energy 
restriction during gestation seems to have opposite effects on cellular aging. Experimental studies in 
rodents showed that protein restriction in utero combined with rapid postnatal catch-up growth (recu-
perated phenotype) were associated with increased oxidative stress, decreased antioxidant defense 
mechanisms, and accelerated telomere shortening across different tissues [53, 55–57] in the offspring, 
and that these effects even persisted in tissues of the reproductive tracts of second-generation off-
spring [54]. Importantly, post-weaning supplementation with coenzyme Q10, a key component of the 
electron transport chain and a potent antioxidant, attenuated telomere shortening in leukocytes and 
aortic cells of recuperated animals [58, 59], indicating that therapeutic interventions can be effective 
in counteracting the detrimental effects of suboptimal intrauterine conditions on cellular aging 
(Table 41.1). The recuperated rodent model described above reflects the so-called thrifty phenotype, 
characterized by low birth weight (LBW) and adaptations in metabolic activity advantageous for the 
immediate survival of the organism in continued conditions of poor postnatal nutrition but detrimental 
in an affluent postnatal environment [65].

In humans, the consequences of suboptimal intrauterine nutrition and its long-term health effects 
were studied in individuals conceived during the Dutch “Hunger Winter,” a 5-month period of severe 
famine in the Netherlands at the end of World War II. Results from the Dutch Famine Birth Cohort 
Study show that individuals exposed to famine during early gestation are more susceptible to age-
related diseases compared to individuals conceived before or after the famine. However, no differ-
ences were observed in leukocyte TL and the number of short telomeres at the age of 68 [60]. In 
contrast, increased telomere shortening was observed in survivors of the siege of Leningrad. Exposure 
to famine in intrauterine life and later childhood was associated with a higher prevalence of hyper-
tension and shorter leukocyte TL [61]. Compared to the Dutch “Hunger Winter,” the famine in 
Leningrad continued for a longer period of time, and food supplies did not return to adequate levels 
as rapidly as in the Netherlands, which might explain the observed differences between the two 
studies (Table 41.2).
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�Maternal Nutrient State and Offspring TL

Associations between dietary behaviors and the telomere system have been described in cross-
sectional studies in human adults. For example, the Mediterranean diet, which is related to lower 
levels of inflammation and oxidative stress, has been associated with longer TL and increased TA 
[66–69]. In addition, studies reported positive associations between the dietary intake and supplemen-
tation of several vitamins, antioxidants, fiber, and leukocyte TL, while high-fat intake (except for n-3 
polyunsaturated fatty acids), the consumption of processed and red meat and sweetened carbonated 
beverages inversely related to TL (extensively reviewed by Freitas-Simoes et al. [70]).

Until recently, no human data was available regarding the associations between specific maternal 
nutrient states during pregnancy and offspring telomere biology. Therefore, as a first step toward 
addressing this question, we conducted a prospective longitudinal study focused on the effect of 
maternal folate state during early pregnancy on newborn TL [62]. In the developing fetus, folate is 
crucial in the contexts of DNA synthesis, cell proliferation, and neural tube development, and, in addi-
tion, folate plays a critical role in the maintenance of DNA integrity and DNA methylation, both 
important determinants of TL [71, 72]. Since the fetus is completely dependent on maternal folate 
supplies [73], we hypothesized that lower maternal folate concentrations are associated with shorter 
telomeres in newborns. In our study population, consisting of 119 mother-infant dyads, maternal 
folate plasma levels in the first trimester of pregnancy were related to newborn cord blood TL. After 
adjusting for established determinants of newborn TL, a 10 ng/ml increase in maternal total folate was 
associated with a 5.8% increase in median TL (Fig. 41.1a, b). Recently, these findings were replicated 
in an independent study cohort in which an association was observed between folate concentrations 
and newborn TL, both assessed in cord blood [63] (Table 41.2).

Fig. 41.1  (a) Scatterplot depicting the association between maternal plasma folate concentrations and newborn cord blood 
mononuclear cell (CMBC) telomere length (T/S ratio). Newborn CMBC telomere length was residualized (adjusted) for 
maternal socioeconomic status, race/ethnicity, prepregnancy BMI, length of gestation, birth weight, infant sex, and obstet-
ric complications. (b) Mean adjusted cord blood PMBC telomere length (T/S ratio, ± standard error of the mean (SEM)) 
for newborns of mothers who fall in the lowest quartile (low maternal total folate concentration) vs. newborns of mothers 
in the highest folate quartile (high maternal total folate concentration) (Adapted from Entringer et al. [62])
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Taken together, these results suggest programming effects of maternal nutrition during pregnancy 
on the telomere biology system of offspring. In addition, because newborn TL is an important deter-
minant of telomere biology-related processes and subsequent health and disease outcomes later in 
life, these data indicate the potential benefit of nutrition-related therapeutic interventions already dur-
ing pregnancy in the prevention of age-related diseases.

�Obstetric Complications During Pregnancy, Suboptimal Birth Outcomes, 
and Offspring Telomere Biology

Obstetric complications during pregnancy and suboptimal birth outcomes such as LBW and preterm 
birth are associated with increased risk for morbidity and early mortality. A growing body of research 
seeks to link these adverse prenatal exposures and suboptimal birth outcomes to subsequent TL or TA 
in the offspring. Fetal growth, weight, and maturity are frequently studied exposures, and current 
studies in this area are presented in Table 41.3a (fetal growth and weight) and Table 41.3b (preterm 
birth). Placental insufficieny leading to impaired fetal growth, of which the most severe form is intra-
uterine growth restriction (IUGR)(fetal growth below the tenth percentile) is a risk factor for many 
newborn and adult health disorders [92] and may impact telomere homeostasis [77]. A decrease in 
mean TL has been reported among IUGR newborns [77, 87], and other studies have noted a parallel 
decrease in TA [75, 79, 82] and lower expression of telomerase components [76, 77] in pregnancies 
complicated with IUGR. Placentas of infants born small for gestational age (SGA) have also been 
observed to have reduced TA compared to controls and shorter placental TL [78]. Other studies, how-
ever, have found no association between SGA and TL in cord blood [74, 78] or have even observed an 
increase in TL among a cohort of young men born SGA [83]. Paradoxically, this paper reported that 
these men also showed early signs of vascular aging, and the authors suggested that the increased TL 
observed in this context (of SGA) may be the result of compensatory mechanisms due to the initial 
settings of telomere homeostasis in a deprived fetal environment [83]. Shorter TL has been found in 
babies born large for gestational age (LGA) as well [86]. TL generally decreases as pregnancy pro-
gresses, reaching its shortest length in the third trimester and likely serves as a signal of placental 
maturity [89], offering a potential explanation of this finding. Results regarding the effect of preterm 
birth on TL are mixed, with some studies observing shorter TL in preterm infants [91] and others find-
ing no association between preterm birth and TL [88, 90].

LBW can also be the result of adverse fetal conditions [84] and is a risk factor for adult disease 
[80]. One study reported that LBW was associated with shorter TL at 5 years of age [84], but other 
cohorts have found no association between very low birth weight (VLBW) and TL in adults [80]. 
However, these were retrospective studies lacking data regarding telomere length at birth. Thus, other 
factors acting over the lifetime could have obscured the relationship between birth weight and TL 
[80]. Differences in TL and TA have also been studied in growth-discordant twins [81, 85, 86] (defined 
as a 20–25% difference in the birth weights of twins) [81]. Smaller twins have been shown to have 
both shorter telomeres [85] and lower levels of TA [81] as compared to their larger co-twins, provid-
ing further support for the hypothesized link between suboptimal intrauterine conditions and subse-
quent functioning of the telomere system.

