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Series Preface

Oxidative stress is an underlying factor in health and disease. In this series, the
importance of oxidative stress and disease associated with cell and organ systems
of the body is highlighted by exploring the scientific evidence and the clinical appli-
cations of this knowledge. This series is intended for researchers in the biomedi-
cal sciences, clinicians, and all persons with an interest in the health sciences. The
potential of such knowledge for healthy development, healthy aging, and disease
prevention warrants further understanding on how oxidants and antioxidants modu-
late cell and tissue function.

Based on the concept of Developmental Origins of Health and Disease, the edi-
tors, Mulchand S. Patel and Jens H. Nielsen, organized a series of chapters with
high relevance to acquired health problems ranging from insulin-resistance states
to cancer to mental disorders and several more. The chapters discuss some of the
molecular mechanisms that are implicated in the alteration of normal developmental
programs and, moreover, provide some interventional programs aimed at lessening
their adverse effects on health. Patel and Nielsen have edited an outstanding book
with a collection of chapters that brings awareness to global health problems from
different perspectives: maternal malnutrition and fetal programming, early postnatal
programming, epigenetic mechanisms, and interventions.

Lester Packer

Enrique Cadenas

Series Editors

Oxidative Stress and Disease Series
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Preface

A groundbreaking hypothesis on Fetal Origins of Adult Disease proposed by the
late Sir Professor David Barker and his associates 25 years ago highlighted a pos-
sible link between fetal nutritional experience and development of disease risk later
in adult life. Later, this hypothesis was revised to include the early postnatal period
during which the newborn continues to grow rapidly and hence can be influenced by
environmental factors, most notably modified nutrition, predisposing to an increased
risk for adult-onset diseases. This concept is now recognized as the Developmental
Origins of Health and Disease and is supported by outcomes of a large number of
animal studies and a smaller number of observational studies in humans. A large
segment of the world population today experiences one or more of the multitude of
acquired health problems (such as obesity, type 2 diabetes, hypertension, cardio-
vascular disease, hyperlipidemia, insulin resistance, cancer, autoimmune diseases,
mental disorders, etc.) due partly to abnormal nutritional experiences during the
early period of life (fetal and/or early infancy). Maternal obesity and maternal mal-
nutrition during gestation and lactation can contribute to developmental program-
ming in the offspring. The beneficial effects of breastfeeding on reducing childhood
obesity as well as the impact of early nutritional intervention on gut microbiomes
are becoming increasingly recognized. Emerging evidence indicates that epigenetic
modifications contribute to molecular and cellular changes in the offspring, predis-
posing to adverse health outcomes later in life. Epigenetic alterations may also, in
part, be responsible for generational effects observed in animal studies. There is an
urgent need for a better understanding of the molecular mechanisms responsible for
altering normal developmental programs as well as exploring innovative interven-
tional programs to lessen their adverse effects on health. Interventions to reduce
maternal weight gain during prepregnancy and pregnancy periods and to decrease
metabolic stress by dietary modification including nutraceutical supplementation are
being evaluated for lessening the burden of early programming in the offspring.
Some aspects of developmental programming are covered in recent reviews, but
there is a paucity of books which are devoted to the various aspects of developmental
programming. This book focuses on the current knowledge on several interrelated
aspects of cellular programming as well as future research directions on this increas-
ingly important global health problem.

xiii
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’I The Developmental
Origins of Health

and Disease—Where
Did It All Begin?

L.M. Nicholas and S.E. Ozanne

CONTENTS
1.1  The Developmental Origins of Adult Disease—Origins of the
HYPORESIS .t 3
1.2 The Relationship between Low Birth Weight, Hypertension, and
Cardiovascular DISEASE .......c.coevuivueriiriinieiiieieieicteretee ettt 4
1.3 The Relationship between Low Birth Weight, Obesity, and Type 2
DHADELES ...ttt 6
1.4 The Relationship between Birth Weight and the Metabolic Syndrome............ 7

1.5 Mechanisms Underlying the Early Origins of Adult Health and Disease........ 8
1.6 The Developmental Origins of Health and Disease—Future Directions....... 10
RELEIEIICES ... .ottt 12

1.1 THE DEVELOPMENTAL ORIGINS OF ADULT
DISEASE—ORIGINS OF THE HYPOTHESIS

One of the earliest proposals establishing the association between early life events
and the risk for disease in adult life was more than 80 years ago by Kermack and
colleagues. In 1934, in their investigation of specific death rates in England and Wales
from 1845, Scotland from 1860, and Sweden from 1751, they found a fall in death rates
from all causes, which could be attributed to improved conditions during the indi-
vidual’s childhood (Kermack et al. 1934). Some 40 years later, this association was
supported by a Norwegian study by Forsdahl who found that infant mortality (a reli-
able index of standard of living in Norway) between birth and 9 years of age was
positively correlated to later atherosclerotic heart disease mortality (Forsdahl 1977).
Interestingly, he found that this was the case only for those who grew up in conditions
of poverty and were then exposed to affluence in adult life (Forsdahl 1977) thus pro-
viding the first evidence that early programming effects are most pronounced when
there is a mismatch in nutritional availability between early and later life.

It was only 10 years later, beginning in the early 1980s, that there was an
increasing number of studies published, which investigated factors associated

3
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with the incidence of hypertension and death from cardiovascular disease and its
relationship to those operating in early life. For example, Marmot et al. suggested
that early life experiences could not be excluded when explaining their observation
of an independent relationship between height and death from coronary disease
(and other causes) (Marmot et al. 1984), especially when considering height as an
indicator of early nutritional status. Another prospective study by Wadsworth et al.
involving 5632 subjects born during one week in March 1946 in the United Kingdom
found that birth weight was inversely associated with adult systolic (but not diastolic)
blood pressure in both women and men (Wadsworth et al. 1985).

In 1986, in their effort to provide an explanation for the paradox that although the
steep increase in ischemic heart disease during the earlier part of the 20th century in
England and Wales had been associated with rising prosperity, the disease was now
more common in poorer and lower income groups, Barker and Osmond explored the
association between poor living standards and ischemic heart disease by a detailed
geographical comparison of infant mortality between 1921 and 1925 and death in
adults from ischemic heart disease and other leading causes between 1968 and 1978
(Barker and Osmond 1986). They found a positive correlation between mortality
associated with ischemic heart disease and stroke and infant mortality rates, which
was remarkably consistent in both males and females in all age groups and in the
different geographical areas (Barker and Osmond 1986). Barker and colleagues con-
cluded that the geographical distribution of ischemic heart disease in England and
Wales was reflected by variations in nutrition in early life, which was expressed
pathologically on exposure to later dietary influences (Barker and Osmond 1986).

1.2 THE RELATIONSHIP BETWEEN LOW BIRTH WEIGHT,
HYPERTENSION, AND CARDIOVASCULAR DISEASE

Early in the 20th century, many infants were poorly nourished partly due to maternal
malnutrition and ill health prompting Barker and Osmond to make the pioneering con-
clusion that it was likely nutrition during prenatal life that was a factor in determining
risk for ischemic heart disease in adult life (Barker and Osmond 1986). Moreover,
they suggested blood pressure as one link between the intrauterine environment and
risk of cardiovascular disease (Barker and Osmond 1987). This prompted Barker and
colleagues to carry out a number of epidemiological studies, this time using birth
weight as a crude index of in utero experiences to investigate the impact of maternal
undernutrition on the risk of hypertension and cardiovascular disease in adult life.
Two studies, published in 1988, confirmed the earlier findings of Wadsworth et al.
regarding the inverse relationship between systolic blood pressure and birth weight
(Wadsworth et al. 1985), this time in a cohort of 9921 children at 10 years of age
(Barker and Osmond 1988) and 3259 adults aged 36 (Barker et al. 1989). Soon after,
Barker et al. proposed, for the first time, a possible mechanism by which this could
occur. They found that the highest blood pressures occurred in men and women who
had been small babies with large placentas (Barker et al. 1990). The authors postu-
lated that discordance between fetal and placental weight may lead to circulatory
adaptation in the fetus, altered arterial structure in the child, and consequently hyper-
tension in the adult (Barker et al. 1990). Around the same time, a study investigating
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the association between birth weight and blood pressure in a cohort of Swedish male
army conscripts found that being born small resulted in increased diastolic blood
pressure in early adult life (Gennser et al. 1988). Interestingly, the authors disre-
garded systolic pressure in this study because they found that several men with a high
diastolic blood pressure had normal systolic pressure (Gennser et al. 1988). Taken
together, these studies suggested that being born small either due to prenatal undernu-
trition and/or uteroplacental insufficiency contributed to increased risk for hyperten-
sion that was identifiable in childhood and persisted in adult life.

Soon after the initial studies focusing on birth weight and blood pressure, Barker
et al. carried out a study of over 5000 men born in Hertfordshire, England during 1911—
1930 and found that men with the lowest weights at birth and at 1 year of age had the
highest death rates from ischemic heart disease. As weight at birth and at 1 year was the
only measure collected in this cohort, they concluded that the association between low
birth weight and ischemic heart disease mortality was due to environmental influences
producing poor fetal and infant growth (Barker et al. 1989). Furthermore, these findings
led to the suggestion that promotion of infant growth in babies of below average birth
weight (~3.5 kg) may be beneficial for reducing cardiovascular deaths since heavier
weight at 1 year was accompanied by large reductions in death rates (Barker et al. 1989).

Studies published 10 years later by Eriksson et al. involving two separate cohorts
of men born at the Helsinki University Hospital between 1924 and 1944 clearly
showed, however, that not only is coronary heart disease associated with low birth
weight but that rapid postnatal weight gain in these boys who were previously thin
at birth was associated with further increased risk (Eriksson et al. 2001, 1999). The
authors found that the adverse effects of rapid weight gain on later coronary heart
disease were already apparent as early as 3 years of age (Eriksson et al. 2001) and
was highest in boys who were thin at birth but whose weight caught up so that they
had an average or above average body mass from age 7 (Eriksson et al. 1999). Similar
findings were also observed in females but where coronary heart disease in men was
associated more with thinness at birth followed by increased body mass, in women
this was the case when they were born short in relation to placental size and were
later tall in childhood (Forsen et al. 1999). Not surprisingly, this association was
stronger in the daughters of taller mothers since this indicates that prenatal growth
of these female infants was constrained (Forsen et al. 1999). These findings were the
first since that of Forsdahl in 1977 to show the potential adverse effects on cardio-
vascular health when there is a mismatch between prenatal and postnatal nutrition.

Similar findings were also made in the context of increased blood pressure.
Catch-up growth between birth and 7 years of age amplified the risk of hyperten-
sion associated with low birth weight (Eriksson et al. 2000) in a subset of the same
cohort of Finnish men and women as previously published by Eriksson et al. (2001,
1999). Also, in the large Shanghai Women’s Health Study, which involved more than
75,000 participants, women who were born with a low birth weight and became
heavy or both heavy and tall at age 15 had a five- to sevenfold increased odds of
developing early onset hypertension (Zhao et al. 2002).

In November 1990, David Barker summarized the findings hitherto regarding the
association between low birth weight, hypertension, and cardiovascular disease in a
publication titled “The fetal and infant origins of adult disease—the womb may be
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more important than the home.” He argued that adult degenerative disease was not
only based on the interaction between genes and an adverse environment in adult life
(as previously thought) but also encompassed programming by the environment in
fetal and infant life (Barker et al. 1990).

1.3 THE RELATIONSHIP BETWEEN LOW BIRTH
WEIGHT, OBESITY, AND TYPE 2 DIABETES

Before the emergence of the fetal and infant origins of adult disease hypothesis, it
was a widely accepted truth that type 2 diabetes mellitus (T2DM) was totally geneti-
cally determined (Hales and Barker 1992). In 1991, however, Hales and colleagues
showed, in the same Hertfordshire cohort where associations between birth weight
and cardiovascular disease had been made, that there was a continuous inverse rela-
tionship between birth weight and impaired glucose tolerance in men at 64 years of
age (Hales et al. 1991). Those individuals with the lowest birth weight had a sixfold
increased risk of developing T2DM when compared to the heaviest (Hales et al.
1991). A follow-up study to confirm and extend this association in a different popula-
tion was published in 1993, this time involving both men and women aged 50 years
born in Preston in the United Kingdom. The authors found that being born with a
lower birth weight was associated with impaired glucose tolerance and T2DM in
both male and female adults (Phipps et al. 1993). Moreover, these men and women
also had a high ratio of placental weight to birth weight, which the authors concluded
could be due to maternal undernutrition (Phipps et al. 1993). These findings have
also been replicated in a cohort of young men (Robinson et al. 1992). Further support
is offered by studies carried out on both men and women in the United States, which
also found an inverse association between birth weight and the risk for T2DM in
adulthood (Curhan et al. 1996; Rich-Edwards et al. 1999). Importantly, this associa-
tion persisted even after adjusting for ethnicity, childhood socioeconomic status, and
adult lifestyle factors (Rich-Edwards et al. 1999). Similar findings have subsequently
been replicated in over 100 studies worldwide representing many ethnic groups.

Glucose induces insulin secretion in a biphasic pattern: an initial component (first
phase) that develops rapidly but lasts only a few minutes, followed by a sustained
component (second phase) (Seino et al. 2011). T2DM is characterized by loss of first-
phase insulin secretion and reduced second-phase secretion. Before the development
of frank T2DM, however, a decrease in the first phase of glucose stimulated insulin
secretion is already present in people with impaired glucose tolerance (Cerasi and
Luft 1967; Luzi and DeFronzo 1989). Thus, Hales and Barker put forth the sugges-
tion that exposure to undernutrition during fetal life results in compromised develop-
ment of the islets of Langerhans and/or B-cells and that this is a major factor in the
etiology of T2DM (Hales and Barker 2001).

Despite the strong epidemiological evidence of a link between impaired fetal
growth and future risk of T2DM, there were suggestions that the association between
low birth weight and risk of T2DM in some studies could theoretically be explained
by a genetically determined reduced fetal growth rate. Thus, in their study, Poulsen
and colleagues specifically studied monozygotic twins discordant for T2DM, which
allowed elimination of a putative influence of the genotype per se on the fetal growth
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rate (Poulsen et al. 1997). They found that within monozygotic twins, the diabetic
twin had a lower birth weight compared to their genetically identical nondiabetic
cotwin. These findings, therefore, argue against the possibility that the association
between low birth weight and T2DM is solely due to having a genetic susceptibility
to T2DM, which coincidentally also impairs fetal growth (Poulsen et al. 1997).

In addition to glucose intolerance, a study by Law et al. involving 1184 men in
Hertfordshire and Preston in the United Kingdom found that adult men who expe-
rienced reduced growth during fetal life and infancy had a higher waist-to-hip ratio,
which is an indicator of abdominal fatness (Law et al. 1992). Moreover, just like the
risk for glucose intolerance and T2DM, the degree of adiposity tracked positively
with placental weight-to-birth weight ratio (Law et al. 1992). This highlighted the
potential twofold impact of impaired fetal and infant growth on T2DM risk since obe-
sity increases the risk of insulin resistance and consequently T2DM and this would
add to the risk resulting from poor early growth (Hales and Barker 1992). Indeed, in
their study, Hales and colleagues found that the mean 2-hour glucose concentration
ranged from 5.8 mmol/L in men who were in the highest tertile of weight at 1 year
but the lowest tertile of current body mass index (BMI) (<25.4) to 7.7 mmol/L in men
in the lowest tertile of weight at 1 year and the highest tertile of current BMI (>28)
(Hales et al. 1991). Additionally, there was a similar additive effect of obesity and low
weight at 1 year on fasting 32-33 split proinsulin concentration (Hales and Barker
2001); a partly processed form of insulin that in high concentrations may indicate
insulin resistance and pancreatic islet dysfunction (Nagi et al. 1990).

In addition to pancreatic p-cell dysfunction, insulin resistance also contributes to
the development of T2DM (Kahn et al. 2006). Thus, following the findings discussed
earlier, Phillips et al. sought to determine whether insulin resistance could also be
a consequence of reduced early growth. They found that both men and women who
were thin at birth were more insulin resistant in later life (mean age of 52 years).
Importantly, this association was independent of adult BMI and waist-to-hip ratio
(Phillips et al. 1994). Obesity per se is also associated with an increased risk of
insulin resistance. In obese individuals, adipose tissue releases increased amounts of
nonesterified fatty acids, glycerol, hormones, proinflammatory cytokines, and other
factors that are involved in the development of insulin resistance (Kahn et al. 2006).
This study provided the earliest evidence that adults at the greatest risk of T2DM are
those that experienced impaired growth during fetal life and that are obese in adult
life; people who were thin at birth but obese as adults were the most resistant to insu-
lin (Phillips et al. 1994). Furthermore, catch-up growth specifically between birth
and 3 years of age was also found to contribute to the insulin resistance risk spec-
trum encompassing low birth weight with or without adult obesity (Ong et al. 2004).