Obstetric complications during pregnancy are associated with several adverse fetal outcomes. 
Studies on the impact of obstetric conditions on fetal TL and TA are summarized in Table 41.3c. It has 
been hypothesized that TL may be affected by perinatal complications, including rupture of the fetal 
membranes, which can lead to premature birth or stillbirth [95, 103]. Rupture of the fetal membranes 
is significantly associated with shorter TL, and this association is not seen with premature birth alone 
[103]. TL is even shorter among stillbirths than spontaneous preterm births [95]. Maternal diabetes is 
an obstetric risk condition of increasing prevalence and concern. Biron-Shental et al. [93] hypothe-
sized that poorly controlled maternal diabetes may exert an effect via increased senescence in the 
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placenta, resulting in shorter telomeres and changes in other cellular markers. Indeed, they found that 
pregnancies complicated with diabetes exhibited a higher percentage of trophoblasts with shortened 
telomeres. Xu et al. [102] also demonstrated a connection between gestational diabetes (GDM) and 
leukocyte TL at birth. GDM also seems to lead to an upregulation of telomerase in mitochondria as a 
compensatory response to the damage caused by oxidative stress [97]. However, several studies have 
failed to find an association between maternal diabetes and cord blood mononuclear cell (CBMC) TL 
[94, 98]. Maternal hypertension and its more serious form, preeclampsia, are important maternal 
obstetric complications that confer serious risks for mother and baby. Hypertensive disorders of preg-
nancy have been shown to lead to increased expression of TERT (catalytic protein domain of telom-
erase) mRNA in the placenta [96]. They have also been linked to signs of telomere dysfunction in the 
placenta, such as telomere aggregate formation [100], abnormal TERC (RNA component of telomer-
ase) copy number, and increased telomere capture [101]. However, associations between maternal 
hypertension or preeclampsia and TL in fetal cord blood have not been reported [98]. In a study that 
followed individuals from birth through adulthood, exposure to maternal or perinatal complications 
was linked with shorter leukocyte TL at 38 years of age [99].

As discussed previously [17, 52], maternal stress may also be an important mechanism by which 
intrauterine conditions have long-term effects on fetal telomere biology and therefore may confer a 
lifetime impact on health. Studies on this topic are presented in Table 41.3d. We and others have dem-
onstrated that maternal psychosocial stress during pregnancy is linked to leukocyte TL at birth [104, 
106]. Furthermore, severe life events occurring during pregnancy are linked with leukocyte TL in the 
offspring as young adults [105]. Poor sleep quality may be another means by which maternal obstetric 
complications are passed on to the fetus, as researchers have found an association between sleep apnea 
and daytime sleepiness in mothers and shorter TL in the cord blood of their newborns [107].

�Biological Pathways Linking Adverse Conditions During Pregnancy 
and Telomere Biology

Different interrelated biological pathways link adverse exposures during pregnancy with offspring 
telomere biology. Here we discuss the influence of three groups of biological mediators on telomere 
biology-related processes: stress hormones, inflammatory agents, and oxidative stress.

�Stress Hormones

Several in vitro and in vivo studies have established the influence of stress hormones on the telomere 
system. For example, treatment of stimulated human T-cells with cortisol in vitro decreased cell pro-
liferation, TA, and TERT mRNA levels [108], while noradrenaline induced TERT expression and TA 
in an ovarian tumor cell line [109]. In chicken embryos, corticosterone injections produced higher 
levels of reactive oxygen metabolites and an overrepresentation of short telomeres [110]. In humans, 
elevated levels of stress hormones, larger acute stress-induced cortisol responses, and dysregulation 
of diurnal cortisol have been linked to shorter TL [111–113]. In addition, leukocyte TA responds to 
acute stress [114] and is influenced by stress-reducing therapies [115]. Chronic stress exposure 
induces higher levels of oxidative stress and inflammation [116]. Additionally, prolonged periods of 
psychological stress might also render individuals more susceptible to virus reactivation and continu-
ous virus exposure, which induces senescence of specific T cells [117, 118].

41  Fetal Programming of Telomere Biology: Role of Maternal Nutrition, Obstetric Risk Factors,…
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�Oxidative Stress

Stress and many unhealthy behaviors, such as smoking, alcohol consumption, and a high-fat diet, 
increase oxidative stress levels (summarized in [116, 119]). Oxidative stress accelerates telomere 
shortening, decreases TA, and induces senescence (or apoptosis) via DNA damage-induced activation 
of the p53 pathway [26, 120, 121]. Due to a high content of guanine residues, telomeres are highly 
sensitive to oxidative damage, which is further indicated by studies showing that an oxidative stress 
imbalance [122] (ratio of oxidative stress to antioxidants) and various other markers of oxidative 
stress are associated with shorter TL [66, 123, 124]. Conversely, higher circulating concentrations of 
anti-oxidative micronutrients are related to longer telomeres [125–127], suggesting that antioxidants 
can decelerate TL attrition. Oxidative stress has been reported to induce the nuclear export of TERT 
to the cytosol and into the mitochondria, thereby decreasing nuclear and total TA [120].

�Inflammatory Agents

Many, if not all, age-related diseases are associated with higher levels of pro-inflammatory cytokines 
(including interleukin (IL)-6 and tumor necrosis factor (TNF)- α). Several studies have demonstrated 
that markers of inflammation such as C-reactive protein (CRP), IL-6, and TNF- α are linked to TL 
shortening [66, 128–131] and T-cell senescence [37]. In leukocytes, TA and nuclear translocation of 
telomerase is induced by a NF-κB signaling pathway in response to TNF-α [132]. It has also been 
shown that TERT regulates the expression of a subset of NF-κB-dependent genes [133, 134]. Ghosh 
et al. [134] observed TERT binding to the NF-κB p65 subunit and its recruitment to a subset of NF-κB 
promoters such as those of IL-6 and TNF-α, suggesting that telomerase can provide a feed forward 
loop for the immune system by stimulating NF-κB-dependent gene expression.

�Mechanisms of Programming of TL

Although a link between developmental processes in early life and changes in telomere biology has 
been established (as reviewed above), little is known about potential mechanisms by which these 
effects are mediated. As discussed by us previously [17], epigenetic modifications have been consid-
ered the context of fetal programming as a process whereby developmental exposures can affect fetal 
gene expression and subsequent disease risk (e.g., [10]). The telomere system is under tight epigenetic 
control. There is evidence that chromatin modifications are important regulators of mammalian telo-
meres. Subtelomeric regions are enriched in epigenetic marks that are characteristic of heterochroma-
tin, and the abrogation of master epigenetic regulators, such as histone methyltransferases and DNA 
methyltransferases, correlates with loss of TL control (reviewed in [71]). Specifically, the regulation 
of TL is dependent on the level of methylation of the histones H3 and H4 associated with subtelomeric 
regions. The methylation of these histones decreases access to telomere sequences and thus reduces 
TA [71]. Hence, proteins that play a role in regulation of these methylations, such as DNA methyl-
transferase, have an impact on TL. DNA methyltransferase is a key candidate mechanism by which 
early-life conditions (e.g., nutrition [135], stress [136]) produce stable, long-term epigenetic alterna-
tions. In addition, several studies have suggested that epigenetic modulation of the core promoter 
region of the TERT gene that regulates TA is involved in regulating telomere maintenance (see [137]). 
Examining how these epigenetic mechanisms can potentially be modified by early stress biology-
related factors in animal and human models is a priority for future studies.

41  Fetal Programming of Telomere Biology: Role of Maternal Nutrition, Obstetric Risk Factors,…
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�Conclusion

Based on the conceptual framework and empirical findings presented here, we suggest it is important 
to consider the potential role of intrauterine factors to arrive at a better understanding of the develop-
mental programming of the telomere biology system and, beyond this, aging-related diseases and 
aging itself. Telomere biology is an important determinant of health throughout the life span, and the 
above-discussed evidence demonstrates the potentially important role of prenatal conditions in the 
newborn setting of the telomere system. Questions remain regarding the molecular mechanism(s) 
underlying the effect of intrauterine conditions on telomere homeostasis and potential interactions 
with other biological processes.

Insofar as the newborn setting of TL is an important determinant of subsequent telomere biology-
related processes and health outcomes, the findings summarized in this chapter add evidence to the 
growing awareness that age-related complex, common disorders may have their foundations very 
early in life and, secondly, point to potentially modifiable factors for possible clinical intervention 
with implications for primary prevention. Prenatal programming of the telomere system could be an 
important means by which health disparities are propagated intergenerationally, influencing the health 
of individuals and their offspring even before their birth. However, conversely, improving maternal 
health can also have long-lasting effects, throughout the newborn’s life span and on to future genera-
tions. Ensuring appropriate prenatal care, both physical and psychological, is thus an essential public 
health goal with far-reaching impacts.
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Key Points

•	 Occasionally the developing fetus is subjected to nutritional imbalances due to under- or overnutri-
tion of the mother or placental insufficiencies. Other stresses may also arise in utero which will 
subject the fetus to metabolic burdens.

•	 These impositions can lead to a spectrum of effects such as smaller birth weights, postnatal devel-
opmental disorders and adverse outcome in adult life. The latter includes increased risk of lifelong 
conditions such as cardiovascular disease, diabetes mellitus and the metabolic syndrome.

•	 As a consequence of suboptimal fetal nutrition (either directly or indirectly), a variety of organs are 
also affected such as the liver, bone, central nervous and endocrine systems.

•	 The fetal origins hypothesis is based on epidemiological studies of fetal and adult morbidity and mortality.
•	 The theories surrounding the concept of fetal programming have driven investigation on the devel-

opmental origin of health and disease (DOHaD).
•	 It is difficult to keep up to date with developments in fetal nutrition and subsequent effects such as 

programming.
•	 This chapter lists the most up-to-date resources on the regulatory bodies, journals, books, profes-

sional bodies and websites that are relevant to an evidence-based approach to fetal nutrition and its 
subsequent effects.

Keywords  Pregnancy • Fetal programming • Evidence • Resources • Books • Journals • Regulatory 
bodies • Professional societies
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Abbreviations

DOHaD	 Developmental origin of health and disease

�Introduction

Occasionally the developing fetus is subjected to nutritional imbalances due to under- or overnutrition 
of the mother or placental insufficiencies. Other stresses may also arise in utero which will subject the 
fetus to metabolic impositions leading to a spectrum of effects such as smaller birth weights, postnatal 
developmental disorders affecting the infant and adverse outcome in adult life. With regard to the lat-
ter, fetal programming associates conditions in utero with increased risk of lifelong diseases such as 
cardiovascular disease, diabetes mellitus and the metabolic syndrome. However, it is also important 
to consider that as a consequence of suboptimal fetal nutrition (either directly or indirectly), a variety 
of organs are affected such as the liver, bone, central nervous and endocrine systems which are cov-
ered in the various chapters of this book.

The concept of fetal programming is based on the fetal origins hypothesis which suggests that the 
conditions to which the fetus is exposed in utero can have long-term effects on adult health [1]. At 
critical times in fetal development, the effects of environmental stimuli on structure and organ func-
tion may persist into adulthood [1]. This is consistent with theories on developmental plasticity; genes 
can express different ranges of physiological or morphological states in response to the environmental 
conditions during fetal development [1].

The scientific basis for fetal programming and the developmental origin of health and disease 
(DOHaD) was born from epidemiological studies of fetal and adult morbidity and mortality [1–4]. In 
the 1970s, Forsdahl associated increased risk of death from coronary heart disease with prosperity 
after poverty during adolescence [2]. Forsdahl suggested that the nutritional deficit may have caused 
permanent damage [2]. In 1986, Barker and colleagues correlated increased risk of coronary heart 
disease in adults with an adverse intrauterine environment, as suggested by low birth weight [3] 
Further investigations correlated low birth weight with impaired glucose tolerance, type 2 diabetes, 
hypertension and the metabolic syndrome [4]. Collectively, these studies formed the basis for the 
Forsdahl-Barker hypothesis [1].

The Forsdahl-Barker hypothesis associated conditions in utero with increased risk of lifelong dis-
eases including cardiovascular disease, type-2 diabetes, hypertension, hypercholesterolaemia, obesity 
and the metabolic syndrome [1, 4]. Although this raised the intriguing possibility that disease preven-
tion strategies could be initiated whilst the fetus is still in utero; the Forsdahl-Barker hypothesis was 
initially met with significant scepticism.

The main criticism was that low birth weight should not be considered as an independent risk fac-
tor because many of the environmental confounding variables could be attributed to the chronic dis-
eases themselves [1]. Subsequent research studies attempted to adjust for these factors and provided 
more convincing results with fewer confounders [1, 4].

Nearly half a century has passed since Forsdahl’s initial epidemiological studies of infant and adult 
mortality laid the foundations for the concept of fetal programming. Within this relatively short 
period, the Forsdahl-Barker hypothesis has become more widely accepted as the fetal origins hypoth-
esis and the concept of fetal programming have given birth to the field of science that now focuses on 
DOHaD.

The investigations and interventions relevant to DOHaD have become more and more complicated 
as the understanding of fetal nutrition has increased. It is now nearly impossible even for experienced 
scientists and clinicians to remain up-to-date. For those new to the field, it is difficult to know which 
of the myriad of available sources are reliable. To assist colleagues who are interested in learning 
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more about fetal programming, we have therefore produced tables containing reliable, up-to-date 
resources in this chapter. The experts who assisted with the compilation of these tables of resources 
are acknowledged below.

Tables 42.1, 42.2, 42.3, 42.4 and 42.5 list the most up-to-date information on the regulatory bodies 
(Table 42.1), professional bodies (Table 42.2), journals (Table 42.3), books (Table 42.4) and websites 
(Table 42.5) that are most relevant to an evidence-based study of fetal nutrition, physiology, program-
ming and health.

Acknowledgements  We would like to thank the following authors for contributing to the development of this resource: 
Baba Usman A, Berry A, Boer P, Chatzi L, Correia M, Edwards M, Hardy D, Hill D, Kim YJ, Lo J, Marc I, Mattos S, 
Musumeci G, Nielsen MO, Prabhakaran P, Preissl H, Silveira P, Skilton M, Souza Torsoni A, Taylor R, Weisz G and 
Yiallourou S.

Table 42.1  Regulatory bodies and organisations

Australia Health Practitioners Regulation Agency (AHRPA)
www.ahpra.gov.au
Center for Disease Control and Prevention
www.cdc.gov
European Food Safety Authority
www.efsa.europa.eu
Food Standards Australia New Zealand
www.foodstandards.gov.au
Medicines and Healthcare products Regulatory Agency (MHRA)
mhra.gov.uk
National Institutes of Health
www.nlm.nih.gov
National Institute for Health and Care Excellence
www.nice.org.uk
Public Health Agency (Belfast)
www.publichealth.hscni.net
Public Health Agency of Canada and Canadian Institute for Health Information
www.phac-aspc.gc.ca/
United States Food and Drug Administration
www.fda.gov
United States Preventive Services Task Force (USPSTF)
www.uspreventiveservicestaskforce.org
World Health Organization
www.who.int

Legend: This table lists the regulatory bodies and organisations involved with various aspects of fetal nutrition, physiol-
ogy, programming and health. Some of these are international (such as the World Health Organization) and regional 
(such as the European Food Safety Authority) whilst others are national (such as the Australia Health Practitioners 
Regulation Agency)
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Table 42.2  Professional societies and organisations