1.4 THE RELATIONSHIP BETWEEN BIRTH WEIGHT
AND THE METABOLIC SYNDROME

Epidemiological studies carried out across different countries and continents (some
of which we have highlighted) have showed a clear association between low birth
weight and the risk for hypertension, glucose intolerance, insulin resistance, and
obesity. These comorbidities along with dyslipidemia are major components of the



8 Fetal and Early Postnatal Programming and Its Influence on Adult Health

metabolic syndrome, which is associated with increased mortality from coronary
heart disease (Fontbonne et al. 1991). In 1991, Hales and Barker first alluded to their
hypothesis that the various components of the metabolic syndrome are the result of
suboptimal development during intrauterine and early infant life (Hales and Barker
1992). This prompted Barker et al. to explore this possible association in a cohort
of men in Hertfordshire. Indeed, men who were born small and had low weight
at 1 year of age had impaired glucose tolerance or T2DM, together with hyper-
tension as well as raised fasting serum triglyceride concentrations around age 64
(Barker et al. 1993). They also found that both men and women (in Preston) with the
metabolic syndrome at around 50 years of age had low birth weight, a small head
circumference, and low ponderal index at birth (Barker et al. 1993). Combining
these findings and the intrauterine developmental trajectory, the authors postulated
that the influences that program the metabolic syndrome may act early in gestation
(Barker et al. 1993).

1.5 MECHANISMS UNDERLYING THE EARLY ORIGINS
OF ADULT HEALTH AND DISEASE

In 1992, Hales and Barker coined the “thrifty phenotype” hypothesis in an attempt
to explain the association between poor fetal and infant growth and the increased
risk of developing impaired glucose tolerance and metabolic syndrome in adult life.
The central element of this hypothesis is that if the growing fetus is malnourished
during gestation due to suboptimal maternal nutrition, placental dysfunction, stress,
and/or other factors there is an adaptive response to optimize the growth of key
body organs, for example, heart and brain, to the detriment of others, for example,
muscle and the endocrine pancreas (Hales and Barker 1992, 2001). In addition, the
hypothesis proposed that metabolic programming would occur leading the fetus to
maximize metabolic efficiency in terms of both the storage and usage of nutrients,
which is designed to enhance postnatal survival under conditions of intermittent or
poor nutrition. These adaptations, however, were proposed to become detrimental
when nutrition is more abundant in the postnatal environment than it had been in
the prenatal environment (Gluckman and Hanson 2004) (Figure 1.1). This is sup-
ported by studies in sub-Saharan Africa. For example, Motala showed that in rural
Cameroon where there is chronic malnutrition, the rates of diabetes are only about
1% as there is a match between the pre- and postnatal environments (Motala 2002).
Furthermore, in their studies of the Hertfordshire cohort, Hales and colleagues
found that those who were born small and were obese as adults when the study was
conducted had the worst glucose tolerance of all the groups (Hales et al. 1991).
Numerous studies have since been published that provide unequivocal support
that fetal and/or infant malnutrition (which can be brought about by maternal mal-
nutrition or other maternal/placental abnormalities) followed by catch-up growth
programs a lifetime risk of hypertension and cardiovascular disease in the offspring.
The implications of this are huge when considering the fact that around 70-90%
of infants who are born small for their gestational age show some catch-up growth
within the first years of life (Karlberg and Albertsson-Wikland 1995). Furthermore,
in contemporary affluent societies, the biological predisposition to catch-up growth
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FIGURE 1.1  Exposure to suboptimal nutrition during fetal development results in an adap-
tive response to optimize the growth of key body organs to the detriment of others. This leads
to an increased risk of metabolic and cardiovascular disease especially when fetal malnutri-
tion is followed by catch-up growth in postnatal life.

in low birth weight babies results in accelerated postnatal growth, which overshoots
their genetic target thus resulting in children with greater BMI, percentage body fat,
total fat mass, and central fat distribution (Ong et al. 2000).

One of the pivotal elements of the “thrifty phenotype” hypothesis is the concept
of a “critical” period during which specific nutritional perturbations may cause long-
term changes in development and adverse outcomes in the offspring in later life.
Historical events such as the Dutch famine of 1944-1945 during which rations were
strictly imposed on all sections of the population including pregnant and nursing
mothers, provided an opportunity to study associations between maternal under-
nutrition during specific periods of gestation and the risk of chronic adult disease
in babies born around the period. By comparing glucose and insulin responses to
a standard oral glucose load in participants exposed to famine at any stage dur-
ing gestation with those who were born in the year before or conceived in the year
after, Ravelli and colleagues showed, for the first time, that exposure to famine
during gestation decreased glucose tolerance in adults aged 50 years and that this
effect was most pronounced when exposure occurred during mid- or late gestation
(Ravelli et al. 1998). In contrast, exposure to maternal undernutrition during early
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gestation has a greater impact on future risk of obesity that was present in men at
19 years of age (Ravelli et al. 1976) and in women at 50 years of age (Ravelli et al.
1999). Further support for the association between exposure to maternal undernutri-
tion during fetal development and impaired glucose tolerance in later life came from
a study by Li et al. involving a large sample of Chinese adults that were exposed to
the Chinese famine, which lasted from the late 1950s to the early 1960s. They found
that exposure to famine during fetal life increased the risk of hyperglycemia in adult
life. This association was strongest in adults who were more affluent and consumed a
Western-style diet in adult life (Li et al. 2010). Moreover, these individuals were also
at risk of developing the metabolic syndrome in adult life (Li et al. 2011).

Interestingly, in contrast to the association between famine exposure and subse-
quent risk for metabolic disease, Roseboom and colleagues found that exposure to
the Dutch famine in early, mid-, and late gestation in a population that was previ-
ously well nourished had no impact on blood pressure on adult life (Roseboom et al.
1999). This led them to suggest that it is the composition rather than the quantity
of a pregnant woman’s diet that conferred these risks since the famine would have
resulted in a proportionate reduction in caloric intake from protein, fat, and carbohy-
drate (Roseboom et al. 1999).

Bateson and Gluckman subsequently suggested that the “thrifty phenotype” con-
cept may be too limited as an overarching hypothesis and that the adaptive responses
of the embryo or fetus to a range of prenatal environments should be viewed in
a broader, evolutionary context. They, therefore, proposed the “predictive adap-
tive response” hypothesis, the central tenet of which is that developing organisms
receive information about the quality of their external environment and in response
formulate predictions about future extrauterine conditions and prepare themselves
adaptively for this environment. They proposed that for individuals whose early envi-
ronment had predicted a high level of nutrition in adult life and who are consequently
heavier at birth, the better their postnatal conditions, the better their adult health.
Conversely, if an individual experienced conditions in fetal life, which predicted
poor postnatal nutrition, this person was expected to be worse off if there is a rela-
tive excess of nutrition in postnatal life (Bateson et al. 1999; Gluckman et al. 2007).
Regardless of whether the responses to poor fetal growth is an adaptation to preserve
the growth of more important organs or predictive of future nutritional availability,
the end result is still the programming of a lifetime of reduced functional capacity
and disease risk. This is especially the case in the 21st century due to the increased
likelihood of a nutritional mismatch between the fetal and postnatal environment; a
majority of low birth weight babies are born in developing countries (de Onis et al.
1998) and it is these countries that are being affected most by the obesity epidemic,
especially in urban areas (WHO and Consultation 2003).

1.6 THE DEVELOPMENTAL ORIGINS OF HEALTH
AND DISEASE—FUTURE DIRECTIONS
The initial epidemiological studies of individuals born in the United Kingdom dur-

ing the first half of the last century consistently demonstrated that having a low birth
weight is associated with an increased risk of cardiovascular disease, T2DM, and other
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aspects of the metabolic syndrome in adult life and that this was linear across the
birth weight spectrum (Hales et al. 1991). However, in more contemporary cohorts,
and particularly those with a high prevalence of maternal obesity, the relationship has
been shown to be U-shaped or reverse J-shaped with both high birth weight and low
birth weight being associated with increased disease risk. This was first reported by
McCance and colleagues who studied birth weight as a risk factor for diabetes among
the Pima Indians in Arizona; they observed that there was a U-shaped, rather than a
simple linear association present, that is, the rates of T2DM in those with low as well as
high birth weights were almost twice as high when compared to those of normal birth
weight (McCance et al. 1994). Furthermore, they found that the incidence of gesta-
tional diabetes mellitus (GDM) accounted for much of the diabetes in high birth weight
individuals (McCance et al. 1994) and that these individuals were also more obese, had
higher glucose concentrations, and an increased risk of being diagnosed as diabetic in
childhood (Pettitt et al. 1993). Hence, both maternal under- and overnutrition appear
to play an important role in fetal growth and development. Consequently, in recent
years, there has been growing interest on the effects of maternal overweight/obesity on
the health of the offspring in childhood and adult life especially in the context of the
current global obesity epidemic, which has also recruited women of reproductive age
with more women entering pregnancy with a BMI in the overweight or obese range
(Kumanyika et al. 2008). Obese women are at an increased risk of developing insulin
resistance and GDM (Catalano et al. 2003) and of giving birth to a large baby with
increased fat mass (Pettitt et al. 1993; Catalano 2003; Catalano and Ehrenberg 2006;
Silverman et al. 1998). Importantly, exposure to either maternal obesity or to impaired
glucose tolerance during pregnancy is also associated with an increased risk of obesity
and features of insulin resistance in childhood, adolescence, and adult life (Boney et
al. 2005; Dorner and Plagemann 1994; Whitaker 2004). This suggests that exposure
to maternal obesity may result in an “intergenerational cycle” of obesity and insulin
resistance (Kumanyika et al. 2008; Zhang et al. 2011; Zhang et al. 2011).

The link between obesity in pregnancy and adverse maternal and infant out-
comes has also resulted in a growing focus on the nutritional health of women and
lifestyle interventions that can be safely introduced in the overweight/obese woman
either before or during pregnancy. Current practice guidelines recommend that
women should be counseled prior to conception and encouraged to make lifestyle
changes both before and during pregnancy including following an exercise pro-
gram (American College of Obstetricians and Gynecologists 2013). Indeed, two
large-scale, multicenter randomized control trials, the LIMIT and UK Pregnancies
Better Eating and Activity Trial (UPBEAT) study, have investigated the efficacy
of a complex and comprehensive behavioral intervention, including a combina-
tion of dietary, exercise, and behavioral strategies versus standard antenatal care.
These studies showed some favorable maternal weight-related outcomes (Dodd et al.
2014; Poston et al. 2015). Furthermore, the LIMIT trial reported that infants born
to women allocated to lifestyle advice were less likely to be macrosomic, that is, to
weigh more than 4 kg (Dodd et al. 2014). Importantly, these studies highlight the fact
that women are able and willing to change their behavior during pregnancy.

In the 30 years since David Barker first proposed his hypothesis that different
patterns of growth in early life lead to an increased risk of cardiovascular and
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FIGURE 1.2 Various suboptimal maternal factors can program a lifetime of cardiometa-
bolic vulnerability in the offspring through epigenetic changes, which are recruited within
the developing embryo and/or fetus.

metabolic disease in adult life, there has been an accumulation of compelling
epidemiological, clinical, and experimental evidence to support and extend this
hypothesis (Figure 1.2). Investigations into the molecular mechanisms underlying
the programming of obesity, T2DM, and cardiovascular disease have highlighted
the sensitivity of the offspring epigenome to maternal obesity; epigenetic changes,
which are recruited within the developing embryo and/or fetus, may be the conduit
through which a life of metabolic vulnerability is programmed in tissues of meta-
bolic importance (Figure 1.2). It is clear that this will set the trajectory of future stud-
ies thus leading to novel mechanistic hypotheses to strengthen our understanding of
how the impact of an adverse intrauterine environment is transduced from mother
to baby and to subsequent generations. This will then allow us to develop the robust
interventions required to improve both maternal and infant health outcomes.
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2.1 INTRODUCTION

This chapter presents the “maternal resources hypothesis” (MRH), a novel theory
of nongenetic inheritance and evolution that explains the etiology of childhood
obesity and metabolic diseases (Archer 2015a). The MRH posits that the recent
increases in the global prevalence of obesity and type II diabetes are driven by
nongenetic evolutionary processes known as maternal effects. The term “mater-
nal effects” describes how a mother’s phenotype (i.e., her traits or characteristics,
e.g., body mass and behavior) alters prenatal and postnatal development, thereby
influencing the survival and health trajectories of the offspring; these effects are
independent of genotype. The MRH provides a comprehensive explanatory and
predictive narrative of how progressive socioenvironmental changes over the past
century have led to heritable alterations in the cellularity of the human body (i.e.,
relative number and function of muscle, fat, and insulin producing cells) with con-
comitant changes in appetite and nutrient partitioning (i.e., the digestion, utiliza-
tion, and storage of consumed foods and beverages). These metabolic distortions
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disproportionately increased the amount of energy stored as lipid in adipocytes
(i.e., fat in fat cells), thereby reducing the effective caloric intake of meals (i.e.,
the amount of energy available to metabolically active tissues in the postprandial
period). Reductions in the effective caloric intake of a meal accelerated appeti-
tive processes and led to positive energy balance via decreases in the intermeal
period (e.g., snacking) and/or increases in the energy density of each meal (e.g.,
“supersizing”).

Over the past century, these metabolic distortions snowballed from one genera-
tion to the next via accumulative maternal effects and led to the twin epidemics of
obesity and type II diabetes in both humans and nonhuman animals such as dogs,
cats, and horses. While the MRH is germane to all mammals, herein we focus our
discussion on the intergenerational transmission and evolution of body mass, and
metabolic and behavioral phenotypes via accumulative maternal effects in humans.
The foundational assumptions of the MRH:

1. The human body is a complex, dynamical system in which all cells, tissues,
and organs compete for nutrient energy.

2. The competition for nutrient energy and consequent nutrient partitioning
(i.e., oxidation, anabolism, and/or storage of nutrient energy) is determined
primarily by the cellularity of the body (i.e., relative number and type of
cells) and physical activity (PA) behaviors.

3. In utero (prenatal) development determines the initial cellularity and behav-
ioral trajectories of the human body.

4. Maternal phenotype (e.g., body cellularity, energy stores, and behavior)
determines prenatal development and strongly influences postnatal devel-
opment. Therefore, the initial body cellularity and behavioral trajectories of
the next generation are engendered by the previous generation’s phenotype
via nongenetic inheritance (i.e., maternal effects).

5. The childhood obesity “epidemic” is the result of accumulative mater-
nal effects that progressively altered matrilineal prenatal nutrient-energy
metabolism and consequent fetal outcomes and health trajectories.

2.2 BACKGROUND

The increased global prevalence of obesity, increments in body mass, adiposity, and/
or metabolic dysfunction have been documented in humans as well as many other
mammalian species inclusive of pets (e.g., dogs, cats, horses), and laboratory and
wild animals (e.g., rodents, monkeys, deer, elk) (Klimentidis et al. 2011; Flather
et al. 2009). Given this fact, current anthropocentric theories positing the dominant
influence of modern or Western diets, “thrifty genes,” and/or obesogenic environ-
ments are biased and inadequate. Because valid scientific theories must provide a
comprehensive explanatory and predictive narrative of the phenomena under inves-
tigation, any theory of human obesity and metabolic dysfunction must also explain
the increased prevalence of these phenomena in other mammalian species. To date,
the MRH (Archer 2015a) is the only theory that incorporates and explains the extant
evidence inclusive of nonhuman animals.
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2.3 OVERVIEW OF THE MRH

The human body is a complex, dynamical system that evolved in environments
where survival necessitated significant levels of energy expenditure (EE) from
physical exertion (e.g., evasion of predators, hunting). However, over the past few
centuries, continuous socioenvironmental changes (e.g., sanitation, thermoneutral-
ity, labor/time-saving technologies) induced considerable decrements in physical
exertion and EE with concomitant improvements in the quantity of nutrient-energy
availability (i.e., an enhanced food supply) (Archer and Blair 2011; Archer 2015a).
As a result, maternal phenotype (e.g., body mass, behavior) evolved rapidly and led
to progressive changes in matrilineal nutrient-energy metabolism and nutrient parti-
tioning (Archer 2015a).

During the early part of the 20th century, these changes augmented maternal
energy resources (e.g., body mass) and as a consequence, increased the nutrient
energy available for fetal development in the intrauterine milieu. The enriched nutri-
tive prenatal environment led to increasingly robust and larger infants with both
greater lifespan and an increased resistance to disease (Cutler et al. 2006). With
each passing generation, as female infants matured they progressively recapitulated
their robustness and body size in their offspring via maternal effects (i.e., pheno-
type begetting phenotype, independent of genotype; e.g., see Wolf and Wade 2009).
For example, over the last century there were progressive, accumulative maternal
effects leading to both phenotypic remodeling and evolution such as increases in
height (Kagawa et al. 2011), body stature and mass (Ogden et al. 2004), birth weight
(Chike-Obi et al. 1996), organ mass (Thompson and Cohle 2004; Shepard et al.
1988), head circumference (Karvonen et al. 2012; Ounsted et al. 1985), and fat mass/
adiposity (Olds 2009). Nevertheless, unremitting socioenvironmental evolution over
multiple generations (e.g., the ubiquity of labor/time-saving devices and passive
entertainment) eventually led to substantial declines in maternal PA (Church et al.
2011; Archer et al. 2013a,b), cardiorespiratory fitness (Gahche et al. 2014; de Moraes
Ferrari et al. 2013), and subsequent prenatal metabolic (i.e., glycemic and lipidemic)
control (Ioannou et al. 2007; Selvin et al. 2014).