American College of Human Genetics
www.acmg.net
American Society of Human Genetics
www.ashg.org
American College of Obstetrics and Gynecology
www.acog.org
American Society of Nutrition
www.nutrition.org/
Australian Epigenetics Alliance
epialliance.org.au
Australasian Sleep Association (ASA)
www.sleep.org.au
Centre for Fetal Programming (CFP)
www.cfp-research.com
Children’s Health Research Institute (CHRI)
www.chri.org
Clinical Epigenetics Society
www.clinical-epigenetics-society.org
Epigenetics Society
epigeneticssocietyint.com
European Association for the Study of Obesity
easo.org
Federation of European Nutrition Societies
www.fensnutrition.eu
Human Genetics Society of Australasia
www.hgsa.org.au
International Human Epigenome Consortium
ihec-epigenomes.org
International Society for Developmental Origins of Health and Disease
dohadsoc.org
Liggins Institute, New Zealand
www.liggins.auckland.ac.nz/en.html
North American Spine Society
www.spine.org
Obesity Society
www.obesity.org
Perinatal Research Society
www.perinatalresearchsociety.org
Perinatal Society for Australia and New Zealand (PSANZ)
www.psanz.com.au
Royal Australian College of Surgeons
www.surgeons.org
Society for Reproductive Investigation
www.sri-online.org
Society for Study of Ingestive Behavior (SSIB)
www.ssib.org/web
Spine Society of Australia
spinesociety.org.au
The Nutrition Society
www.nutritionsociety.org

Legend: This table lists the professional societies involved in fetal nutrition, physiology, programming and health
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Table 42.3  Journals covering fetal nutrition and programming

Plos One

Journal of Developmental Origins of Health and Disease

Journal of Animal Science

American Journal of Obstetrics and Gynecology

Endocrinology

American Journal of Physiology Regulatory Integrative and Comparative Physiology

Journal of Nutritional Biochemistry

Placenta

Epigenetics

Nutrients

Biology of Reproduction

Acta Physiologica

FASEB Journal

Journal of Endocrinology

Reproduction Fertility and Development

Psychoneuroendocrinology

Advances in Experimental Medicine and Biology

American Journal of Physiology Endocrinology and Metabolism

American Journal of Physiology Renal Physiology

Physiological Reports

Reproductive Sciences

Scientific Reports

Acta Obstetricia et Gynecologica Scandinavica

Diabetologia

European Journal of Nutrition

Legend: This table lists the top 25 journals publishing original research and review articles related to fetal nutrition and 
programming. The list was generated from SCOPUS (www.scopus.com) using general descriptors “fetal programming” 
and “fetal nutrition”. The journals are listed in descending order of the total number of articles published in the past 
5 years. Of course, different indexing terms or different databases will produce different lists so this is a general guide 
only. Note also that the coverage includes both human and non-human studies

Table 42.4  Relevant books and other publications

Bock GR, Whelan J, The Childhood Environment and Adult Disease. Wiley, UK, 1991
Burton GJ, Barker DJP, Moffett A, The placenta and human developmental programming, Cambridge University 
Press, New York, 2011
Gillman MW, Poston L, Maternal Obesity, Cambridge University Press, UK, 2012
Gluckman P, Hanson M, Mismatch: The lifestyle diseases timebomb, Oxford University Press, UK, 2008
Gluckman P, Hanson M, The Fetal Matrix, Cambridge University Press, UK, 2005
Gluckman P, Hanson M, Developmental origins of health and disease, Cambridge University Press, UK, 2006
Khu D, Ben Shlomo Y, A Life Course Approach to Chronic Disease Epidemiology, Oxford University Press, UK, 1997
Kundu TK, Epigenetics: Development and Disease, Springer, USA, 2013
Lechtig A, Klein RE, Dobbing J, Maternal Nutrition in Pregnancy – Eating for Two? Academic Press, UK, 1981
Newnham JP. Ross MG., Early Life Origins of Human Health and Disease, Karger, Germany, 2009
Ovesen PG, Jensen DM, Maternal Obesity and Pregnancy, Springer, USA, 2012
Parmelee A, Stern E, Development of States in Infants. In: Clemente C, Purpura D, Mayer F (editors). Sleep and the 
Maturing Nervous System. Academic Press, USA, 1972
Pinstrup-Andersen P, The African Food System and Human Health and Nutrition: a conceptual and empirical 
overview, Cornell University Press, Ithaca, 2010
Sandler B, The African Cookbook. Carol Publishing Group, USA, 1993
Tollefsbol T, Medical Epigenetics, Elsevier USA, 2016

Legend: This table lists books on fetal nutrition, physiology, programming and health
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Table 42.5  Relevant internet resources

American Association of Clinical Endocrinologists Obesity Guidelines
www.aace.com/publications/guidelines
Asia Pacific Nutrigenomics and Nutrigenetics Organisation 2016 Biennial Conference (APNNO 2016)
www.apnno.com/#!biennial-conference/cx3
Centre for Genetics Education
www.genetics.edu.au
DORIAN – Developmental Origins of healthy and unhealthy aging: the role of maternal obesity
cordis.europa.eu/result/rcn/150415_en.html
Endocrinology Society Education and Clinical Practice
www.endocrine.org/education-and-practice-management/clinical-practice-guidelines
Evidence Analysis Library
www.andeal.org
Genetic science learning centre (University of Utah Health Sciences)
learn.genetics.utah.edu
International Fetal and Newborn Growth Consortium for the 21st Century (INTERGROWTH-21st)
intergrowth21.tghn.org
Medscape
www.medscape.com
Obesity Society Clinical Resources
www.obesity.org/publications/clinical-resources
Online Mendelian Inheritance in Man
www.omim.org
Pathway Commons
www.pathwaycommons.org
Centre for Maternal and Child Enquiries (CMACE)
www.publichealth.hscni.net/publications/maternal-obesity-uk-findings-national-project
Pubmed
www.ncbi.nlm.nih.gov/pubmed
US Food and Drug Administration Foodborne Illness Contaminants
www.fda.gov/Food/FoodborneIllnessContaminants/Metals/ucm393070.htm
US National Nutrient Database for Standard Reference
www.ars.usda.gov/nutrientdata
World Health Organization Child Health
www.who.int/topics/child_health/en/
World Health Organization Hypertension
www.who.int/cardiovascular_diseases/publications/global_brief_hypertension/en/
1st International Conference on Food Bioactives & Health Conference
www.fbhc2016.com
6th World Sustainability Forum
sciforum.net/conference/wsf-6
16th International Nutrition & Diagnostics Conference
www.indc.cz/en

Legend: This table lists some internet resources on fetal nutrition, physiology, programming and health
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Fish intake during pregnancy (cont.)
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gestation length and birth weight, 242
growth-restricted fetuses, 242
MeHg, 243
MoBa, 243
n-3 LCPUFAs, 243
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organic pollutants, 243
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Fish oil intake, pregnancy
dietary fatty acids, 263, 264
insulin sensitivity, 264, 265
programmed effects, metabolic function, 266, 267
small noncoding RNAs and epigenetic consequences, 

270–274
Fish oil supplements, pregnancy

benefits, 265
control diets, 266
degree of oxidation, 265
efficacy, 265
gene function responses, 262
insulin sensitivity, 275

Fitness, 44–45
birth weight (see Birth weight)
physical activity, 44

Foetal adipose tissue, 96
Foetal and suckling periods

junk food diets, 231, 232
Foetal metabolic programming, 92
Foetal predisposition, 96–101

visceral adiposity
adipocyte development and growth, 97–99
epigenetic regulation, 100–101
fat deposition patterns, 99, 100
inflammatory responses, 100–101
timing of abnormal nutritional exposure, 96, 97

Foetal programming, 96–101, 135, 140, 141, 358, 360
critical period, 374
biomarkers, 505, 510
maternal metabolic stress, 561
metabolic stress-mediated, 561
and nutritional status, 372–374
p66Shc gene, 561, 562
stress affecting, 565
thrifty phenotype hypothesis, 505

Foetal supply line, 388
Foetal-derived shift in fat deposition, 99
Foetus development

biomarkers, 505
Folate, 296, 297, 299–302, 361

and dietary patterns, 401
folic acid, 400–402
HSE, 400
macro and micronutrient intakes, 401
mean daily energy, 401

micronutrient supplementation in pregnancy in 
Ireland, 400

natural sources, 400
NTDs, 400

Folic acid, 396, 400–402
Food and Agriculture Organization, 387
Food deprivation, 519–521
Food insecurity, 390
Food preference, 231, 235

animal model, 461
BWR, 456
couch potato syndrome, 460
DA and opioid systems, 463, 464
homeostatic control system, 461
HPA, 459
internal and external influences, 465, 466
IUGR, 456, 457, 460–463
junk food diets, 234, 235
moderators, 464
n-3 PUFAs, 465
NAcc, 463
SGA, 456
TH, 461
VLBW, 457

Food quality, 387
Food safety, 387
Food security

definition, 387
Forsdahl-Barker hypothesis, 598
Framingham Offspring Birth History Study, 506
Free fatty acid (FFA), 72, 74, 75

G
GABA receptor, 530–534
GABA signaling pathway

endocrine pancreas
autocrine fashion, 531
GABA receptor, 531–534
GAD, 531
glucagon-like polypeptide 1 (GLP-1), 531
insulin secretion, 534
islet β-cells, 531
islets of Langerhans, 531
in pancreatic islets, 532
transaminase and GABA transporter proteins, 531
β-cell, 534
β-cells, 531, 534

fetal programming
adult glucose intolerance, 534, 535

GABA receptor, 530
hippocampus, 530
in non-neural tissues, 530
inhibitory neurotransmitter, 530
insulin secretion, 531
peripheral tissue growth and development, 530

Gametogenesis, 333, 334
Gas chromatography (GC), 509
Gene mapping, 508
Gene-encoding glucose transporter (GLUT) 3, 548
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Generation time, 366
Genesis changes, 149, 150
Genetic contributors to metabolic syndrome, 365
Genetic drift, 359
Genetic selection, 364
Genome sequences, 364, 365
Genomic DNA, 358, 363, 365
Genomic mutations, 363–365
Genomic sequence alterations, 362
Genomics, 508, 510, 513
Genotype frequencies, 364
Genotypes, 364, 366
Germ cells, 365, 366
Germline, 362
Gestation, 216, 218, 221, 522
Gestational age, 434–436
Gestational diabetes, 524
Gestational diabetes mellitus (GDM), 72, 75, 187, 188, 507

definition, 399
genetic background, 511
interventions to reduce in Ireland, 399
metabolomics, 512
non-invasive biomarkers, 511
policy and clinical guidelines, 400
prevalence, 399
prognostic biomarkers, 512
protein biomarkers, 512
proteomics biomarkers, 511

Gestational HFD, 218
Gestational hypertension, 187, 189
Gestational nutrient restriction, 101
Gestational programming animal models, 135
Gestational protein restriction, 133, 134

CA3 pyramidal neurons, 153
CRF/ACTH, 152
hippocampus, 153

Gestational weight gain (GWG)
in American population, 397
data collection, 397
independent researchers, 397
interventions to prevent in Ireland, 398
IOM guidelines, 397
in Ireland, 397
and negative infant outcomes, 396
and negative maternal outcomes, 396
policy and clinical guidelines, 398
prevalence, 397
SCOPE study, 398
self-reported pre-pregnancy weight, 398

Gestational/lactational HFD effects, 218
Gliomas, 506
Global hypomethylation, 220
Global protein detection, 508
Glucagon-like peptide-1 (Glp-1), 116
Glucagon-like polypeptide 1 (GLP-1), 531
Glucocorticoid receptor (GR), 148, 215
Glucocorticoid receptor (GR) mRNA ratio, 82
Glucocorticoids (GCs), 18, 82, 83, 87, 151, 153, 362

adverse conditions in pregnancy, 86
alter gene expression, 86

11β-HSD2, 545
CBG, 544
corticosterone, 547
cortisol levels, 85
definition, 544
developmental effects of glucocorticoid on visceral 

tissues, 86
epigenetic effects, 86
epigenetic modifications, 346
fetal growth restriction, 546, 547
fetal, 544–546
glucose and amino acids, 548
HPA axis, 345, 346, 544
IGF1, 346, 347
in fetal endocrine function, 86
knockout model, 11β-HSD2, 548
lipid metabolic pathways, 342
LPD-induced fetal programming, 551
maternal malnutrition, 549
mechanism of action, 86
physiological processes, 86
placenta, 545
placental barrier, 344
placental effects, 86
programming effects, maternal undernutrition, 544
regulatory effects, 86
rodent models, 547
shift cells, 545
synthetic, 545, 547
undernutrition, 552

Glucose intolerance, 359
Glucose transporter 4 (GLUT4), 520
Glutamate decarboxylase (GAD), 531
Gotype, 364
G-protein-coupled receptor, 536
GR expression, 218, 221
GR gene expression, 217
Great Leap Forward, 360, 362, 364
Growth-regulatory imprinted genes, 86
Growth-restricted fetuses, 242
Growth-restricted infants, 99
GUI (Growing Up in Ireland), 405
Gut flora, 363

H
HAPO criteria, 400
HDL, 361
Head circumference, 360
Health Service Executive (HSE), 396, 400
Healthspan, 559–561, 563–565
Heart development, 124
Heat shock factor protein 1 (HSF1), 302
Hematological disorders, 60
Hepatic dysfunction, 108
Hepatic gene expression, 111
Hepatic metabolism, 201, 207
Hepatoblastoma, 506
Hepatocellular carcinoma (HCC), 203
Hepatocyte nuclear factor 4-α (HNF-4α), 524
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Heterogeneous syndrome, 507
Hexose-6-phosphate dehydrogenase (H6PDH), 179
High birth weight (HBW)

and adolescent BMI, 506
caesarean delivery, 506
childhood leukaemia and astrocytoma, 506
colon and rectal cancer, 506
diseases in adulthood, 506
and hypertension exists, 506
and LBW, 507, 508
nutritional status, 374, 375
population-based study, 506

High blood pressure (BP), 280
High fat diet (HFD)

adaptations, 214
BMI, 562
c-Fos expression, 563
consumption, 221, 222
epigenetic mechanisms, 219, 220
fat metabolism, 561
foetal programing, 562
genetic models, 23
glucocorticoid hormones, 562
HPA axis, 214, 215, 562
insulin resistance, 562
maternal care, 23
maternal corticosterone, 562
maternal obesity effects, 217
metabolic stress, 561, 562
neuropsychological disorders, 214
non-human animal models, 22
obesity, 214
on mothers

energy in milk production, 216
environmental factors, 216
gestation and lactation, 216
glucose levels, 216
inflammation, 217
locomotor activity, 216
lower c-fos expression, 216
maternal obesity, 216
milk composition, 216
ND, 217
obese dams, 216
pregestational exposure, 216
pup cannibalism, 216
weigh-suckle-weigh test, 217
weight loss during lactation, 216

OS, 561
p66Shc gene, 561
psychosocial stress, 214
reduced body weight, 562
rodent models, 214, 221, 222
timing, development and effects, 218, 219
types, 215

High-throughput analytical methods
biomarkers, 508

Hippocampal formation, 150
Hippocampal gyrus, 151–152
Hippocampal neurons, 361

Hippocampus, 217
Hippocampus and memory, 151–153
Hippocampus of HFD, 218
Histone deacetylase (HDAC), 35, 302
Histone modification, 424
Histones, 358, 362, 363
Holistic approach, 510
Homeostatic model assessment (HOMA) of insulin 

resistance, 266, 313
Hormone, 83

and maternal nutrition, 85
secretion, 149

Hormone replacement therapy (HRT), 472
Hormones act, 82
Household Dietary Diversity Score (HDDS), 387
Household Food Insecurity Access Prevalence  