The loss of maternal prenatal metabolic control perturbed maternal—fetal nutrient
partitioning and overwhelmed placental compensatory mechanisms. This markedly
increased the energy substrates in the intrauterine milieu thereby permanently and
irreversibly altering fetal development and consequent metabolic and behavioral phe-
notypes of offspring. These phenotypic changes included the disproportionate and/
or dysfunctional development of fetal pancreatic p-cells, adipocytes, and myocytes
(Tong et al. 2009; Huang et al. 2012; Portha et al. 2011). Combined, these anatomic,
metabolic, and behavioral disturbances increased appetite and biased tissue-specific
competition for nutrient energy toward adipogenesis (i.e., adipogenic nutrient parti-
tioning) via intensified insulin secretion, hyperplastic adiposity in confluence with
reduced skeletal muscle (SM) force generation resulting in reductions in cardiorespi-
ratory fitness and PA. Or stated simply, these prenatal maternal effects led to offspring
being predisposed to positive energy balance due to “moving less and eating more.”

In the postnatal period, social (i.e., vicarious) learning led to decrements in PA and
increments in sedentary behaviors that further exacerbated the prenatally induced
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metabolic dysfunctions (i.e., reduced glycemic/lipidemic control). The consequence
of this metabolic and behavioral phenotypic evolution was a progressive and endur-
ing competitive advantage of adipocytes in the acquisition and sequestering of nutri-
ent energy (i.e., adipogenic nutrient partitioning) that was progressively recapitulated
in subsequent generations via maternal effects. As such, the current prevalence of
obesity and metabolic diseases is simply the result of progressive alterations in the
competitive milieu of the human body due to changes in cellularity and behavior.

The intergenerational transmission and evolution of dysfunctional matrilineal
energy metabolism were accelerated via increments in the use of cesarean sections
that led to the artificial selection for progressively larger, increasingly physically
inactive, and metabolically compromised offspring. This medicalization of child-
birth allowed both the metabolically compromised fetuses and the metabolically
and behaviorally dysfunctional mothers who gestated them to survive and reproduce.
Consequently, the frequency of obese, inactive, metabolically compromised pheno-
types increased across the globe. This is evidenced by the rapid increases in the
proportions of class II and III obesity among children and adolescents (Skelton et al.
2009). One hundred years ago, the majority of these individuals (and their mothers)
would have died during childbirth due to cephalopelvic disproportion (i.e., incongru-
ity of fetal head size and birth canal capacity) (Box 2.1).

By the late 20th century, an evolutionary tipping point in metabolically com-
promised maternal phenotypes and consequent matrilineal prenatal energy metabo-
lism was reached in many populations (e.g., African Americans). Beyond this point,
the intergenerational transmission of dysfunctional metabolic and behavioral phe-
notypes via accumulative, nonadaptive maternal effects ensured the competitive
dominance of adipocytes over skeletal myocytes and other tissues in the acquisition
and sequestering of nutrient energy. Consequently, obesity- and energy-contingent
metabolic diseases such as type II diabetes mellitus became virtually inevitable in
significant portions of these populations.

BOX 2.1 SUPPORTING EVIDENCE FOR THE MRH

The only irrefutable difference between an individual classified as obese (i.e., overfat) and an
individual with “normal” adiposity is the relative number and/or size of their fat cells (Hirsch
and Batchelor 1976; Salans et al. 1973)

Childhood obesity and maternal obesity are very strong predictors of adult obesity
(Whitaker et al. 1997; Whitaker 2004)

Early development is a major determinant of the adipocyte number (Spalding et al. 2008)

The adipocyte number increases throughout early development (Hager et al. 1977)

The adipocyte number is a primary determinant of obesity (Spalding et al. 2008; Bjorntorp 1996)

Increments in fat mass are a function of adiposity (Forbes 2000)

Adipose tissue of young obese children differ both qualitatively and quantitatively from lean
children (Knittle et al. 1979)

Monozygotic twins concordant for birth weight exhibit similar adipocyte numbers, while in
those discordant for birth weight, the smaller twin displays both lower body weight and lower
adipocyte number (Ginsberg-Fellner 1981)
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2.4 MECHANISMS FOR PRENATAL MATERNAL EFFECTS

2.4.1 RoLe oF SM ACTIVATION

SM is the principal tissue for regulating the competitive milieu of the human body
because its activation (i.e., contraction) plays a major role in metabolic control by
maintaining insulin sensitivity via insulin-mediated glucose disposal (Baron et al.
1988) and fatty acid oxidation (Aas et al. 2005). As such, SM is an essential element
in nutrient-energy partitioning (Bergouignan et al. 2011, 2009). PA is the primary
determinant of SM activation, and marked reductions in PA result in substantial
decrements in metabolic control resulting in transient hyperglycemia (i.e., glycemic
excursions), hyperlipidemia, and subsequent increases in adipogenic nutrient parti-
tioning. This inactivity-induced loss of metabolic control and insulin sensitivity is
the result of reductions in total SM energy demands leading to decrements in fatty
acid oxidation (Jensen 2003; Hamilton et al. 2007) and the repletion of SM glycogen
stores and subsequent reductions in free 5° adenosine monophosphate-activated pro-
tein kinase (AMPK) and insulin sensitivity (Litherland et al. 2007; Jensen et al. 2011).

2.4.2 PREGNANCY AND INSULIN RESISTANCE

Pregnancy is a naturally insulin-resistant state characterized by numerous meta-
bolic alterations that promote adipogenic nutrient partitioning (i.e., the accretion
of adipose tissue) via impaired insulin sensitivity (Barbour et al. 2007). While
pregnancy-induced reductions in insulin sensitivity are necessary for optimal fetal
growth, progressive reductions in maternal PA and consequent reductions in SM
activation and increments insulin resistance over the past half-century acted syner-
gistically with the naturally occurring metabolic sequelae of pregnancy to exacer-
bate the negative metabolic consequences of inactivity (Krogh-Madsen et al. 2010;
Olsen et al. 2008; Thyfault and Krogh-Madsen 2011; Friedrichsen et al. 2013). The
confluence of the naturally occurring decrements in insulin sensitivity of pregnancy
with inactivity-driven insulin resistance drove fetal developmental pathologies via
the increased availability of energy substrates to the intrauterine environment.
Consistent evidence has demonstrated that fetal exposure to excess intrauter-
ine energy stimulates the hypertrophy and hyperplasia of pancreatic p-cells lead-
ing to fetal hyperinsulinemia (Martens and Pipeleers 2009; Steinke and Driscoll
1965; Portha et al. 2011; Catalano et al. 1998) that precipitates adipocyte hyper-
plasia (Chandler-Laney et al. 2011; Herrera and Amusquivar 2000; Kalkhoff 1991;
Long et al. 2012). Additionally, increased energy availability upregulates fetal fatty
acid and glucose transporters (Long et al. 2012) thereby increasing the direct free
fatty acid uptake and storage as triglyceride in fetal adipocytes (Shadid et al. 2007
Szabo and Szabo 1974), while altering fetal SM development via increases in colla-
gen accumulation and crosslinking in fetal SM (Tong et al. 2009; Huang et al. 2012).

2.4.3 PrOGRESSIVE MATERNAL EFFeCcTs viA REDUCTIONS IN MATERNAL PA

Progressive reductions in maternal PA and increments in sedentary behaviors (e.g.,
television viewing) have been documented over the past half-century. From the
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1960s to 2010, maternal household PA EE decreased (~1200-1500 kcals/week), with
concomitant increases in time spent in sedentary behaviors (Archer et al. 2013a,b).
By the 1990s, women and mothers allocated more time to screen-based media use
than to all forms of PA combined (Archer et al. 2013a,b). In addition, a majority of
pregnant women reported spending more than 50% of their day in sedentary behav-
iors (Evenson et al. 2011). In concert with the progressive increments in sedentarism,
inactivity, and decrements in EE during PA were the progressive decrements in
population level metabolic control (Ioannou et al. 2007) and substantial increases in
maternal pregravid obesity (Heslehurst et al. 2007), gestational weight gain (Helms
et al. 2006), and gestational diabetes (Dabelea et al. 2005).

The confluence of these mechanisms led to offspring with greater adipocyte cel-
lularity (i.e., hyperplastic adiposity), altered insulin function, and dysfunctional SM
development. And because cellularity (i.e., body mass at the cellular level) is a strong
mediator of appetite, and reduced SM function decreases strength-to-weight ratio
thereby increasing the requisite effort of PA and propensity to be sedentary, these
fetal pathologies led to the predisposition to “eat more and move less.” This is sup-
ported by the well-established low levels of PA, high levels of sedentary behav-
iors, and altered appetite regulation found among overweight and obese individuals
(Troiano et al. 2008; Matthews et al. 2008; Shook et al. 2015).

2.5 MECHANISMS FOR POSTNATAL MATERNAL EFFECTS

Although prenatal development is the greatest determinant of the obese and/or
metabolically compromised phenotype, the postnatal environment in which a child
is reared can ameliorate or exacerbate the prenatally induced predispositions. For
example, the intergenerational transmission of behavior has been consistently docu-
mented among social animals inclusive of humans (Broadhurst 1961; Jablonka and
Lamb 2007). As such, the processes of postnatal maternal effects provide nongenetic
mechanisms by which the behavioral phenotype of the mother or caregiver (e.g.,
physically inactive and highly sedentary) is recapitulated in the behavioral pheno-
type of infants, children, and adolescents. Mechanisms include social learning and
modeling (i.e., observational, operant, and/or classical conditioning; Notten et al.
2012; Ricks 1985; Franks et al. 2005; Skinner 1953).

For example, it is well established that a mother’s television (TV) viewing behaviors
influence her children’s TV behaviors (Notten et al. 2012), and over the past 50 years,
screen-based media use has increased significantly. By the 21st century, mothers and
children were spending the vast majority of their leisure time using screen-based
media (Robinson 2011). Television is often used as a surrogate caregiver (i.e., “baby-
sitter””) (Taveras et al. 2009) for precisely the same reason that it is detrimental to
infants and children: it captures their attention and keeps them relatively immobile. In
a nonmedia-enhanced world, children and adolescents stimulate their neuromusculo-
skeletal systems via movement and “exploration” facilitated by PA and the activation
of SM. Decrements in PA during critical periods of development, such as childhood,
lead to reductions in the physiological resources (e.g., muscle force development and
coordination) necessary for PA. And because osteocytes (i.e., bone cells), myocytes,
and adipocytes share a common pool of stem cells, every kilocalorie of energy that



The Maternal Resources Hypothesis and Childhood Obesity 23

is not used to build muscle and bone and optimize metabolic health will be used to
further increase adipocyte size and/or number (Tong et al. 2009; Yan et al. 2012). As
such, nonadaptive, prenatal maternal effects will be exacerbated by a poor maternal
behavioral phenotype in the postnatal period. Stated more simply, children who grow
up with an inactive, sedentary caregiver are more likely to be sedentary, inactive, and
metabolically compromised as adults (Thompson et al. 2013; Franks et al. 2005).

2.6 NUTRIENT PARTITIONING AND ITS DETERMINANTS

Human EE is a continuous process but energy intake is discontinuous. Therefore,
survival necessitates both the acquisition and storage of energy to meet EE demands
(i.e., basal metabolism and PA) during intermeal periods. To meet the energy
demands of basal metabolism and PA in the postabsorptive period (i.e., after the
previous meal has been digested, oxidized, and/ stored), more energy must be con-
sumed and stored at each meal than can be immediately oxidized. To accomplish
this, each type of cell (or tissue) uses evolutionarily conserved strategies to partition
energy for survival. For example, nutrient energy in the form of lipid or carbohydrate
is stored in SM to facilitate PA. This storage is accomplished via insulin and/or
contraction-mediated glucose disposal and fatty acid uptake (Litherland et al. 2007,
Bergouignan et al. 2013). Lipid and carbohydrate are stored in the liver via a number
of processes to ensure adequate levels of blood sugar to support the metabolic needs
of the central nervous system and provide lipid for SM oxidation. Energy is stored in
adipocytes to provide lipid substrates for both the liver and SM in the postabsorptive
period or during periods of insufficient energy intake.

The partitioning of nutrient energy to specific tissues or organs is determined by
the competitive milieu of the body and mediated by a number of factors. Cellularity
and PA are the largest determinants of nutrient partitioning, but other determinants
such as hormonal status play a major role during specific periods (e.g., puberty, preg-
nancy, and menopause). With respect to cellularity, there is clear evidence of a com-
petitive advantage of adipocytes in the acquisition and storage of nutrient energy via
the strong inverse relationship between the oxidation of dietary fat and obesity. In the
postprandial period, obese individuals (i.e., people with a greater relative number of
fat cells) store more fatty acids as lipid in adipocytes, while lean individuals oxidize
a greater relative amount (Westerterp 2009). There is also evidence of the competi-
tive advantage of adipocytes due to inactivity; individuals with low levels of SM acti-
vation due to physical inactivity partition more glucose to the production of saturated
fatty acids via de novo lipogenesis (Petersen et al. 2007) and therefore partition
more saturated fatty acids for storage in adipocytes (Binnert et al. 1998; Koutsari
et al. 2011). As such, an excessive number of adipocytes (i.e., obesity) and physi-
cal inactivity act synergistically to create and exacerbate adipogenic nutrient-energy
partitioning via the partitioning of energy (e.g., glucose and fatty acids) during the
postprandial period (Westerterp 2009; Petersen et al. 2007; Bergouignan et al. 2006;
Hamilton et al. 2007; Litherland et al. 2007). Given the impact of cellularity and PA
on nutrient partitioning and the fact that prenatal development determines the initial
trajectory of both cellularity and PA, accumulative maternal effects provide a power-
ful explanation for the inheritance and evolution of obesity and metabolic diseases.
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2.7 THE FETAL DETERMINANTS OF EFFECTIVE
ENERGY (CALORIC) INTAKE

There is an evolutionarily conserved relationship between energy intake and EE,
and organisms can only survive if their effective energy intake meets or exceeds EE.
In mammals, the evolutionarily conserved relationship between energy intake and
expenditure is determined by allometric relationships established during in utero
development (i.e., the physiologic scaling of various tissues and organs due to dif-
ferential hyperplasia). Any perturbation of this relationship will lead to morphologi-
cal alterations that may or may not be adaptive. Given that all tissues compete for
energy, and that adipocytes evolved to store and sequester energy in the form of
lipid, caeteris paribus, individuals with a greater relative number of adipocytes will
store a disproportionate amount of energy from each meal as lipid in adipocytes.
This adipogenic nutrient partitioning decreases the effective energy intake of the
meal (i.e., the amount of energy available to metabolically active tissues in the post-
prandial period) and results in increases in appetite, a reduced intermeal period and/
or greater energy density at the next meal, positive energy balance, and subsequent
increases in adiposity.

The extant empirical evidence, as described, clearly suggests that poor prenatal
metabolic control alters fetal development and that excessive intrauterine energy per-
manently and irreversibly alters body cellularity and consequent competitive milieu
via a disproportionate increase in adipocytes and altered pancreatic p-cell func-
tion (Archer 2015a; Catalano and Hauguel-De Mouzon 2011; Pedersen 1967/1977,
Reusens et al. 2007).

2.8 APPETITE, NUTRIENT PARTITIONING,
AND POSITIVE ENERGY BALANCE

The greatest determinants of appetite are basal metabolic processes and PA (Blundell
et al. 2012, 2003), whereas the primary determinants of nutrient partitioning are
body cellularity (i.e., body composition on the cellular level) and PA. As such, when
obese individuals partition more nutrient energy from each meal to storage, less
energy is available for basal metabolic processes and PA. As a result, the metabolic
stimuli that inhibit hunger and appetitive processes (e.g., adenosine triphosphate
[ATP]/adenosine diphosphate [ADP] ratio, hepatic energy flux, glucose, and fatty
acid oxidation) are reduced. Consequently, appetite will increase at an accelerated
pace until more energy is consumed (Friedman 1995; Mayer 1957). Additionally,
the relative energy deprivation of nonadipose tissues (e.g., the brain) may result in
a perception of fatigue, potentially explaining why individuals struggling with obe-
sity often suffer from fatigue (Wlodek and Gonzales 2003). Moreover, fatigue may
also lead to inactivity and the associated decrements in metabolic control that drive
appetite. To overcome the perception of fatigue and hunger, these individuals may
reduce their intermeal interval by snacking and/or increasing the energy density of
their next meal. This context leads to a positive feedback loop of excessive caloric
intake and positive energy balance that exacerbates the vicious cycle of adipogenic
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nutrient-energy partitioning, decrements in PA with concomitant decreases in meta-
bolic control, and increments in adiposity.

2.9 ACCUMULATIVE AND “CORRECTIVE” MATERNAL EFFECTS

The scientific literature on maternal effects and metabolic functioning in both
humans and nonhuman animals is unequivocal (Brooks et al. 1995; Kurnianto et al.
1998; Patterson et al. 2008). Ovum transfer and cross-fostering studies have clearly
demonstrated that the intrauterine milieu and early postnatal periods can induce,
augment, or ameliorate metabolic dysfunction in a single generation, independent of
genotype. Recently, an embryo transfer study by Garg et al. (2013) demonstrated that
the inheritance of pathological metabolic phenotypes can be halted or ameliorated
when the embryo is transferred and gestated in a “normal metabolic environment”
(Garg et al. 2013). Brooks et al. (1995) examined ovum donations in humans and
found that the “only discernible factor” influencing infant birth weight was the sur-
rogate mother’s body mass (Brooks et al. 1995). Combined, these results suggest that
maternal phenotypes are transmissible to the next generation via maternal effects,
and with respect to obesity and metabolic diseases, the intrauterine environment
overwhelms any variation in genotype.