(HFIAP), 387
Household Food Insecurity Access Scale (HFIAS), 387
Household food security, 387, 390
HPA axis, 87
HSE Obesity and Pregnancy Clinical Practice 

Guidelines, 403
5-HTr1d receptor, 536
Human brain, 68

adult (see Adult human brain)
Human catastrophe, 389–391
Human embryo, 366
Hunger Winter, 359, 362
Hyderabad Nutrition Trial, 375–376
Hyderabad Nutrition Trial Follow-Up, 377, 378
11β-hydroxysteroid dehydrogenase system  

(11β-HSDs), 344
11β-hydroxysteroid dehydrogenase type 1  

(11ß-HSD1), 179
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD 2), 

83, 216, 510, 545
fetal glucocorticoid, 546, 547
feto-placental exposure, 551
glucocorticoid, 545, 546
knockout model, 548
placental, 546, 547
protein-restricted placentas, 551
SAME, 546

25–hydroxyvitamin D (25(OH)D), 402
Hypercholesterolemia, 506
Hyperinsulinaemia, 361
Hyperserotonemia, 332, 333
Hypertension, 123, 124, 126
Hypertensive disorders, 163
Hypertrophic adipose expansion, 102
Hypothalamic-pituitary-adrenal (HPA) axis, 4, 6, 7, 82, 

83, 123, 179, 341, 448, 459, 544
and behavioural dysfunction, 215
and behavioural outcomes, 221
GC receptors, 21
HFD, 22
hyperactivated, 214
in lactating HFD dams, 217
limbic system, 20
and stress-related behaviours, 217
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Hypothalamic-pituitary-adrenal activity, 362
Hypoxia, 111, 113, 117, 136
Hypoxia-inducible factor-1 (HIF-1), 98

I
IGF1 signalling, 362
Immune function

BMI and obesity prevalence, 9
inflammatory cytokines, 8
somatic illnesses, 9

Immunological processes, 361
Immunological tolerance, 364
Impaired hepatic function, 109
Implantations, 364
Imprinting, 358, 360, 363, 366
Imprinting defect, 363
Inappropriate nutrient intakes

alcohol, 405, 406
folate, 400–402
iron, 401, 403, 404
Long Chain Omega 3-PUFA (EPA and DHA), 404
vitamin D, 402–403

Induce oxidative stress in neurons, 218
Infant stress physiology, 6, 7
Infertility, 364
Inflammation, 361

FGR, 61
Inflammatory agents, 587
Inflammatory processes, 361
Inflammatory response, 136
Inflammatory responses and epigenetic regulation, 100
Inner cell mass, 388
Institute of medicine (IOM), 397
Insulin, 83, 359, 361
Insulin- and serotonin-containing granules, 536
Insulin growth factor 1 (IGF-1), 109
Insulin receptor substrate-1 (IRS-1), 521
Insulin resistance, 361, 377, 378, 530, 561, 562
Insulin secretion, 534
Insulin sensitivity, 264, 266, 267, 270, 274

definition, 68
developmental programming, 69
fMEG, 69
human brain, 75
and maternal metabolism, 71
mechanisms, 74, 75

Insulin-like growth factor 1 (IGF-I), 233, 510
Insulin-like growth factors (IGFs), 82–84, 87, 329
Insulin-p66Shc-H2O2 axis, 563
Insulin-target tissues, 530
Integrated Child Development Services (ICDS), 375, 

376, 381
Interference, 538
Intergenerational cycle of obesity, 228
International Association for Food Protection, 387
International Association of Diabetes and Pregnancy 

Study Groups (IADPSG), 399
International Covenant on Economic, Social and Cultural 

Rights (ICESCR), 386

International Food Information Council, 387
Intracisternal A-type particle (IAP), 35, 361
Intrauterine and suckling phases

sensitive periods of life, metabolic programming, 
518–522

Intrauterine development
regulatory signals, 85–87

Intrauterine environment, 364, 366
Intrauterine growth curves

classical, 435
customised, 436

Intrauterine growth restriction (IUGR), 83, 92, 93, 109, 
507, 512, 513, 538

adverse intrauterine environment, 146
associated lipid peroxidation, 116
carbohydrates, 457
chronic diseases, 459
echocardiographic analysis, 125
feeding preferences, 461–463
fetal liver development, 109
gestational malnutrition, 122
idiopathic, 109
maternal diabetes model, 116
maternal dietary-induced, 110
maternal undernourishment, 110
MPR model, 110
offspring, 116
placental insufficiency/maternal malnutrition, 109
placental insufficiency-induced, 109

Intrauterine growth retardation (IUGR), 347, 358, 364
caffeine ingestion (see Caffeine)
metabolic diseases, 340

Intrauterine hyperglycemia, 524
Intrauterine life, 246
Intrauterine nutrition

calcification paradox, 482
mesenchymal-cartilaginous tissue, 477
musculo-skeletal diseases, 478
osteoporosis development, 478–481
vitamin K-anticoagulant antagonism, 481–483

Intrauterine programming, 82, 83, 87
IOM guidelines, 397
Irish College of General Practitioners (ICGP), 396
Irish Health Service Executive (HSE), 396
Iron

inappropriate nutrient intakes, 401, 403, 404
Ischemic heart disease (IHD), 329, 505
Islet vasculature, 536
Islets of Langerhans, 530, 531, 538

J
Japan

BMI, 412
congenital anomalies status, 416–417
environmental factor, fetal development

air pollution and neurodevelopmental diseases, 424
methyl mercury and polychlorinated biphenyls, 423
polychlorinated biphenyls and environmental 

hormones, 423
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Japan (cont.)
epigenetics studies, 424
female nutritional status, 416, 418
LBW infants and adult diseases, 412, 415, 420
male nutritional status, 417
maternal nutritional status, pregnancy, 418, 419, 421
nutritional factors on fetal

fatty acids and lipids, 422, 423
folic acid, 422
trace elements and micronutrients, 423
vitamins and related elements, 422

nutritional status and outcomes, 413–415
obesity, 412
vital statistics, birth and young women, 415

Junk food diets
advantages, 229
biological mechanisms, 228
clinical studies, 235–236
definition, 229
disadvantages, 229
excessive nutrient supply, 228
fat deposition, 232, 233
foetal and suckling periods, 231, 232
food preferences, 231, 234, 235
growth and fat mass, 230
intergenerational cycle, 228
intergenerational cycle of obesity, 228
maternal overnutrition, 228
metabolic programming, 228
organs and physiological systems, 228
physical activity, 228
pregnancy and neonatal outcomes, 230
sex differences, 235

L
Laboratory animals, 363, 365
Lactation, 216–218, 506, 521, 522

maternal n-3 PUFA, 287–290
Langerhans, 522
Large birth weight, 442, 443
Late and moderately preterm children  

LMPT), 458
LC-MS, 512
Legumes, 387
Leptin, 82–87, 219, 361
L-glutamate levels, 534
Life-Course Studies in India

APCAPS, 380–381
Limbic system, 22

gestational over-nutrition, 22, 23
gestational under-nutrition, 21
HFD (see High fat diet (HFD))
high-fat consumption, 22, 23
HPA-axis and metabolic disruption, 23, 24

Linseed oil (LO), 271
Lipogenesis, 98
Liquid chromatography (LC), 509
Live birth, 364
Locomotor activity, 216

Long-chain polyunsaturated fatty acids (LCPUFA), 
262–264, 266, 267, 281, 404

Long-term hepatic function, 109, 110
Long-term metabolic dysfunction, 114–116
Low birth weight (LBW), 359

and adult depression, 506
adult disease, 506
colon cancer, 506
and HBW, 507, 508
hypercholesterolemia, 506
and IHD, 505
infants, 411, 412, 415, 417, 420, 423
maternal under-nutrition, 387
meta-regression analysis, 506
nutritional status, 374, 375
in organ development, 506
palatable foods, 456
placental pathology, 507
and pre-term delivery, 510
risk factors, 507
and small for gestational age (SGA), 507
and type 2 diabetes, 506
VLBW, 506

Low glycaemic index dietary, 399
Low-density lipoprotein (LDL), 422, 563
Low-protein diet (LPD), 94, 124, 445

fetal growth restriction, 550, 551
fetal weight, placental weight, and glucocorticoid 

parameters, 551
glucocorticoids, 551
nutrient transport capacity, 550

Low-protein or low-calorie dietary regimen, 519

M
mAChRs, 523
Macro- vs. micronutrients

MMA levels, 376
Mumbai SARAS Kids Study, 377
Pune Intervention Study, 377

Macronutrients, 386
BW in Africa, 386

Macrosomia, 386, 507, 510
Magnetic resonance imaging (MRI), 141
Magnetoencephalographic study, 68
Malnutrition, 330, 359–363, 366

glucocorticoid-related parameters, 549
placental 11β-HSD2, 549

Malprogramming effects, 521
Mammalian target of rapamycin (mTOR), 521
Mass spectrometry (MS), 509
Maternal determinants, FGR

alcohol, cigarettes and illicit drugs, 60
autoimmune diseases, 60
celiac disease, 60
chronic maternal hypoxemia, 60
etiology, 58
external and internal factors, 58
hematological disorders, 60
maternal risk factors, 58, 59

Index



615

maternal undernutrition, 60
metabolism and health status, 60
nutrition and nutrient absorption, 60
overnutrition, 60
placental function, 58
SGA newborn, 60

Maternal diet
epigenetics, 35, 36

Maternal dietary protein restriction, 124
Maternal HFD. See HFD
Maternal high-fat feeding, 445, 446
Maternal iron restriction, 446
Maternal low-protein diet, 112–114
Maternal LP diet, 530
Maternal malnutrition, 362, 364
Maternal metabolism

and fetal brain, 71, 73
and insulin sensitivity, 71–72

Maternal nutrient restriction (MNR) model, 110
Maternal nutrition, 372, 395, 400, 421, 424

and fetal outcomes, 394
excessive caloric intake (see Excessive caloric intake)
framework, 394, 395
inappropriate nutrient intakes (see Inappropriate 

nutrient intakes)
outcomes, research and strategies, 394
status (see Nutritional status)

Maternal nutritional factors, 386
BW (see Babies’ birthweight (BW) in Africa)

Maternal nutritional status, 411
Maternal obesity (MO)

animal models, 174, 175
blood metabolites and hormones, 176, 177
gestational diabetes, 172
HPA axis and stress-related behaviours, 217–218
insulin resistance, 175, 176
mid-gestation fetal vs. adult offspring, 181
multigenerational vs. transgenerational impacts, 173
NHP, 182
ovine model, 172
puberty, 173
rodents, 181, 182
tissue and organ structure

11ß-HSD1, 179
fetal pancreatic β-cells, 180
H6PDH, 179
HPA, 179
melanocortin system, 180
NAFLD, 179
overnutrition, 178
WAT, 179

Maternal overnutrition, 60, 549
Maternal protein restriction (MPR) model, 110, 111,  

124, 125
aging kidney, 139, 140
and brain, 146
glucocorticoid, 151
hypertension development, 135, 137, 138
kidney programming, 133
nephrogenesis, 134–140

nephrons, 133
offspring, 146
postnatal nTS angiotensin receptors, 138
pregnancy and breastfeeding, 153
renal tissue renin and angiotensin II levels, 136

Maternal risk factors, 58, 59
Maternal starvation, 358, 359, 361, 362, 366
Maternal undernutrition, 60, 109. See also Prenatal 

undernutrition
direct mechanisms, 111–113
hypoxia, 111
indirect mechanisms, 113, 114
IUGR (see Intrauterine growth restriction (IUGR))
MNR model, 110
MPR model, 110, 111
uterine ligation, 109–110

Matrix metalloproteinases (MMPs), 510
Matrix-assisted laser desorption/ionization-time-of-

flight-mass spectrometry  
(MALDI-TOF-MS), 512

Mean arterial pressure (MAP), 283
MECP2, 362
Medial solitary tract nucleus (nTS), 138
Melanocortin receptor antagonist, 361
Melanocortin system, 180
Memory, 361, 362
Menstrual cycle, 364
Mesenchymal metanephron (MM), 134
Messenger RNA (mRNA), 268
Metabolic bone syndrome, 473
Metabolic dysfunctions, 558
Metabolic malprogramming, 520
Metabolic programming

CNS, 518
DOHaD, 518
epigenetics and fetal programming, 523–525
nutritional insults, 522–523
pancreatic beta cells, 523–525
pancreatic islets, 518
prenatal and postnatal nutritional insults, 518
sensitive periods of life, 518–522
T2D, 518
thrifty phenotype hypothesis, 518

Metabolic stress, 558, 561, 562, 565
Metabolic syndrome, 92, 358–364, 366

abnormal feeding behavior and altered endocrine 
status, 445

animal models, 444
definition, 440
DNA methylation, 297
epidemiological studies, 440
epigenome influence, age-related outcomes, 301
fetal programming, 448
fetal undernutrition, 441
gestational age infants, 443
gestational malnutrition, birth weight and adult 

metabolic diseases, 442
liver and heart, 297
nutritional deficiency, 441
over-nutrition, obesity and diabetes, 442, 443
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Metabolic syndrome (cont.)
post-natal nutrition and risk development, 443, 444
rodent models, 445

Metabolic syndrome pattern, 519
Metabolomics, 508–513
Metabonomics, 508
Methyl donor deficiency (MDD), 294–296, 298
Methyl donor nutrients

choline and betaine, 37
folate, 36, 37
methionine, 38
supplements, 36
vitamins B2, B6 and B12, 38

Methyl donors, 297
choline, 295
deficiency, 297
dietary, 301–303
epidemiological facts, 297–299
experimental facts, 299
maternal status, 299
status, pregnancy, 299, 302, 303

Methylated region (DMR), 300, 301
Methylation, 358, 360–366
Methyl-CpG-binding proteins (MECPs), 34, 35
Methylenetetrahydrofolate reductase (MTHFR), 295
Methylmalonic acid (MMA) levels, 376
Methylmercury (MeHg), 242, 243, 249, 250, 257
Methylome, 300, 301, 304, 366
Microalbuminuria, 360
Micronutrients, 230, 386
Microorganisms, 363
MicroRNAs (miRNAs), 111, 113, 114, 126, 262, 267, 

269, 270, 360, 362, 363
epigenetics, 200, 204, 209
fatty acid metabolism, 207
fatty liver, 200
foetal hypothesis, 200
glucose intolerance and insulin resistance, 209
hepatic lipid metabolism, 201
HFD, 204, 205
inflammation-related proteins, 206
lactation, 203
lipid homeostasis, 208
miR-122, 204
miR-370, 206
NAFLD, 203
ncRNA, 201

Mid pregnancy, 360
Mineralocorticoid (MR), 153
Mineralocorticoid receptors (MRs), 82, 149, 217, 218, 546
Missing genotypes, 365
Mitochondria, 361
Molecular evidence, 361, 365
Molecular mechanisms, 358, 362
Molecular Studies, 360–362
Monozygotic, 365
Monozygotic human twins, 363
Monozygotic twins, 363, 365
Months of Adequate Household Food Provision Indicator 