2.10 PRACTICAL IMPLICATIONS OF THE MRH

As posited in the MRH, accumulative, progressive maternal effects have signifi-
cantly altered matrilineal energy metabolism such that obesity and metabolic dis-
eases have reached epidemic proportions globally. Nevertheless, substantial changes
in maternal prenatal behavior have the potential to productively impact the health of
future generations. Given the potent effects of SM activation on metabolic health, PA
throughout the life course, and especially in the preconception and prenatal periods,
may serve as an effective strategy to prepare girls, adolescent females, and pregnant
women to improve their metabolic control and ensure a healthy pregnancy. Given the
current evolutionary context, PA and exercise during the prenatal period are essen-
tial to improve glycemic and lipidemic control and enable women to protect their
fetuses from irreversible developmental overgrowth (e.g., increased adipocytes) and
metabolic dysfunction.

As demonstrated by ovum transfer studies and a diverse body of literature, the
predisposition to poor metabolic control due to the nongenetic inheritance of meta-
bolically compromised phenotypes from previous generations (i.e., mother, grand-
mother) may be ameliorated if fetal development occurs in a “normal” metabolic
intrauterine environment (Kurnianto et al. 1998; Patterson et al. 2008). This suggests
that the inheritance of acquired characteristics (i.e., metabolically compromised phe-
notype) may be interrupted and potentially reversed with an adequate dose of mater-
nal PA in the prenatal period and child PA in the postnatal period. Unfortunately,
many existing prenatal exercise interventions are of an insufficient dose to positively
influence perinatal outcomes (e.g., gestational weight gain, birth weight) and health
trajectories (McDonald et al. 2015) (Box 2.2).
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BOX 2.2 GLOSSARY FOR THE MRH

Adipogenic Nutrient Partitioning: Competitive advantage of adipocytes in the acquisition and
sequestering of nutrient energy.

Effective Energy (Caloric) Intake: The amount of nutrient energy available to metabolically
active tissues in the postprandial and postabsorptive periods.

Maternal Effects: A form of nongenetic inheritance in which a mother’s phenotype is
recapitulated in offspring independent of genotype. Also known as the Inheritance of Acquired
Characteristics (Archer 2015b).

Nutrient Energy: Energy derived from the consumption of food and beverages that is available
for metabolic processes.

Nutrient Partitioning: The metabolic fate of nutrient energy to oxidation, anabolism, and/or
storage. Body composition on the cellular level and PA are the primary determinants
(Krogh-Madsen et al. 2010; Thyfault and Krogh-Madsen 2011; Bergouignan et al. 2006).

Obesity: The excessive storage of nutrient energy due to excessive adipose tissue cellularity.

Phenotype: An individual’s observable traits and characteristics, inclusive of metabolic,
anthropometric, and metabolic characteristics.

Phenotypic Evolution: The progressive or regressive remodeling of a characteristic over time
(e.g., intergenerational changes in body size and/or mass).

2,11  SUMMARY OF THE MRH

Over the past century, the use of technology made life easier, simpler, and safer while
improving nutritional status around the world. Initially, these changes led to increased
robustness and better health. Yet, with each passing generation, the ubiquity of labor
and time-saving devices decreased the amount of PA necessary in daily life while
increasing sedentary behaviors such as watching TV. Because the contraction of SM
via PA is essential for metabolic control, these reductions in PA and increments in sed-
entary behavior led to decrements in insulin sensitivity and increases in insulin resis-
tance in many individuals, especially those who did not engage in daily leisure-time PA
(e.g., exercise). The increasing trend of metabolic dysfunction had dire consequences
for children born to inactive and larger mothers. The confluence of inactivity-induced
insulin resistance with the naturally occurring insulin resistance of pregnancy led to
infants born metabolically compromised as a result of a greater relative number of fat
cells, altered insulin production, and less efficient SM. Consequently, these infants
are predisposed to altered growth trajectories and a physically inactive lifestyle. And,
because of their increased relative number of fat cells at birth (i.e., greater adipose tis-
sue cellularity), they will store more of the calories consumed as fat, thereby lowering
the effective caloric intake of each meal. This in turn increases appetite, the frequency
of meals, and the energy density of each meal, thereby perpetuating the vicious cycle
of adipogenic nutrient partitioning and physical inactivity.

For humans, the consequences of the MRH are profound: infants born with an
excessive number of fat cells, altered insulin production, and decreased SM function
are permanently and irreversibly predisposed to positive energy balance (“eating
more and moving less”). As such, because willpower and volition cannot compete
with evolution, interventions based on the energy balance conceptualization of
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obesity (“move more and eat less”) will be entirely ineffective while contributing
to the ever-present moralizing and demoralizing social discourse and stigma that
individuals struggling with obesity face each day.
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3.1 INTRODUCTION

Over the last several decades, there has been a major paradigm shift related in our
understanding of the etiology of disease. It is now clear that diseases that appear
across the lifespan often have their origins during development (in utero and early
childhood): a concept called the Developmental Origins of Health and Disease
(DOHaD). This concept posits that there are sensitive windows during development
in which tissue development and function can be modified by environmental factors
(e.g., poor maternal nutrition, stress, environmental chemicals, maternal disease/
lifestyle), which can lead to increased susceptibility to disease/dysfunction across
the life course (Gluckman et al. 2010; Barouki et al. 2012; Padmanabhan et al. 2016).
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The DOHaD hypothesis of susceptibility to disease includes the following tenets
(Barouki et al. 2012): (1) There are sensitive windows where exposures to environ-
mental stressors can cause altered tissue programming leading to altered function
and thus to increased susceptibility to disease/dysfunction across the lifespan. (2)
Tissues are most sensitive to environmental stressors when they are developing which
may include in utero, early postnatal, and late childhood or adolescence depending
on the tissue/organ. (3) The increased susceptibility to disease can occur without
any phenotype changes apparent at birth as the effects may involve subtle changes
in gene expression, which lead to altered proteins, altered cell activity, number of
cells, or cell locations. (4) Epigenetic modifications may underlie these changes in
gene expression. (5) There is likely to be a latent period between the environmen-
tal stressor and onset of disease/dysfunction which can be from months to years to
decades and even cross generations. (6) Some effects may be sexually dimorphic
with effects only in males or females depending on the environmental stressor stud-
ied, and may also depend on genetic background (i.e., genetic polymorphisms), (7)
The effects may only increase susceptibility to develop disease and the disease may
not be apparent until a “second hit” occurs later in life. It is important to understand
that these tenets underscore the DOHaD concept regardless of the environmental
stressor (Heindel et al. 2015a).

The DOHaD concept originated from two separate scientific fields, nutrition and
environmental health. The nutrition focus started with the finding that coronary
heart disease is linked to impaired fetal growth due to severe malnutrition during
fetal life (reviewed in Barker 2007). Over the years, there has been a focus on how
poor nutrition can result in increased incidence of a variety of diseases later in life as
noted in recent reviews (Gluckman et al. 2011; Lillycrop and Burdge 2012; Hanson
and Gluckman 2015; Lane 2014). This focus on the importance of nutrition during
development is now well known and accepted (Heindel et al. 2015a). However, the
DOHaD paradigm as developed was never meant to be focused only on nutrition.
The definition of DOHaD developed by the society with the same name is, “The
Developmental Origins of Health and Disease is a multidisciplinary field that exam-
ines how environmental factors acting during the phase of developmental plasticity
interact with genotypic variation to change the capacity of the organism to cope with
its environment in later life.” The words “environmental factors” thereby covers not
only nutrition but also stress and environmental chemicals.

This review is focused on the DOHaD paradigm with the goal to highlight that
“environment” in the DOHaD paradigm refers not just to nutrition but also environ-
mental chemicals. We also show that the aspects of DOHaD that are applicable to
nutrition are also applicable to environmental chemicals and highlight the DOHaD
epidemiology literature with regard to environmental chemicals to show that the
environmental chemical literature is as robust and focused on noncommunicable
diseases as the nutritional literature.

Animal studies have long documented that the in utero developmental period is
a sensitive window for perturbation by environmental chemicals. It has been clear
since the 1950s that exposure to a wide variety of environmental chemicals in utero
could be toxic to the developing fetus and lead to death, or birth defects. Indeed,
governmental guidelines and long-standing study designs specifically examine
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chemicals for their in utero effects on death and birth defects (Chernoff et al. 1989).
In a typical developmental toxicology study, the chemical is administered to the
pregnant dam (mouse, rat, or rabbit), the offspring are examined just before birth
for birth defects, and the uterus is examined for pregnancy loss. Thus, only death
or birth defects like spina bifida or limb defects are detected. In this regard, just a
few decades ago it was noted that between 2% and 5% of all live births have major
developmental abnormalities (Beckman and Brent 1984). Up to 40% of these defects
have been estimated to result from maternal exposures to harmful environmental
agents that impact the intrauterine environment. The terrible limb defects caused
when women took thalidomide during pregnancy is a human tragedy that proves the
case (Finnell et al. 2002). While developmental toxicity protocols called for exami-
nation of the fetuses just prior to birth, other experimental designs expose the fetus to
chemicals during development and allow live births and follow the pups throughout
life. These studies have shown that depending on the agent, timing, and dose, envi-
ronmental chemicals can cause not only death or malformations, but also premature
birth or low birth weight and functional changes that could increase susceptibility to
diseases that might not be apparent until later in life.

This discussion of developmental toxicology indicates that it is difficult to deter-
mine when the field of developmental origins of disease focusing on environmental
chemical exposures actually started. However, one might consider that the work on
dichlorodiphenyltrichloroethane (DDT), which was reviewed in the book, Silent
Spring, by Rachel Carson in 1962 was a turning point for the field. She noted that
DDT, a pesticide that was widely used to control mosquitoes, did not appear to
have significant toxicity to adult birds but severely affected eggshells of the devel-
oping birds resulting in near extinction of the brown pelican and the bald eagle
(Lundholm 1997).

A strong proof of principle in humans for the developmental origins of disease
paradigm in the environmental health field came from studies that examined the
use of an estrogenic drug, diethylstilbestrol (DES), during pregnancy that resulted
in increased incidence of a rare vaginal cancer and reproductive abnormalities in
both sons and daughters first published in 1971 (Newman et al. 1971; Tournaire
et al. 2016). These effects in humans were shown to also occur in mice models
(McLachlan and Newbold 1987; Newbold and McLachlan 1996).

A consensus statement from the Wingspread Conference in 1991 that brought
together experts from a variety of environmental and endocrine fields first coined the
term “endocrine disruptor” for chemicals that altered hormone action and focused
attention on early development as a sensitive time for endocrine disruption, which
helped to move the DOHaD field forward. Published results from the conference
(Colborn et al. 1993) noted that “the chemicals of concern may have entirely differ-
ent effects on the embryo, fetus, or perinatal organism than on the adult; the effects
are most often manifested in offspring, not in the exposed parent; the timing of expo-
sure in the developing organism is crucial in determining its character and future
potential; and although critical exposure occurs during embryonic development,
obvious manifestations may not occur until maturity.” It also noted that “any pertur-
bations of the endocrine system of a developing organism may alter the development
of that organism: typically these effects are irreversible.”
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Several human tragedies provided further evidence for the increased sensitiv-
ity of developmental exposures to environmental chemicals including mercury con-
tamination in Minamata Bay where exposure to mercury during pregnancy resulted
in severe brain dysfunctions in the offspring (Yorifuji et al. 2015), and polychlori-
nated biphenyl (PCB) contamination of rice oil in Japan where the exposed mothers
had only mild skin diseases and the offspring had serious brain problems including
reduced intelligent quotient (IQ) (Hsu et al. 1985; Aoki 2001). While these effects of
high-dose exposures to the mother were apparent in children in early life, maternal
smoking during pregnancy, which is associated with increased postnatal weight gain
and subsequent obesity in offspring (Ng et al. 2009; Ino 2010; Behl et al. 2013), pro-
vides proof of principle of adverse effects in later life of developmental exposures to
common chemicals at environmentally relevant concentrations.

The first epidemiological studies that focused on developmental chemical expo-
sures and later life disease outcomes were published in the mid-1970s and were focused
on neurodevelopmental and behavioral effects (Weiss and Spyker 1974; Spyker 1975;
Bellinger et al. 1984; Gladen et al. 1988), although the DOHaD hypothesis per se had
not been developed at that time (Barker 1995). The hypothesis that exposure to an
increasing number of chemicals may contribute to the global epidemic of obesity was
further elaborated in Baillie-Hamilton (2002). The DOHaD field, with respect to chemi-
cal exposures, expanded starting around 2006 partly due to the publication of the obe-
sogen hypothesis (Grun and Blumberg 2006) that focused on the developmental origins
of obesity by environmental chemicals. This new focus under the DOHaD umbrella
expanded the number and types of chemicals examined for developmental effects on
disease susceptibility, as well as broadening the scope of the outcomes under study.

There has been an exponential increase in the number of publications in the field
of environmental epidemiology through 2014 with 425 epidemiology publications
that examined the association between exposure to environmental chemicals and a
variety of health outcomes later in life (smoking and drugs excluded) (Heindel et al.
2017). Thus, the follow-up of the children studied in the birth cohorts that examined
chemical-health outcome dyads is only now reaching 10—14 years of age, so there
are few studies, which, taking advantage of stored samples or retrospective data,
have long-term follow-up (Heindel et al. 2017; Karmaus et al. 2009; Halldorsson
et al. 2012; Harris et al. 2013; La Merrill et al. 2013; Aschengrau et al. 2015). Thus,
the majority of publications exploring long-term effects of early life chemical expo-
sures focus on health effects that are apparent in childhood.

In this review, we provide an overview of the data linking developmental expo-
sures to environmental chemicals to specific health outcomes with an emphasis on
epidemiology studies and also incorporate animal studies where appropriate. We can-
not cover the entire field of more than 400 publications but can give a short overview
and then focus on specific chemical-health outcome dyads in neurodevelopmental
and neurobehavioral studies, cancer, and cardiometabolic studies including obesity/
diabetes to highlight specific examples. There have been numerous reviews focusing
on both animal and human data that highlight the importance of chemical exposures
in the DOHaD paradigm (Newbold 2011; Schug et al. 2013; Berghuis et al. 2015;
Heindel et al. 2015a, b; Liu and Peterson 2015). The importance of the role of envi-
ronmental chemicals in the DOHaD paradigm for disease has also been supported
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by society statements. These include the Endocrine Society (Diamanti-Kandarakis
et al. 2009; Gore et al. 2015) and the recent Federation of Gynecology and Obstetrics
(FOGO) opinion on reproductive health impacts of exposure to toxic environmental
chemicals (Di Renzo et al. 2015).

3.2 OVERVIEW OF THE DOHaD EPIDEMIOLOGY LITERATURE
FOCUSING ON ENVIRONMENTAL CHEMICALS

A recent review of the DOHaD epidemiology literature on chemical exposures
(Heindel et al. 2017) found 425 publications through 2014. This review focused only
on endpoints measured several months after birth, thus premature birth, birth weight,
and any birth defects were not assessed. The large numbers of publications indicate
not only a great interest but also a depth to the environmental chemical focus of
DOHaD. The majority of these publications focused on neurological/neurobehavioral
outcomes (n = 211) followed by cancer (n = 59), respiratory (n = 50), metabolic out-
comes including obesity (n = 35), reproductive health (n» = 31), immune disorders
(n = 29), endocrine (n = 22), and cardiovascular dysfunctions (n = 12) with less than
10 publications each focusing on skin, musculoskeletal, thyroid, visual problems,
gastrointestinal, liver (Heindel et al. 2017), and respiratory outcomes (Gascon et al.
2013, 2014, 2015). The number of publications with a specific health outcome is gen-
erally related to when publications in that discipline first appeared in the literature,
with the earliest focus on neurodevelopmental/neurobehavioral outcomes and an
emergence of obesity, immune, respiratory, and cardiovascular areas only in the last
decade. Overall, 60 different chemicals have been examined in DOHaD publications
(Heindel et al. 2017). The most studied environmental chemicals are PCBs (100 pub-
lications), organochlorine pesticides (60), mercury (61), lead (53), air pollutants/par-
ticulate matter (27), polycyclic aromatic hydrocarbons (PAHs) (23), nitrogen oxide/
dioxides (20) and ozone (8), organophosphate pesticides (OPs) (22), and arsenic (16).
In recent years, there has been a focus on chemicals with short half-lives including
phthalates (plasticizers) (10), bisphenol A (BPA) (a component of polycarbonate) (9),
and the newer chemicals polybrominated diphenyl ethers (PBDEs, flame retardants)
(11), and the nonstick chemicals, perfluorooctanoic acids or sulfates (PFOA) (19) and
PFOS (15). This overview (Heindel et al. 2017) and others (Fenton et al. 2012; Gascon
et al. 2013; Yeung et al. 2014; Berghuis et al. 2015; Liu and Peterson 2015) indicate a
large and growing body of evidence regarding the likely importance of developmental
exposure to environmental chemicals and varied health outcomes in later life.

3.3 NEURODEVELOPMENTAL AND NEUROBEHAVIORAL STUDIES

The developing brain is extremely sensitive to environmental chemicals that can alter
developmental programming leading to a myriad of neurodevelopmental and neu-
robehavioral problems that occur across the lifespan (Schug et al. 2015; Gore et al.
2015; Winneke 2011; Grandjean and Landrigan 2014; Tshala-Katumbay et al. 2015).
Indeed, Grandjean noted that there is “strong evidence that industrial chemicals
widely disseminated in the environment are important contributors to what we have
called the global, silent pandemic of neurodevelopmental toxicity” (Grandjean and
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Landrigan 2006). While 201 chemicals have the potential for neurodevelopmental
toxicity (reviewed in Grandjean and Landrigan), only six—arsenic, lead, methylmer-
cury, PCBs, OPs, and toluene—have been adequately shown to cause neurotoxicity
in humans (Grandjean and Landrigan 2014).

Almost half of all the DOHaD epidemiology publications that focused on the role
of environmental chemical exposures (211/425) examined some neurobehavioral and/
or neurodevelopmental defect. This is to be expected because of the early focus on
lead and mercury exposure in utero and early childhood and the subsequent increase
in neurodevelopmental and neurobehavioral defects including loss of IQ. Both lead
and methylmercury are well-established neurotoxicants that can have serious effects
on the development and functioning of the human nervous system (Trasande et al.
2006; Grandjean and Landrigan 2014). Indeed, there are 26 publications examining
the effects of developmental exposures to mercury and 20 publications examining the
developmental effects of lead on just one measure of brain function: IQ (Heindel et al.
2017). It is clear that children exposed to lead even at levels thought to be safe, for
example, <10 pg/dL, are at risk for reduced cognitive development including reduced
1Q and poor academic performance (Bellinger 2008; Liu et al. 2013). There is no safe
level of exposure to lead (Grandjean and Landrigan 2014).

Prenatal exposure to mercury, measured as mercury concentration in cord blood
and maternal hair, due mainly to methylmercury contamination of meat from pilot
whales, was examined in a birth cohort in the Faroe Islands (Debes et al. 2016). Total
mercury in hair (reflecting long-term exposure) and in blood (a measure of short-
term exposure) are both validated biomarkers of methyl mercury intake correlated
with seafood consumption (Sheehan et al. 2014). Mercury exposure to the mother was
shown to be associated with cognitive defects (most pronounced in language, atten-
tion, and memory) in the children measured at age 7 (Grandjean et al. 1997), 14, and
22 years, indicating that the effect of mercury toxicity is permanent and persists into
adulthood (Debes et al. 2016) albeit at smaller effect sizes. Nonetheless, at 22 years
major domains of brain functions as well as general intelligence were still affected
(Debes et al. 2016). In addition, functional magnetic resonance imaging (MRI) scans
showed abnormally expanded activation of brain regions in response to sensory stim-
ulation and motor tasks in adolescents from the Faroe Island birth cohort (White et al.
2011), thus linking behavioral with structural and biochemical brain changes.

Although there are fewer studies, recent reviews show that developmental expo-
sure to arsenic is associated with reduced intellectual development (Tyler and Allan
2014), but uncertainty remains regarding effects at very low doses (Rodriguez-
Barranco et al. 2013; Tsuji et al. 2015; Rodrigues et al. 2016). Early life exposure to
other metals, including cadmium and manganese, is also hypothesized to adversely
affect neurodevelopment, but further research is needed as results to date are limited
and mixed (Rodriguez-Barranco et al. 2013; Mora et al. 2015; Sanders et al. 2015).

Exposure to a variety of phthalates has also been associated with learning and
memory problems. Phthalates are lipid soluble with a half-life of less than 24 hours in
humans; they are not persistent and do not accumulate (Wittassek and Angerer 2008).
Phthalate exposure is usually measured via their main metabolites in urine (Ejaredar et
al. 2015). Low-molecular-weight phthalates such as dimethyl phthalate, diethyl phthal-
ate, and dibutyl phthalate are used in cosmetics and lotions and as delivery agents
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in aerosols, while high-molecular-weight phthalates such as di(ethylhexyl) phthal-
ate (DEHP) and butylbenzyl phthalate (BBZP) are mainly used as plasticizers and
adhesives; they can leach over time (reviewed in Ejaredar et al. 2015). Developmental
exposures to low-molecular-weight phthalates in general have been associated with
attention problems, poorer overall executive functions in children aged 4-9 (Engel et
al. 2010) and higher levels of aggression, problems in working memory and attention
problems (Cho et al. 2010), and decreases in psychomotor development, increased odds
of psychomotor delay, as well as decreases in mental development at 3 years of age
(Whyatt et al. 2012). Developmental exposure to higher weight phthalates DEHP or
dipentyl phthalate (DIPP) has been shown to result in decreased anogenital distance
(AGD) in animal studies, which is an indication of decreased androgen production
(Gray et al. 2016). Such androgenic effects may partly explain the influence of phthal-
ates on behavioral outcomes. Swan has shown that first trimester phthalate exposure
(DEHP) is associated with reduced AGD in newborn boys (Swan et al. 2015), which
was associated with less masculine play behaviors as reported by parents (Swan et al.
2010). In addition to the variety of learning and behavioral problems associated with
phthalate exposures, developmental exposure to low-molecular-weight phthalates has
actually been associated with decreased 1Q (Factor-Litvak et al. 2014). Full-scale 1Q
was inversely associated with prenatal exposure to dibutyl phthalate (DnBP) and diiso-
butyl phthalate (DiBP), measured as urinary metabolites. IQ was 6.7 and 7.6 points
lower in children of mothers exposed to highest vs. lowest quartiles of DnBP and DiBP,
respectively, when IQ was assessed at age 7.

Loss of IQ points has also been shown for exposure to OPs such as chlorpyrifos.
Simultaneous publications from three separate laboratories showed that develop-
mental exposure to organophosphates led to a loss of IQ points in the offspring that
were similar to that found with lead exposure (Bouchard et al. 2011). Bouchard et al.
(2011) measured urinary dialkyl phosphate (DAP) metabolites in urine to assess OP
exposure in a birth cohort study (Center for the Health Assessment of Mothers and
Children of Salinas [CHAMACOS]), in the Salinas Valley in California. Average
maternal DAP concentrations were associated with poorer scores for working mem-
ory, processing speed, verbal comprehension, perceptual reasoning, and full scale IQ
at age 7. Children in the highest DAP exposure had an average deficit of 7.0 IQ points
compared with children in the lowest quintile (Bouchard et al. 2011). Engel et al.
(2011) also measured total DAP metabolites as a measure of maternal OP exposure
in the Mount Sinai Children’s Health Study in New York City. Prenatal exposure was
negatively associated with aspects of neurodevelopment at 12 and 24 months and also
at 69 years of age (perceptual reasoning and working memory). Rauh et al. (2006)
examined prenatal exposure to chlorpyrifos and effects through 3 years in an inner
city minority population. They measured detectable levels of chlorpyrifos 99.7% in
personal air samples and 64—70% umbilical cord blood samples collected at birth.
Highly exposed children scored on average 6.5 points on the Bayley Psychomotor
Development Index and 3.3 points lower on the Bayley Mental Development Index
at age 3 years. Highly exposed children were defined as those in the highest tertile
among subjects with detectable chlorpyrifos measured in cord blood (used as mea-
sure of exposures during pregnancy given evidence of limited variability over time
in personal air measures; half-life of chlorpyrifos in blood is 27 hours). Though
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not apparent at 12 months, deficits in motor activity emerged by age 3 years, with
exposed children more likely to show behavioral problems manifest as attention-
deficit/hyperactivity disorder (ADHD) symptoms.

Recent reviews, including a systematic review, note that adverse effects of pre-
natal exposure to OPs may be stronger than those of postnatal exposure, although
the data on postnatal exposures are limited (Berghuis et al. 2015; Hernandez et al.
2016). The effects of OPs on neurodevelopmental outcomes are thought to be influ-
enced by genetics, with more severe effects in children with paraoxonase-1 (PON-1)
polymorphisms, which impact the metabolism of the OPs (Engel et al. 2011). More
research is needed to determine whether associations are causal, whether they persist
or emerge over the longer term, and whether the mixed results reported in the studies
conducted so far may be due in part to limited power to detect sex-specific effects,
or effects in genetically susceptible subgroups. The inconsistent results may also
relate to the heterogeneous outcomes analyzed across studies, as it remains uncertain
whether the programmed effects of specific chemicals may be limited to particular
neurodevelopmental or psychological domains (Gonzélez-Alzaga et al. 2014).

PBDEs are a class of persistent chemicals widely used as flame retardants in
furniture, carpets, and other consumer products (Lorber 2008). Three birth cohort
studies identified consistent exposure—response relationships linking PBDE expo-
sure with lower IQ (Herbstman et al. 2010; Eskenazi et al. 2013; Chen et al. 2014).
For example, PBDEs measured in cord blood were associated with abnormal men-
tal and physical development at ages 12—-48 and 72 months. For every natural log-
unit change in BDE 100, IQ scores were on average 3.4—4.0 point lower at 48 and
72 months (Herbstman et al. 2010). It has been proposed that thyroid disruption may
be important in the action of these flame retardants to alter learning and memory
(Dingemans et al. 2011). In vitro studies have shown that PBDEs can bind to not
only thyroid hormone but also estrogen, androgen, progesterone, and glucocorticoid
receptors indicating additional modes of action (Dingemans et al. 2011).

Along with cognitive and motor skills, other neurological endpoints associated
with developmental exposures to environmental chemicals include ADHD and
attention problems (Aguiar et al. 2010; Polanska et al. 2013; Berghuis et al. 2015)
and autism/autism spectrum disorders (Rossignol et al. 2014; Fujiwara et al. 2016;
Keil and Lein 2016), with fewer studies on depression and schizophrenia (Brown
2009). Toxicants implicated in autism spectrum disorder include pesticides, phthal-
ates, PCBs, solvents, air pollutants, BPA, and heavy metals; however, the evidence is
inconclusive at this time for a specific role for any environmental chemical. Though
many aspects of brain development and behavioral outcomes have been linked to
developmental exposures to a variety of environmental chemicals, as noted, many
areas have limited publications. The literature to date has assessed a limited number
of chemicals, and a limited number of endpoints, indicating a need for more studies.

3.4 CANCER

A nascent literature suggests that perinatal chemical exposures may increase the
risk of adult onset as well as childhood cancers (Birnbaum and Fenton 2003; Fenton
et al. 2012; Heindel et al. 2017). Leukemia/lymphoma is the most studied, followed



Developmental Programming by Environmental Chemicals 41

by testicular, brain, and breast cancer (Heindel et al. 2017) with a few publica-
tions examining environmental exposures during development and ovarian, bone,
liver, kidney, and skin cancers. Support for perinatal programming of adult-onset
cancer stemmed from the now established increased risk of rare forms of vaginal
cancer, as well as of breast cancer, in women exposed in utero to DES, a potent
synthetic estrogen prescribed to their mothers during pregnancy (Palmer et al.
2006; Troisi et al. 2007, 2017; Newbold 2012; Hilakivi-Clarke 2014; Mahalingaiah
et al. 2014).

Due to the challenge of estimating past prenatal exposures in research on adults,
the epidemiological literature examining the relationship between prenatal chemi-
cal exposures and cancers in adulthood is very limited. However, several human
studies with very long-term follow-up suggest that in addition to DES, there may be
increases in adult cancers associated with prenatal and/or childhood exposure to DDT
(Cohn et al. 2010, 2015), tetrachloroethylene (TCE) (Aschengrau et al. 2015), arsenic
(Mohammed Abdul et al. 2015), and PAHs from air pollution (Bonner et al. 2005).
Animal studies show that in utero exposure to dibenzo[a]pyrene produces lymphoma
in the offspring, supporting the human data (Yu et al. 2006; Castro et al. 2008b).

Developmental and lifelong exposure to environmentally relevant exposures to
arsenic in mice results in lung cancer (Waalkes et al. 2014) and developmental expo-
sures increased the incidence of hepatic tumors in mice with a ras gene polymor-
phism (Nohara et al. 2014) and in C3H mice (Liu et al. 2004). Similarly, humans
exposed to high levels of arsenic in utero and during childhood (<15 years) in Chile
via water contamination had fourfold increases in lung and sevenfold increases in
bladder cancer 35—40 years after the exposures ended (Steinmaus et al. 2013, 2014).
Likewise, early life exposure to the organochlorine pesticide DDT has been associ-
ated with increases in mammary cancers in mice (Ho et al. 2012), consistent with
findings in humans (Cohn et al. 2015). Prenatal exposure to PAHs has also been
linked to cancers in animal studies (Yu et al. 2006; Castro et al. 2008b). Though
developmental exposure has not been specifically examined, TCE has been associ-
ated with cancers in animal experiments (Guyton et al. 2014). Together, these data
support the ability of developmental exposures that include not only drugs such as
DES, but also solvents (e.g., TCE), organochlorine compounds (e.g., DDT), PAHs,
and naturally occurring metals such as arsenic to result in increased susceptibility to
a variety of cancers over the lifespan.

In addition to susceptibility to adult cancers after a long latency period, there
are close to 30 publications that have examined the relationship between exposures
to pesticides, organic solvents, and air pollutants on leukemia/lymphoma diag-
nosed in infancy and childhood (Heindel et al. 2017). Increased risks have been
reported for diverse chemicals including maternal exposure to household cleaning
products, pest control treatments, and paternal occupational chemical exposures.
Additional research is critical to identify these risks and inform prevention efforts.
Epidemiological studies are needed to provide further insight on the existence of
genetically vulnerable subgroups or on postnatal lifestyle factors that may help to
mitigate these risks.

Consistent with the data in humans, rodent studies also indicate that in utero
exposure to other chemicals may also increase the risk of adult as well as childhood
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onset cancers, with postulated effects of endocrine disrupting chemicals that include
BPA and phthalates along with PAHs and metals, among others (Birnbaum and
Fenton 2003; Yu et al. 2006; Murray et al. 2007; Castro et al. 2008a; Tokar et al.
2011; Fenton et al. 2012; Steinmaus et al. 2013). Similar to other health outcomes,
this literature suggests that the mechanisms involved may include epigenetic effects,
altered tissue structure that may affect future development, and changes in sex hor-
mone function. Further research is needed to better understand the links between
early chemical exposures and subsequent risk of cancer and how to mitigate both
harmful exposures and the resulting health risks.

3.5 OBESITY AND CARDIOMETABOLIC DISORDERS

There is growing evidence linking developmental exposure to a variety of environmen-
tal chemicals with excess weight gain and obesity in both animal models and human
epidemiology studies of birth cohorts (La Merrill and Birnbaum 2011; Tang-Peronard
et al. 2011; Thayer et al. 2012; Heindel et al. 2015b; Liu and Peterson 2015). Such
effects may be mediated at least in part through effects manifested by reduced fetal
growth: many of the chemicals hypothesized to promote obesity and cardiometabolic
dysfunction have been associated with lower birth weight (Govarts et al. 2012; Bach
et al. 2015). Smaller size at birth is strongly associated with both long-term obesity
and cardiometabolic dysfunction, particularly when followed by rapid infant weight
gain (Ong and Loos 2006; Gishti et al. 2014; Yeung et al. 2014). Mediation through
impaired fetal growth provides a link between research on the programming of long-
term health effects by prenatal chemical exposures and the earliest nutrition research
on the DOHaD concept, which examined adult health outcomes associated with birth
weights in the lower end of the normal range (Barker 1995). Indeed, there is strong and
consistent evidence from meta-analyses of over 20 epidemiological studies that mater-
nal smoking during pregnancy is associated with both smaller size at birth and subse-
quent obesity in the offspring in childhood (Behl et al. 2013). As noted, this literature
on smoking provides proof of principle that chemical exposures during development
may have lasting effects on impact weight gain and risk of obesity in later life.