(MAHFP), 387
Mood disorders, 19, 22

Morphogenesis, 519
Morris water maze (MWM) test, 153
Mortality, 358–360, 363, 364
Mosaic, 360
Mosaicism, 363, 365
Mosaicism for mutations, 363
Mother-infant pair, 388
mRNA expression, 98, 99, 233
mtDNA-encoded COX I, 316
Multiple pregnancies, 364
Multiplex protein array assay, 510
Mumbai SARAS Kids Study, 377
Muscarinic acetylcholine receptor (mAChR), 522
Musculo-skeletal pathology

bone metabolism, 474
early life starvation, 474, 475
fracture risk, 476
Garvan nomogram, 474
transgenerational effect, 476

Myelination, 361
Myocardial hypertrophy, 125
Myogenesis, 332, 333, 478
Mysore Birth Cohort, 377, 378

N
n-3 long-chain polyunsaturated fatty acids (LCPUFAs), 

242, 243, 246, 249, 250, 458
Nasal insulin, 68
National Adult Nutrition Survey (NANS), 401
National Family Health Survey (NFHS), 372
National Food Security Bill 2013, 381
National Institute of Nutrition (NIN), 376
National Maternity Hospital, Dublin, 397
National Nutrition Policy of 1993, 381
Nauru, 360
Neonatal body composition, 49
Neoplasms, 360
Nephrogenesis, 134, 139
Nephron number, 141
Neural Tube Defects (NTDs), 400
Neurodevelopment, 9, 10
Neurodevelopment in childhood

ALSPAC cohort, 250
brain and cognitive development, 249
DHA, 249
DNBC, 250
MeHg, 249, 250
n-3 LCPUFAs, 249, 250
prospective studies, 250–253
second-trimester fish intake, 250

Neurohumoral and Kidney Dysfunction, 135–139
Neuronal plasticity, 361
Neuropsychiatric disorders

ADHD and ASD, 24–25
anxiety and depression, 25, 26
cognitive impairments, 24
schizophrenia, 26

New Delhi Birth Cohort (NDBC), 378, 379
Next-generation sequencing (NGS), 508
Non-adipose tissues, 99
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Non-alcoholic fatty liver disease (NAFLD), 301
Non-alcoholic steatohepatitis (NASH), 203, 303
Noncoding RNAs (ncRNAs), 201, 268–270, 358, 359
Noncommunicable disorder (NCD), 570
Nonhuman primates (NHP)

HFD, 175
insulin resistance, 176

Nonpenetrance, 363
Non-rapid eye movement (NREM), 489
Normal glucose tolerant (NGT), 72
Norwegian research, 359
Novelty-suppressed feeding test (NSFT), 25
Nuclear factor 4 (NF-4), 298
Nuclear factor Y (NF-Y), 265
Nuclear factor κB (NFκB), 218
Nuclear magnetic resonance (NMR), 509
Nuclear receptors (NRs), 116, 298
Nucleosomes, 358
Nucleus accumbens (NAcc), 234, 463
Nutrient intakes, 400–405

inappropriate (see Inappropriate nutrient intakes)
Nutrient restriction, 446
Nutrition

brain development, 33
cognitive development, 31
foetal brain development, 30
maternal nutrient state and offspring TL, 577, 578
neurological processes, 31, 32
pregnancy and offspring TL, 574

Nutritional deficiency, 441
Nutritional factors and infant growth in Japan, 422, 423
Nutritional insults

pancreatic islet, 522–523
Nutritional restriction in utero, 538
Nutritional scarcity, 93
Nutritional status, 375–381

and foetal programming, 372, 374
HBW, 374, 375
India

Hyderabad Nutrition Trial, 375–376
Life-Course Studies, 380–381
macro- vs. micronutrients, 376–377
NDBC, 378, 379
PMNS, 376
Prospective Studies, 378
Retrospective Studies, 377, 378
Vellore Birth Cohort, 380

Japan, 418–421
LBW, 374, 375
of Indian women, 372, 373
policies, 381, 382
and prevalence of obesity across migration, 372, 373
risk factors, 372

Nutritional stress or stimulus, 242

O
Obesity, 359, 364, 365

abdominal, 93
adult disease risk, 166, 167
anesthetic complications, 163

and associated disorders, 92
BMI, 159, 160
definition, 92
development, 92, 94
disparity, 161
epidemic, 160
epidemiological and animal studies, 92
fetal and neonatal period, 166
gestational weight gain, 164, 165
hypertensive disorders, 163–164
and metabolic disorders, 92
peripartum risks, 163
preeclampsia, 163–164
pregestational and gestational diabetes, 163
pre-pregnancy, 161, 162
prevalence, 159
trends, 160, 161
visceral, 92
weight/maternal, 395–396

Obesity-induced hyperplasia, 94
Obesity-induced metabolic disorders, 94
Obesity-induced metabolic syndrome, 94
Obesity-induced subcutaneous fat deposition, 99
Oddball paradigms, 69
Olive oil (OO), 266, 267, 271
Omega-3 polyunsaturated fatty acids (ω-3 PUFA)

anti-hypertensive actions, 281–283
beneficial effects, 281
intake and offspring BP, outcomes, 285, 286
lactation and offspring BP, 287–290
LCPUFAs, 281
offspring BP, 283
pregnancy and offspring BP, 284–287

Omics cascade, 508, 509
Omics techniques, 510
Omics technologies, 508–510, 513
One-carbon metabolisms (1-CM)

DNA methylation, 300
markers and methyl donor status, 297–299, 302, 303
metabolic and nutritional factors, 294
network of pathways, 294–296

Ontogenesis, 134
Ontogeny, 132
Operative birth/caesarean section, 506
Opioid, 234
Oral glucose tolerance test (OGTT), 71, 400
Organization for Economic Co-operation and 

Development (OECD), 412
Osteogenesis, 478
Osteopenia, 472, 474–476, 480
Osteoporosis, 473, 477–483

atherogenesis, 473
bone quality, 483, 484
intrauterine nutrition (see Intrauterine nutrition)
musculo-skeletal pathology (see Musculo-skeletal 

pathology)
postnatal compensatory growth, 483, 484
prophylaxis, 472
treatment, 472

Outer cell mass, 388
Ovulations, 364
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Oxidative damage, 218
Oxidative stress (OS), 61, 218, 448, 558, 587

P
P66Shc

DNA methylation, 563
gene expression, 563
gerontogene, 559, 560
human health, 564
human healthspan, 565
induced ROS formation, 563
Met410Val polymorphism, 563
mitochondrial hormesis, 564
OS and metabolism, 559
PBMC, 563
ROS, 564
WT and KO, 562

Palm oil (PO), 271
Pancreas

endocrine, 531–534
serotonin synthesis, 535–537

Pancreatic and duodenal homeobox factor 1 (Pdx1),  
519, 525

Pancreatic beta cells
critical stage, 523
epigenetic, 523
epigenome pathways, 525
and fetal programming, 523–525
functional disability, 523
gene targets, 524
glucose-induced insulin secretion, 521
high-fat diet program, 525
HNF-4α, 524
Igf2 and H19, 524
insulin secretion, 523
intrauterine hyperglycemia, 524
mAChRs, 523
maternal environment and nutrition, 523, 524
metabolic networks, 525
metabolic programming, 523, 524
methylation pattern, DMRs, 525
Pdx1, 525
physiological ability, 522
T2D, 523, 525
weak ability, 523

Pancreatic islet
GABA signaling pathway, 531, 532
nutritional insults malprogram

acetylcholine-responsiveness, 523
ANS, 523
insulin, 522
Langerhans, 518, 522
mAChRs, 523
metabolic malprogramming effects, 523
physiological ability, pancreatic beta cells, 522
prediabetic obese mice, 522
transcription factors, 523
undernourishment, 522

Pancreatic progenitors, 535

Paraventicular nucleus (PVN), 138, 215, 217
Partial least square discriminant analysis (PLS-DA), 511
Patent ductus arteriosus (PDA), 416
Paternal diet, 16–26
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