Current epidemiological research on other chemicals most strongly supports a
role in programming of obesity by early life exposure to dichlorodiphenyldichloro-
ethylene (DDE), the major metabolite of the persistent organochlorine pesticide DDT
(Liu and Peterson 2015). Exposure to moderate levels of pp-DDE during pregnancy
is associated with rapid infant weight gain, overweight in childhood and adulthood,
and measures of abdominal fatness such as the waist-to-height ratio (Karmaus et al.
2009; Mendez et al. 2011; Warner et al. 2013; Delvaux et al. 2014; Agay-Shay et al.
2015; Iszatt et al. 2015). However, null associations have been reported at higher
exposures (Cupul-Uicab et al. 2010, 2013; Garced et al. 2012; Hoyer, Ramlau-Hansen
et al. 2014). This is consistent with the hypothesis that effects of these chemicals may
be nonmonotonic; while low doses of endocrine disrupting chemicals may be obe-
sogenic, high levels may instead impair growth (Vandenberg et al. 2012). Additional
research is needed to determine whether susceptibility to DDE-associated excess
weight gain may vary not only with exposure level, but may also depend on factors
including child sex and genetic polymorphisms.
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Results are less consistent for the more limited research linking obesity with
prenatal exposure to other persistent organic pollutants, including perfluorinated
chemicals (PFOA/PFOS) (used to repel water and in nonstick pans), various PCBs,
PBDEs (flame retardants), and hexachlorobenzene (HCB) (a pesticide) (Liu and
Peterson 2015). As noted in a recent review (Liu and Peterson 2015), in utero and
childhood exposures to PBDEs were shown to be associated with increased body
mass index (BMI) at age 7 in a sexually dimorphic manner, with effects among boys
but not girls in the only study on prenatal exposure to this chemical (Erkin-Cakmak
et al. 2015). HCB has been associated with increased risk of overweight in Spanish
birth cohorts (Valvi et al. 2012, 2013). Developmental exposure to PFOA resulted
in increased BMI and waist circumference in females but not males at age 20 years
(Halldorsson et al. 2012), indicating that some effects from prenatal exposures may
remain into adulthood. Only two of seven studies found prenatal exposure to various
PCBs to be associated with subsequent increased weight gain or obesity (Liu and
Peterson 2015). However, as noted above for DDE, it is uncertain to what extent these
mixed results may be explained in part by differential effects dependent on exposure
dose, child sex, or genetic polymorphisms. These results, while not sufficient, indi-
cate the possibility that chemicals in these classes are obesogens in humans as has
been noted in some animal models (Hines et al. 2009; Suvorov et al. 2009). While
data are still inconclusive, there are plausible mechanisms of action linking persis-
tent organic pollutants to obesity, with evidence that these chemicals may affect
adipocyte differentiation, peroxisome proliferator-activated receptor (PPAR) expres-
sion, estrogenic activity, and epigenetic modification, including associations seen in
human cohorts where the same chemicals have been linked to obesity (Casals-Casas
and Desvergne n.d.; Ho et al. 2012; Warner et al. 2013; Huen et al. 2014).

Along with persistent chemicals, several recent studies have examined whether,
consistent with laboratory data, perinatal exposure to nonpersistent chemicals with
short half-lives, such as BPA and phthalates, is associated with obesity in humans
(Newbold et al. 2009; Heindel et al. 2015b; Janesick and Blumberg 2016). Results so
far have been inconsistent (Kim and Park 2014; Buckley et al. 2015, 2016; Liu and
Peterson 2015; Valvi et al. 2015; Maresca et al. 2016). Indeed, higher prenatal exposure
to phthalates has been shown to be inversely associated with obesity (Buckley et al.
2015, 2016; Valvi et al. 2015; Maresca et al. 2016), as have some recent studies on pre-
natal exposure to BPA (Harley et al. 2013; Braun et al. 2014; Liu and Peterson 2015;
Buckley et al. 2016b). Nonetheless, there are also human data suggesting that prenatal
as well as ongoing postnatal exposure to phthalates and BPA is associated with weight
gain and obesity, including central fatness (Valvi et al. 2013; Song et al. 2014; Ranciere
et al. 2015; Deierlein et al. 2016). Further research examining whether early expo-
sure to nonpersistent chemicals may increase risk of obesity must address key chal-
lenges that undermine the studies to date. These include the following: (1) determining
whether associations are independent of higher intakes of packaged foods which are
a major source of exposure to these chemicals (Serrano et al. 2014; Stacy et al. 2016);
(2) improving characterization of exposure by using multiple rather than single bio-
marker measures, given the high within-person variability of these chemicals (Johns
et al. 2015); (3) carefully evaluating not only the timing (i.e., pre- vs. postnatal) but
also the range of exposure that may confer risk, particularly as there is evidence of
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nonmonotonic dose—response (Angle et al. 2013); and (4) exploring whether there are
susceptible subgroups characterized by gender, genetic profile, or postnatal diet (Wei
et al. 2011; Bautista et al. 2015). Failure to address these issues may lead to measure-
ment error resulting in inaccurate characterization of chronic exposure to these chemi-
cals, may fail to isolate any obesogenic effects these exposures from dietary patterns
that may be correlated with these exposures, and may overlook effects that may be
limited to susceptible population subgroups.

There is compelling evidence in laboratory animals that along with obesity,
developmental chemical exposures are associated with increased cardiometa-
bolic dysfunction (Maull et al. 2012; Nadal 2013; Gore et al. 2015; Sargis 2015).
However, few human studies have directly examined the extent to which exposure
to contaminants during early life may promote not only obesity, but also the car-
diometabolic dysfunction that ultimately culminates in meaningful morbidity and
mortality (Yeung et al. 2014). Like obesity, the human evidence that early chemi-
cal exposures may program cardiometabolic dysfunction is strongest for maternal
smoking during pregnancy. Maternal smoking has been associated with diabe-
tes, hypertension, and dyslipidemia in later life through relationships that may be
largely mediated through obesity (Montgomery and Ekbom 2002; Cupul-Uicab
etal. 2012a, b; de Jonge et al. 2013; Mattsson et al. 2013; Haynes et al. 2014; Jaddoe
et al. 2014; Bao et al. 2016).

Thus far, only a handful of epidemiological studies have directly examined the
cardiometabolic health effects of early life exposure to prenatal chemicals besides
tobacco. These studies suggest that there may be associations between persistent
organic pollutants such as DDT/DDE with blood pressure both at age 4 years and in
adulthood (La Merrill et al. 2013; Vafeiadi et al. 2015) as well as with higher levels of
insulin at age 5 years (Tang-Peronard et al. 2015); air pollution and increased carotid
artery arterial stiffness in young adulthood (Breton et al. 2016); and arsenic exposure
and subsequent increases in blood pressure and kidney dysfunction (Hawkesworth
et al. 2013). As for obesity, BPA and phthalates, nonpersistent chemicals for which
there are important methodological challenges and concerns, have not been strongly
associated with cardiometabolic risk markers in children at age 4 years in the limited
research so far (Vafeiadi et al. 2016).

Though evidence of adverse cardiometabolic effects is limited for prenatal chemi-
cal exposures, there is a growing literature in older children and adults suggesting
that ongoing postnatal exposure to certain environmental chemicals may promote
cardiometabolic disorders including diabetes and cardiovascular diseases (Lind
et al. 2012b; Kelishadi et al. 2013; Taylor et al. 2013; Jensen et al. 2014; Poursafa
et al. 2014; Song et al. 2016; Lee et al. 2016). These relationships may be independent
of obesity, and in some cases may occur in the absence of obesity, as illustrated by
associations between cardiometabolic outcomes and postnatal levels of some chemi-
cals (e.g., PCBs, arsenic), which are not strongly associated with weight status (Lind
et al. 2012a; Lee et al. 2014; Penell et al. 2014; Wiberg et al. 2014).

Given the limited and inconsistent results so far, further research is needed to
establish the extent to which developmental exposure to environmental chemicals
may cause obesity as well as cardiometabolic dysfunction in humans. To maximize
the effectiveness of public health intervention, it will be important to determine
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whether any apparent effects are independent of ongoing postnatal exposure to these
chemicals, which may correlate with prenatal levels of exposure. There is also a
need for research to determine whether postnatal lifestyle factors, including post-
natal nutrition patterns, may help to mitigate the risk of any lasting (DiVall 2013)
adverse effects of early chemical exposures (Bautista et al. 2015). Prevailing patterns
of postnatal nutrition, which vary from cohort to cohort, may be important determi-
nants of whether researchers identify significant lasting effects of early life chemical
exposures in a particular study.

3.6 EPIGENETIC REGULATION

Supported by evidence from animal studies (Baccarelli and Bollati 2009;
Vaiserman 2014; van Dijk et al. 2015b; Waring et al. 2016), epigenetic modifica-
tion has been proposed as a potential underlying mechanism through which early
exposure to environmental chemicals may promote long-term health risks (Lee
et al. 2009; Vaiserman 2015) as has been proposed for nutrition during develop-
ment in humans (Lee 2015; Godfrey et al. 2016). Though limited, there is mount-
ing evidence in human studies that chemical exposures modify the epigenome.
Most research so far has been conducted in adults. As noted in recent reviews,
diverse chemicals including arsenic, particulate matter, DDE, perfluorinated com-
pounds, BPA, and PAHs have been associated with differential deoxyribonucleic
acid (DNA) methylation (Baccarelli and Ghosh 2012; Bailey and Fry 2014; Argos
2015; Ruiz-Hernandez et al. 2015). Similarly, early life exposure to tobacco has
been found to have an epigenetic signature (Green and Marsit 2015; Maccani and
Maccani 2015; Ladd-Acosta et al. 2016). However, the nascent literature has not
yet determined the biological or functional consequences of these changes in DNA
methylation. It is also uncertain to what extent the mixed results of studies to
date may be due to differences in technologies and assays, or to differences in
epigenetic outcome measures (e.g., locus specific vs. global methylation, leuko-
cytes vs. peripheral whole blood). Recent studies suggest functional consequences
of epigenetic regulation may depend not only on locus-specific effects, but also
on modifications, which may be apparent only in specific cell types, and effects
that may be limited to specific target organs or tissues (e.g., liver, adipose). There
is also evidence suggesting that mechanisms may involve epigenetic alterations
besides DNA methylation, such as histone modifications or microRNAs (miRNAs)
(Martinez et al. 2014; Vaiserman 2014; van Dijk et al. 2015a). Few human stud-
ies have examined these alternative epigenetic measures, particularly concurrently
with DNA methylation (Baccarelli and Ghosh 2012; Nye et al. 2014). Moreover,
much of the evidence so far comes from animal studies and it is uncertain to what
these findings translate to humans (Waring et al. 2016).

Despite these limitations, the evidence to date supports a link between chemical
exposures, epigenetic regulation, and health outcomes. For example, examination of
locus-specific changes in DNA methylation associated with arsenic exposure identi-
fied effects in genes such as PLA2G2C, which encodes an enzyme relevant for skin
carcinogens, inflammation, and lipid metabolism, consistent with the carcinogenic
and cardiovascular effects of arsenic exposure (Argos et al. 2014). Studies have also
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identified epigenetic changes in cord blood associated specifically with prenatal
exposure to arsenic (Cardenas et al. 2015b; Rojas et al. 2015). A recent study found
effects specific to tissues (placenta and umbilical artery) not detected in cord blood
(Cardenas et al. 2015a). These findings highlight the importance of continuing to
increase the specificity of epigenetic measures in epidemiologic research. Several
studies have suggested that differential DNA methylation at specific loci, such as ret-
inoid X receptora (RXRa) and hypoxia-inducible factor 3 alpha (HIF3A) measured
in tissues at birth, is associated with subsequent adiposity (Godfrey et al. 2011; Pan
et al. 2015), although it is uncertain whether these associations are causal (Richmond
et al. 2016). Further research examining the extent to which adverse effects of envi-
ronmental chemicals on health outcomes, including obesity and chronic disease
risks, are epigenetically regulated is needed. It will be particularly important to gain
insights on whether such effects may be modifiable by nutritional factors, providing
a potential opportunity for public health intervention (Huang et al. 2015; Romagnolo
et al. 2016).

3.7 METHODOLOGICAL CHALLENGES

Bolstered by evidence from the laboratory, a growing epidemiological literature sug-
gests that chemical exposures in early life can influence a constellation of health
outcomes in later life. However, results as noted above are both limited and hetero-
geneous. This may be in part due to methodological challenges specific to linking
environmental chemical exposures during early development to health outcomes
later in life. It is important that future research addresses a number of key issues to
improve our ability to determine whether associations in epidemiological literature
reflect causal relationships.

3.7.1 ExPoOSURE ESTIMATION

Biomarkers are typically used to estimate aggregate exposure because contact
with the same chemical may occur via multiple routes (e.g., inhalation, ingestion,
dermal absorption) and sources (e.g., personal care and household products, air,
soil, dust, and water) (Wilson et al. 2003; Morgan et al. 2005; Gehring et al. 2013;
Botton et al. 2014; Hormann et al. 2014; Levallois et al. 2014; Rhie et al. 2014;
Caspersen et al. 2016; Lang et al. 2016; Stacy et al. 2016). Though the use of bio-
markers may be critical, misclassification of exposure based on biomarker measures
is a concern, particularly for nonpersistent chemicals. Many short-lived chemicals
are optimally measured in urine as they are rapidly metabolized and cleared from
the circulation; the low concentrations measured in blood may be more susceptible
to misclassification (Calafat et al. 2015). However, for some chemicals, notably BPA
and also some phthalate metabolites, within-person variability in urine concentra-
tions both throughout the day and from day to day can be so substantial that it
may result in problematic misclassification if exposure estimates are based—as is
typical—on a single spot urine, and even a single 24-hour urine sample (Preau et
al. 2010; Ye et al. 2011; Fisher et al. 2015; Johns et al. 2015). Multiple samples col-
lected at varied times over several days have been recommended to reduce such
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misclassification, through approaches such as averaging repeated measures, or
using measures from pooled urine samples collected in each individual, as well
as by developing measurement error models with a validation study subsample
(Spiegelman 2010; Calafat et al. 2015; Perrier et al. 2016).

Sample contamination during collection, handling, and storage may also lead
to considerable exposure measurement error particularly for phthalates and BPA,
which are widely used in laboratory and medical equipment (Calafat et al. 2015).
A final challenge is ensuring that measures of exposure reflect the vulnerable time
windows of interest (e.g., pre- or early pregnancy, later pregnancy, infancy) (Engel
and Wolff 2013). While many studies on the effects of early life exposure to chemi-
cals have focused exclusively on samples collected in pregnancy, continued exposure
in infancy may be considerable, and may have important health consequences, as is
the case for childhood lead exposure (Engel and Wolff 2013; Lang et al. 2016). More
research is needed to examine the effects of both cumulative exposure and exposure
mixtures, as it has been hypothesized that there may be synergistic effects of expo-
sure to multiple chemicals (Braun et al. 2016).

3.7.2  ANALysis CONSIDERATIONS

The potential for uncontrolled confounding in observational research exploring the
health effects of early life exposure to chemicals is a major concern (Engel and Wolff
2013). It is far from certain that studies to date have adequately addressed possible
confounding by factors such as socioeconomic status, home environments, and nutri-
tional and dietary factors. Diet is a special concern as it may be a source of exposure
to a number of chemicals (e.g., due to food packaging, contaminated soil, or marine
environments) and may be an independent risk factor for a variety of outcomes such
as obesity and neurodevelopment. Along with synergies, the potential for confound-
ing by other chemical exposures poses another challenge, as multicollinearity may
reduce statistical power in studies of small to moderate sample size (Braun et al.
2016). Effect modification as a result of varied susceptibility to adverse effects of
certain exposures, for example, as a consequence of factors such as genetic poly-
morphisms (Engel et al. 2011; Duarte-Salles et al. 2012, 2013) is understudied, as
unfortunately little is known about such susceptibility. Given evidence that associa-
tions between some chemical exposures and health outcomes may be nonmonotonic,
it is important that future studies examine the shape of dose—response relationships
rather than assuming linear relationships (Vandenberg et al. 2012). This and other
challenges to statistical power issue make efforts to combine small studies, or to
conduct larger studies with common exposure and outcome measures, particularly
important (Gehring et al. 2013).

3.8 SUMMARY AND CONCLUSIONS

This review focused on an important but lesser known aspect of the DOHaD para-
digm, the importance of exposure to environmental chemicals during development
and health outcomes later in life. The DOHaD field has focused on the problems
of over- and undernutrition during development as a major contributor to the
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increased susceptibility to disease across the lifespan without noting the perhaps
equally important role for exposure to environmental chemicals. As noted above
and shown in Figure 3.1, nutritional changes during development and exposure to
environmental chemicals both share the same tenets and mechanisms. Indeed as
noted in this review and reviewed in detail elsewhere (Heindel et al. 2017), there
are over 60 chemical exposures during development that have been studied for
their impact on diseases across the lifespan in human epidemiology studies. The
majority of these chemicals are toxic at least in part due to the fact that they inter-
fere with hormone action during development resulting in functional changes in
gene expression that may persist and result in increased susceptibility to diseases
across the lifespan. Furthermore, there is widespread exposure to these chemi-
cals across the globe. These environmental chemicals have been associated with a
wide variety of human health outcomes including neurodevelopmental and learn-
ing problems, cancers, reproductive dysfunctions, respiratory problems, immune
dysfunctions, obesity, diabetes, and other aspects of cardiometabolic diseases
including metabolic syndrome. Altering nutrition during development has also
been associated with a variety of diseases and in some cases the same diseases
have been shown to be susceptible to both nutritional and chemical perturbations
(Figure 3.2). Thus, it is now clear that developmental programming by both nutri-
tional changes and environmental chemicals can result in increased susceptibil-
ity to a variety of health outcomes across the lifespan with obesity being a good
example (Figure 3.3). Therefore, it is critical that these two seemingly disparate
research areas become more integrated as it likely that both chemicals and nutri-
tion during development can alter programing leading to increased susceptibility
to disease and thus they need to be examined together to determine their separate
and integrative effects on health across the lifespan and generations. Improving
nutrition and reducing exposure to environmental chemicals during development
likely offer the best opportunity to actually prevent disease.

Nutritional Stress and Environmental Chemicals

Concentration Epigenetic
dependent changes

Tissue specific

Windows of Nonmonotonic

sensitivity dose-response Latent effects

In utero and/or Nutrient or Acute or chronic
neonatal chemical specific exposures

FIGURE 3.1 Nutritional stress or environmental chemical exposures cause similar effects
during development.
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Nutritional Stress Environmental Chemicals

- Cardiovascular disease/ - Cardiovascular disease/hypertension

hypertension - Obesity/diabetes/metabolic syndrome

- Obesity/diabetes - Breast, prostate, and uterine cancers
- Infertility - Early puberty

- Dyslipidemia - Infertility

- Neurodevelopment - Susceptibility to infections

- Respiratory - Neurodegenerative diseases

- Depression - Autoimmune diseases

- Schizophrenia - Endometriosis/uterine fibroids

- Renal disease - Learning and behavior/ADHD

- Cancer - Cancer

FIGURE 3.2 Nutritional stress or environmental chemical exposures during development
lead to many of the same health outcomes. This is not an exhaustive listing but was developed
to show health outcomes that are likely to be affected by both nutritional changes and expo-
sure to environmental chemicals as well as health outcomes that are being examined in one
area that could be examined in the other.

Developmental Environmental
Nu micals
- Maternal obesity - Bisphenol A (BPA) - Smoking/nicotine
- Organotins - Genistein
- Gestational diabetes - Perflurooctanoic - Monosodium
acids glutamate
- Developmental high fat diet - Phthalates - Diethylstilbestrol
- Polybrominated - Polychlorinated
- Developmental high sugar diet diphenyl biphenyl ethers
ethers (PBDEs) (PCBs)
- Developmental altered protein diet - Persistent organic - Organochlorine
pollutants (POPs) pesticides
- High birth weight/low birth weight - Benzo[a] pyrene - Arsenic
- Air pollution - Lead

FIGURE 3.3 Examples of perturbations in nutrition or exposure to environmental chemicals
during development that can lead to obesity later in life. This listing shows some examples
and is not meant to be a complete list. It is likely that both nutrition and chemical exposures
play a role in the susceptibility to develop obesity; thus, more research is needed to examine
their interaction. This model is likely to be useful for many of the other health outcomes.
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4.1 INTRODUCTION

Intrauterine growth restriction (IUGR) is a proxy for a number of developmental defi-
ciencies, including fetal genetic mutations, placental dysfunction, maternal uterine
vessel abnormalities, and the adequacy of maternal nutrition. Infants born small for
gestational age (SGA) were shown in numerous cohort studies to carry increased risks
for the development of chronic diseases such as type 2 diabetes, hypertension, cardio-
vascular disorders, and osteoporosis in adult life (Barker 1994). A direct link between
maternal nutritional sufficiency and the development of adult metabolic diseases was
shown through a study of individuals who experienced the Dutch famine of 1944/1945
(Painter et al. 2005). Calorie restriction in third trimester during the famine increased
the risk of subsequent glucose intolerance and type 2 diabetes in the offspring, whereas
exposure earlier in gestation resulted in a higher body mass index (BMI) and waist
circumference at age 50 years, particularly in women (Ravelli et al. 1999).

More specifically, the birth morphometry of infants with SGA is related to an
increased risk of metabolic diseases in adulthood (Bernstein et al. 1997). Infants
born with a low ponderal index and who were also thin, but with normal body length,
were more prone to develop insulin resistance as adults and demonstrated impaired
glucose tolerance, accompanied by a reduced muscle lipid content and lower rates of
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muscle glycolysis (Ravelli et al. 1998, 1999; Garofano et al. 1997). This phenotype
suggests that the fetal insult occurred subsequent to 36 weeks gestation, which is
when the fetus accumulates subcutaneous and visceral fat, and tissue glycogen stores
(Alvarez et al. 1997). Infants who were proportionally small at birth with lower body
length tended to became hypertensive as adults with increased risk of cardiovascular
diseases (Reusens et al. 1995). The reduction in body length suggests that in these
infants the fetal insult occurred earlier in gestation. Thus, critical windows may exist
during embryonic and fetal life, and perhaps in the neonatal period, where relative
nutritional deficiencies may program the risk for particular adult disease profiles.
These windows are likely to reflect critical periods or organ development, and one
organ central to metabolic disease is the pancreas. Phenotypic changes to the pancre-
atic islets of Langerhans cannot be studied in the human neonate given the present
limitations of resolution of noninvasive molecular imaging methodologies. Animal
models of maternal nutritional restriction during pregnancy have therefore been
essential to determine both short-term changes in pancreatic structure and function
in the offspring, and their long-term implications for metabolism.

4.2 THE LOW PROTEIN DIET MODEL OF
MATERNAL DIETARY RESTRICTION

Several rodent models have been utilized to study the direct effects of maternal
nutritional availability on fetal tissues or indirect effects through changes in utero-
placental function. These include a reduction in overall calorie availability in the
pregnant rat or mouse (Martin et al. 1997; Manuel-Apolinar et al. 2014), a reduction
in uteroplacental blood flow by uterine vessel occlusion (Simmons et al. 2001), or
nicotine administration to the dam to constrict the uterine blood vessels (Somm et al.
2008). A widely utilized model has been the administration of a protein-reduced but
isocalorific diet, either throughout pregnancy, during distinct windows representing
the first, second, or third weeks of pregnancy or extending until weaning around
21 days of postnatal life (Chamson-Reig et al. 2006). Such low protein (LP) diets
typically provide protein in the form of casein with a reduction to 6-9% weight per
total weight compared to 17-24% protein in the control chow. The LP diet is made
isocalorific by additional supplementation with carbohydrate. Some studies have
adjusted the methionine content of LP diets back to control dietary values to separate
the effects of general protein deficiency from the specific importance of methionine
for deoxyribonucleic acid (DNA) methylation, contributing to epigenetic patterning
of gene expression (Rees et al. 2006). A human equivalent of these long-term meta-
bolic implications following deficient protein availability during pregnancy would
be the reduced birth weight associated with restricted maternal protein intake in
vegetarian women in rural India, as characterized by the Pune Maternal Nutrition
Study (Roa et al. 2001; Fall 2009).

Provision of an LP diet to pregnant rats resulted in a reduction in maternal levels
of branched and nonbranched chain amino acids including leucine, isoleucine, and
phenylalanine (Bhasin et al. 2009). Additionally, transfer of amino acids across the
placenta to the fetus of the LP-fed dam is reduced as a result of a decreased expres-
sion of amino acid transporters such as the neutral amino acid transporter-2 (Snat2)
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(Rosario et al. 2011). This was shown to be linked to a downregulation of placen-
tal mammalian target of rapamycin (mMTOR) and insulin receptor signaling, mTOR
being an integrative signal between nutrient uptake and tissue growth. However, in
the above study, the LP diet contained only 4% protein. In a study using the same
strain of rat subjected to a 9% protein diet, the expression of Snat2 and other genes
in the amino acid response pathway, such as activating transcription factor-3 (Atf3)
and asparagine synthetase (Asns), were increased compared to dams receiving an
18% protein diet (Strakovsky et al. 2010). The increase in the expression levels of
these genes correlated with the extent of IUGR in the offspring. Consequently, it
was suggested that the placental changes might provide a signal to the fetus for an
adaptive response that predisposed to metabolic disease in later life. In the presence
of a very LP diet, this adaptive mechanism may fail and IUGR will result. Human
IUGR, which may have a number of causes other than nutritional imbalance, is asso-
ciated with a reduced presence of placental amino acid transporters in addition to
a reduction in iron and lipid transport (Glazier et al. 1997; Johansson et al. 2003,
Magnusson et al. 2004).

The effects of a maternal LP diet on the metabolism of the offspring may also
be influenced through an increased exposure to maternal glucocorticoids in utero.
The placental expression of 11 p-hydroxysteroid dehydrogenase type 2, an enzyme
that metabolizes glucocorticoids to inactive derivatives, was reduced in offspring of
a LP-fed dams (Bertram et al. 2001; Ostreicher et al. 2010). Cortisol has also been
shown to downregulate the expression of the important transcription factor Pdx1 in
the embryonic pancreas, which may subsequently limit insulin release and f-cell
differentiation.

4.3 METABOLIC AND PANCREATIC PHENOTYPE AT BIRTH

The feeding of an LP diet to rats throughout gestation results is an approximate 10%
reduction in mean litter birth weight at term (Petrik et al. 1999). However, birth weight
is not reproducibly lowered if the model is applied to the mouse (Cox et al. 2010). The
offspring of LP-fed rats exhibited an altered circulating amino acid profile, with the
greatest reduction being in circulating taurine. Corticosterone levels are increased
in such animals, and circulating levels of insulin-like growth factor-I (IGF-I) are
reduced (Herbert and Carillo 1982). In both mice and rats, maternal exposure to LP
throughout gestation caused a significant reduction in the weight of the pancreas and
liver of the offspring at birth, but not brain. Within the pancreas, the f-cell mass and
mean islet size were both significantly lower than for control diet-fed dams (Petrik et
al. 1999). Once islets of Langerhans were isolated in late fetal life, those from LP-fed
rats had a lower basal insulin release than control islets, with less insulin release
when challenged with glucose, arginine, or leucine (Cherif et al. 1998).
Mechanistically, exposure to a maternal LP diet until weaning in rats altered
both the cell-cycle kinetics of P-cells in the offspring and the local presence of
growth factors within the pancreatic environment. Offspring experiencing an LP
diet had a decreased rate of p-cell replication and a higher rate of B-cell apoptosis
(Petrik et al. 1999). Based on the presence of cell cycle—specific proteins in situ,
detected by immunocytochemistry, the p-cell cycle length was longer in offspring
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of LP-fed rats because of an extended Gl phase. This appears to be linked to a
reduced activation of key mitogenic signaling pathways within B-cells such as the
phosphorylation of forkhead-O1 (FoxO1) and extracellular signal-related kinase 1/2
(Erk1/2) (Rafacho et al. 2009). The pancreatic expression of IGF-II within the pan-
creas was also reduced, as was the key transcription factor for f-cell differentiation,
Pdx1 (Petrik et al. 1999). IGF-II can function as both a mitogen and prevent apop-
tosis of P-cells within the pancreas in early life (Hill 2011). In the Goto Kahizaki
(GK) rat model of type 2 diabetes, the production of IGF-II in the fetus is defec-
tive (Serradas et al. 2002). These animals exhibit an impaired regeneration of -cell
following partial pancreatectomy, demonstrating the importance of IGF-II for the
maintenance of B-cell mass (Plachot et al. 2001). It has been suggested that the phe-
notypic changes to the B-cell following exposure to an LP diet in early life are not
simply a blunting of growth and survival but a premature switch from proliferation
to differentiation (Rodriguez-Trejo et al. 2012). This was based on the higher expres-
sion of mRNAs following birth for 13 key genes required for f-cell maturation,
including hepatocyte nuclear factor a (Hnfl1a), hepatocyte nuclear factor 4a (Hnf4a),
Rfx6, and solute carrier family 2, member 2 (Slc2a2).

We found in the rat that intraislet vascular density was lower in the offspring of
LP-fed mothers at birth (Nicholson et al. 2010) and remained lower than in control-fed
animals in adulthood. This is relevant to islet functional capacity as signaling occurs
across the basement membrane separating the -cell from capillary endothelial cells.
Such signaling is mediated by both integrins and the paracrine actions of locally
produced growth factors that include vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) (Johannson et al. 2006; Nikolova et al. 2006).
VEGF-A is required to maintain a fenestrated endothelium within the islet that allows
for rapid glucose sensing from the circulation and the excretion of insulin into the
hepatic portal vein (Johannson et al. 2006). In offspring from LP-fed rats, the num-
ber of B-cells exhibiting both VEGF and the VEGF receptors was reduced compared
to those receiving control diet (Nicholson et al. 2010). Changes to the microvascular
density were not specific to the pancreas, but also observed in the endometrium, ova-
ries, and skeletal muscle (Ferreira et al. 2010), and the changes extended to function
with a reduction in endothelial dilatation (Sathishkumar et al. 2009). LP diet-related
deficiencies in islet vascular density may reflect underlying changes in the presence
of endothelial progenitor cells (EPCs). We and others have demonstrated that such
cells, when delivered exogenously, were capable of increasing -cell mass through
the promotion of islet angiogenesis, and by enhanced proliferation of existing -cells
or by the differentiation of progenitors (Hess et al. 2003; Hasegawa et al. 2007). The
pancreatic population of EPCs was quantified by immunostaining for nestin, CD34,
and c-kit and was shown to be decreased in parallel with B-cell mass in the offspring
of LP-fed rats (Joanette et al. 2004).

Exposure to an LP diet during gestational weeks 1 and 2 of pregnancy alone
resulted in a significant decrease in the mean islet area in the offspring on the day
of birth with a particular deficiency in the number of large islets (Chamson-Reig et
al. 2006). This again suggests that the effects of the LP diet on islet phenotype were
exerted as early as pancreatic organogenesis. Exposure of rats to the LP diet during
either weeks 2 or 3 of gestation also resulted in a significant decrease in p-cell mass
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and reduced pancreatic Pdx1 expression at birth. Some gender-specific differences
were observed with week 2 being the most critical period for B-cell mass in females,
while week 3 was more relevant for male offspring (Thyssen et al. 2003). Thus, a
number of critical windows may exist for altered endocrine pancreatic development
in response to an LP insult, extending from implantation of the embryo through to
maturation of differentiated -cells in the neonate.

The changes in the phenotype or abundance of resident stem or progenitor popula-
tions within pancreas may be determined very early in life. When pregnant rats were
given the LP diet in the preimplantation period only, from conception to 4 days, both
the birth weight and postnatal growth rate of offspring were impaired compared to
control-fed animals (Kwong et al. 2000). When blastocysts were harvested at the time
of implantation they already exhibited a reduced cell number within the inner cell mass,
which is the source of all embryonic stem cells, and at a slightly later stage of develop-
ment within the trophectoderm, which gives rise to the placenta (Kwong et al. 2000).

The pancreatic phenotype in the offspring following exposure to the LP diet
could be linked to changes in resident progenitor -cells within the pancreas, with
origins during pancreatic organogenesis. We and others have recently described
such a resident precursor population within both the islets and the small but abun-
dant endocrine cell clusters of the pancreas (Smukler et al. 2011; Beamish et al.
2016). These cells express low levels of insulin but are functionally inactive as they
lack adequate levels of the Glut2 glucose transporter. In contrast to differentiated
B-cells, the precursor cells are highly proliferative and have multilineage capac-
ity, being able to give rise to all pancreatic endocrine cell types as well as neural
lineages (Beamish et al. 2016). Further evidence that dietary restriction in early
life alters a p-cell progenitor phenotype was obtained in vitro. Islets were isolated
from neonatal mice exposed in utero to a control or LP diet and were dediffer-
entiated during culture over 4 weeks to yield ductal epithelial cell-like cells that
expressed cytokeratin 19 but no longer expressed insulin (Beamish et al. 2007).
Duct-like cells could be redifferentiated to form pseudoislets in the presence of
IGF-II and fibroblast growth factor-7 (FGF7). The proliferation rate of cell cultures
from LP-fed offspring was significantly lower compared to those from control-fed
animals and their ability to form pseudoislets and reexpress insulin was virtually
abolished. In line with the morphological findings, the relative expression of tran-
scription factors required for the differentiation of functional P-cells within the
pseudoislets such as Pdx1, Pax6, and Ngn3 was significantly reduced for cells from
LP-exposed mice (Beamish et al. 2007).

4.4 LONG-TERM CHANGES IN PANCREATIC AND
METABOLIC FUNCTION AND PLASTICITY

If a maternal LP diet is replaced by control diet in rodent models at birth then the islet
morphology and B-cell mass in the offspring will partially recover, but if extended
until weaning the changes are irreversible and will lead to glucose intolerance in
later life (Boujendar et al. 2002). This can be partly explained by the importance
of the neonatal period for B-cell maturation in rodents, and the associated turnover
of endocrine cells from progenitors that occurs to yield B-cell populations that are
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glucose responsive (Trudeau et al. 2000). These processes are essential for setting a
plasticity for both islet function and number for lifelong glucose homeostasis. When
LP feeding was extended to weaning, islets from offspring possessed a lower p-cell
mass with impaired glucose-stimulated insulin release (Petrik et al. 1999). In addi-
tion to direct long-term programming of f-cell function by an LP diet, there are
also likely to be indirect effects, including changes to insulin secretion in response
to stimulation by the autonomic nervous system. Perinatal protein restriction was
shown to alter vagus nerve electrophysiology to reduce the insulinotrophic effects of
acetylcholine within parasympathetic pathways (de Oliveira et al. 2011).

The window of fetal exposure to an LP diet did not appear to change the trajec-
tory toward glucose intolerance as adults, nor did gender; however, the pancreatic
phenotype did alter with gender. When rats were exposed to an LP diet for the first
2 weeks of gestation only, or weeks 2 or 3 alone, all became glucose intolerant by
130 days of age (Chamson-Reig et al. 2009). Pancreatic morphology was examined
in the offspring on postnatal day 21 compared to the day of birth. Although the mean
islet area and the number of B-cells were reduced at birth regardless of the period of
LP, the deficit was greatest in those given LP in gestational week 2 in females and
in week 3 in males, and this was greater than for animals exposed to LP continu-
ously. As adults, the glucose intolerance seen in male offspring that received an LP
diet in early life was predominantly due to peripheral insulin resistance, while for
females the primary defect was a decreased p-cell mass. Also, islets from either
gender were more prone to cytokine-induced apoptosis following exposure in vitro
(Reusens et al. 2011). These deficiencies could be transmitted to the F2 generation
when F1 pregnant females born from LP-fed mothers were maintained on normal
protein diet through gestation.

While glucose-stimulated insulin release remains impaired throughout life in off-
spring from rodents receiving an LP diet during pregnancy, there is also evidence that
the turnover and generation of new p-cells are compromised. Several laboratories
have examined the impact of a gestational LP diet in the mouse on the plasticity of
B-cells in the offspring to recover from experimental depletion using streptozotocin
(STZ) (Cox et al. 2010; Goosse et al. 2014). Mice subject to an LP diet during gesta-
tion and neonatal life were unable to recover -cell mass following a subtotal deple-
tion of these cells by treatment with STZ (Cox et al. 2010). It cannot be concluded if
the failure of islet plasticity is primarily due to an intrinsic change in the regenerative
mechanisms within p-cells or their progenitors or is due to a failure of angiogenesis
within the supporting islet microvasculature, which was also impaired. There was
a paradoxical increase in the number of Pdx1*/insulin- putative p-cell progenitors
(Cox et al. 2010) in the offspring of LP-fed mice following STZ, suggesting that their
differentiation into mature p-cells might have been impaired. A specific block on
f-cell maturation during regeneration following exposure to an LP diet is supported
by a failure to increase the number of insulin-positive cell clusters, or individual
insulin-positive cells adjacent to the pancreatic ducts as was seen on control-fed
animals. This would suggest a failure of endocrine cell neogenesis as a legacy of LP
exposure. The longer term implication of LP exposure was a permanent reduction in
the numbers of islets relative to animals receiving STZ that were control-fed in early
life, especially in females. The failure of islet plasticity is consistent with changes in
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other tissues following exposure to LP in early life, such as an impaired recovery of
male adult rats following ischemia reperfusion (Ryan et al. 2012).

The deficits in pancreatic p-cell mass occurring in the F1 generation where rats
or mice were exposed to an LP diet in utero can be transmitted through subsequent
generations. A reduced mean birth weight was found in F1 offspring. However, when
F1 females gave birth while receiving control diet throughout gestation, the F2 gen-
eration newborns were of slightly increased birth weight and the F3 offspring were of
normal size at birth (Frantz et al. 2011). However, the islet density and size continued
to be reduced relative to controls in the F2 and F3 offspring. While this was associated
with glucose intolerance in adulthood for F1 and F2 offspring, in the F3 generation the
lower B-cell mass was compensated for by an increased insulin sensitivity. However,
others have noted that F2 generation females born to F1 animals that were exposed to
an LP diet in utero demonstrate glucose intolerance during pregnancy (Benyshek et al.
2006; Ignacio-Souza et al. 2013). It is, therefore, possible that F3 females might show
a continued legacy of impaired glucose metabolism when they subsequently become
pregnant. This would imply a transmission across at least three generations.

4.5 EARLY DIETARY INSULT AND THE MAMMALIAN
TARGET OF RAPAMYCIN AXIS

mTOR is a serine/threonine kinase that represents a major crossroads in intracel-
lular signaling that connects the sensing of nutritional availability with growth
and maturation signals transmitted by peptide growth factors and hormones. The
result is a well-tuned integration of cell proliferation and protein translation to suit
the cellular external environment (Peng et al. 2002; Jacinto and Hall 2003; Hay
and Soneneberg 2004; Martin and Hall 2005; Tee and Blenis 2005). There are two
functional complexes of mTOR, mTOR complex 1 (mMTORCI) that incorporates the
protein regulatory-associated protein of mTOR (Raptor) and mTORC?2 that includes
rapamycin-insensitive companion of mammalian target of rapamycin (RICTOR).
When mTORCT is activated by growth factors or amino acids, there is a downstream
phosphorylation (activation) of ribosomal S6 kinasel (S6K1) and eukaryote initiation
factor 4E-binding protein 1 (4E-BP1), which upregulates cellular protein translation.
However, activation of mTORC?2 is more closely linked to entry of cells into the pro-
liferative cycle through the phosphorylation of PKCa (Balcazar et al. 2009; Jacinto
et al. 2004), such that cell proliferation and function can be balanced. Rapamycin is
a specific inhibitor of mTORCI1 and mTORC?2 at high doses (Sarbassov et al. 20006;
Rosner and Hengstschlager 2008). The tuberous sclerosis complex (7SC) genes func-
tion as specific inhibitors of mTOR.

The regulation of B-cell mass and insulin secretion is integrated with nutritional
availability through the mTOR pathway, and rapamycin inhibits -cell proliferation
in vitro through predominantly the inhibition of mTORCI (Nir et al. 2007; Niclauss
et al. 2011). The increase in pancreatic f-cell mass that occurs in response to persis-
tent hyperglycemia is prevented by rapamycin treatment in vivo (Fraenkel et al. 2008).
As would therefore be expected, a deletion of the 7SC2 gene resulted in an increase in
mTOR signaling and greater cell proliferation and hypertrophy (Rachdi et al. 2008;
Bartolome et al. 2010). The survival of B-cells is also linked to mTOR signaling
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because the ability of IGF-I or II to prevent apoptosis is mediated by mTOR acting
downstream of Akt signaling (Cai et al. 2008). Similar survival effects are seen with
glucagon-like peptide-1 (GLP-1), but in that case through the activation of cyclic
adenosine monophosphate (AMP) (Kwon et al. 2004).

Young offspring from rats given an LP diet during gestation had a decrease in the
amounts of mMTOR protein and activated p70 S6K1 within the pancreatic islets, asso-
ciated with the expected impairment of glucose and amino acid-stimulated insulin
release (Filiputti et al. 2008, 2010). Neonatal mice from dams receiving control diet
during gestation were able to regenerate their f-cell mass over 4 weeks if this was
previously reduced by approximately 70% by administration of STZ (Cox et al. 2013).
However, mice from dams given an LP diet could not replace their -cell mass, sug-
gesting that exposure to an LP diet had severely impaired p-cell plasticity. Male off-
spring subsequently became severely diabetic. Changes in the expression of genes in
the mTOR pathway were examined within whole pancreas or isolated islets within
this model. Messenger RNAs encoding mTOR and cell cycle genes such as cdk2 were
much reduced following STZ and recovered in mice from control diet-fed mothers but
not those receiving an LP diet (Cox et al. 2013; Alejandro et al. 2014). Conversely, the
expression of 7SC2 was significantly increased in the LP + STZ animals, but expres-
sion of Raptor or Rictor was not changed. Isolated islets exposed to rapamycin from
offspring of control-fed mice exhibited a decrease in the rate of DNA synthesis to
the low levels seen in islets from LP-exposed offspring and had an increased rate of
apoptosis. A prevention of mTOR signaling within islets, as seen in the LP diet model,
therefore has prolonged detrimental effects on islet plasticity and survival.

Recently, the mTOR pathway in pancreatic B-cells has been shown to integrate
with the Hippo-Yes-associated protein (Yap) pathway during cell proliferation and
its relationship to the retention of -cell function. Yap is a transcriptional coactivator,
which, in the absence of negative regulation, interacts with the TEA domain (TEAD)
family of transcription factors that promote the expression of genes controlling cell
proliferation and survival (Hansen et al. 2015). Yap is highly expressed early in pan-
creas development in the mouse embryo but expression decreases as f-cells differ-
entiate and becomes undetectable in adult islets (George et al. 2012). Experimental
reactivation of Yap signaling in p-cells results in renewed cell proliferation (George
et al. 2015). Signaling through the mTOR pathway was shown to be directly linked
to Yap activation allowing for a continued basal mitogenesis of p-cells while these
cells can simultaneously remain functionally active (Hansen et al. 2015). However, a
permanent suppression of mTOR signaling as seen in offspring of LP-fed mice will
likely reduce the physiological turnover of B-cells and result in a progressive loss of
B-cell mass through the suppression of the Yap pathway.

4.6 EPIGENETIC MODIFICATION OF GENE EXPRESSION
FOLLOWING EXPOSURE TO A LOW PROTEIN DIET

Epigenetic biochemical modifications to genomic DNA or the supporting chromatin
in response to environmental changes in utero, including nutritional metabolites, can
alter the metabolic axis in the offspring for life and may be transmittable to future
generations. The most common modifications in terms of metabolic imprinting
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are differential DNA methylation and changes in acetylation or methylation of
lysine in the histone regions of chromatin (Fuks 2005; Simmons 2007). The abil-
ity to alter DNA methylation on cytosine is due to the actions of methyltransferase
enzymes, with cytosine residues occurring frequently in guanine-cytosine (GC)-rich
sequences within gene promoter regions. An absence or a limited methylation of
promoter regions typically results in a greater expression of the associated proteins,
whereas increased methylation results in a decrease expression. Histone proteins can
be modified at the amino terminus by acetylation, methylation, and other modifica-
tions, which change the compactness of the DNA—chromatin complex and alter the
ability of transcription factors to bind to gene promoter regions. Dietary manipula-
tion during gestation can alter gene promoter DNA methylation (Cooney et al. 2002).
Adult humans malnourished in utero during the Dutch hunger winter of 1944 and
who subsequently developed type 2 diabetes showed a decreased methylation of the
IGF-II gene promoter (Heijmans et al. 2008). Conversely, maternal diabetes was
associated with altered methylation of genes involved with glucose metabolism and
cell replication in cord blood cells from the newborns (El Hajj et al. 2013).

During pancreas organogenesis nutritional insults can cause epigenetic changes in
the expression of the transcription factor Pdx1, which is necessary for the differen-
tiation of B-cells from progenitors and for insulin biosynthesis. [IUGR in the rat was
accompanied by a reduced expression of Pdx/ mRNA in the fetal pancreas, which was
subsequently suppressed throughout life with animals becoming glucose intolerant
(Pinney and Simmons 2012). This occurred no matter whether animals were restored
to normal protein diet at birth or at weaning (Abuzgaia et al. 2015). When islets were
isolated from IUGR fetuses, there was a reduced level of acetylation on H3 and H4
histones within the Pdx/ promoter, preventing transcriptional activation by Upstream
stimulatory factor 1 (USF1) (Park et al. 2008). Following birth the histone compac-
tion continued around the Pdx] gene with a reduction in H3 acetylation but increased
methylation of H3K9, and an age-related reduction in Pdx/ expression resulting in
a smaller B-cell mass with impaired glucose-stimulated insulin secretion. A second
gene that can be epigenetically modified in B-cells is HNF4a, which is required for
B-cell development from progenitor populations. Rats born to mothers fed an LP diet
during gestation showed a reduced expression of HNF4a in pancreas with a decreased
acetylation of the P2 promoter at the H3 region and enhanced methylation at H3K9
(Sandovici et al. 2011). These changes are normally age related but occurred prema-
turely in offspring exposed to an LP diet. It is likely that long-lived epigenetic modifi-
cations to the expression of genes controlling -cell mass and function occur as a result
of early exposure to an LP diet, but the phenotype of poor glucose tolerance may well
involve epigenetic changes to genes controlling tissue insulin sensitivity also. Such
changes to the expression of the glucose transporter, Glut4, in peripheral tissues have
been reported (Raychaudhuri et al. 2008).

Programming of a transgenerational transmission of impaired p-cell function as
a result of LP exposure could also be mediated through mitochondrial DNA, which
is exclusively inherited from the mother. Because mitochondria in p-cells directly
regulate glucose-stimulated insulin secretion by providing adenosine triphosphate
(ATP) for energy-dependent ion channel activation, permanent changes to mitochon-
drial gene expression associated with altered function may be transmittable across
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generations. f-Cells have much higher ATP requirements than many other cell types
but are equipped with lower endogenous levels of antioxidants (Rashidi et al. 2009).
Exposure of the F1 generation to an LP diet in utero resulted in an increased gen-
eration of reactive oxidant species and a reduced expression of mitochondrial gene
cytochrome c¢ oxidase 1 (COX1) (Lee et al. 2011), resulting in permanent damage
to mitochondrial function (Theys et al. 2011; Simmons et al. 2005). These changes
were restored by taurine supplementation to the LP diet (Lee et al. 2011).

4.7 PREMATURITY OF CELLULAR AGING

The lifelong changes in the phenotype and function of the pancreas in offspring
exposed to a maternal LP diet may also represent a premature aging of tissues and the
associated cellular oxidative stress and decreased cellular plasticity. Cellular aging
and the onset of senescence are controlled by telomerase, which shortens the telo-
mere length within chromosomes each time a cell undergoes mitosis. In humans,
the telomere length reduction starts during embryogenesis with a rapid decline after
week 6 of gestation and a more gradual decline until birth and thereafter (Cheng et
al. 2013). The telomerase enzymes include telomerase reverse transcriptase (TERT)
and the RNA template (TERC). Cellular and physiological stress causes an increased
rate of telomere shortening throughout life (Shalev et al. 2013). Thus, a reduced copy
number of the 7erc gene was reported in placenta from infants with IUGR leading to
decreased telomerase and enhanced telomere shortening (Biron-Shental et al. 2011).
TERT is present in the mitochondria as well as the nucleus and mitochondrial lev-
els are increased in response to cellular oxidative stress as occurs in offspring of
diabetic mothers as measured in cord blood mononuclear cells (Li et al. 2014). The
altered ratio of TERT within mitochondria compared to nuclei could result in cellular
aging with a reduction in p-cell survival and plasticity, coupled with premature insu-
lin resistance in peripheral tissues such as muscle, adipose, and liver. The numbers
of shortened telomeres increased more rapidly with aging in rat tissues for animals
exposed to an LP diet in utero, including the pancreatic islets (Cherif et al. 2003).
This was associated with an increased expression of pl6™K  which is an inhibitor
of B-cell proliferation (tarry-Adkins et al. 2013). Consequently, the lifespan of the
offspring from mothers who received an LP diet was shortened compared to those
from control-fed mothers (Jennings et al. 1999), and the normal age-related reduction
in responsiveness of B-cells to glucose occurred prematurely (Morimoto et al. 2012).

4.8 REVERSAL OF PANCREATIC DYSFUNCTION BY
DIETARY SUPPLEMENTATION WITH TAURINE

Taurine is an abundant sulfur-containing amino acid with tissue levels being greatest
in brain, proinflammatory cells, and pancreas (Briel et al. 1972). It is localized to both
a- and B-cells within the islets (Bustamante et al. 2001). Adult humans can maintain
adequate endogenous taurine levels by metabolism from dietary methionine and cys-
teine, but the synthetic capacity is much lower in the neonate and reduced yet further
in infants with ITUGR (Zelikovic et al. 1990). There are widespread cellular actions of
taurine including a regulation of cell volume, extracellular and intracellular calcium
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mobilization, and an antiapoptotic action in hepatocytes, endothelial cells, macro-
phages, and renal tubules (Huxtable 1992; Palmi et al. 1999; Wu et al. 1999; Barua et
al. 2001; Takikawa et al. 2001; Verzola et al. 2001). The ability of taurine to prevent
apoptosis is mediated by the Fas pathway. Animals born to LP diet-fed rats have an
increased presence of immunoreactive Fas and Fas ligand within islets, which con-
tributes toward a higher rate of p-cell apoptosis, especially at the time of neonatal
developmental apoptosis around postnatal day 14. Similarly, nutritional supplemen-
tation of mothers with methyl donors such as folic acid, or micronutrient-rich veg-
etables may also improve newborn outcome (Potdar et al. 2014).

Taurine levels are reduced in the blood of pregnant rats given an LP diet compared
to controls, and taurine levels in the fetus are depleted more than any other amino acid
(Reusens et al. 1995; Cherif et al. 1998). Taurine supplementation of an LP diet alone was
also able to reverse all of the changes in p-cell physiology in the offspring that resulted
from feeding an LP diet. These included a normalization of p-cell mass and prolif-
erative rate, the islet microvascular density, glucose and amino acid-stimulated insulin
release, and the local abundance of IGF-II and VEGF (Cherif et al. 1998; Boujendar et
al. 2002, 2003). The ability of taurine to enhance glucose-stimulated insulin secretion
involves an increased flux of both extracellular and intracellular Ca?* through activation
or both the phosphokinase A (PKA) and PKC pathways (Batista et al. 2012; Carneiro
et al. 2009; Ribeiro et al. 2010). The cross talk between these pathways is disrupted fol-
lowing exposure to LP resulting in a decreased efficiency of insulin exocytosis, which is
restored by taurine (Lippo et al. 2015). In addition, taurine has been shown to increase
levels of the ATP-sensitive K*ATP channels on f-cells (Vettorazzi et al. 2014). Both
Fas and Fas ligand presence were reduced by taurine supplementation resulting in less
[-cell apoptosis. Additionally, supplementing the tissue culture medium of isolated rat
islets with taurine, or adding taurine to an LP diet, prevented interleukin-1 (IL-1) and
transforming growth factor a (TGF-a) induced apoptosis within p-cells and restored
insulin secretion (Merezak et al. 2001). This suggests that selective nutritional supple-
mentation can alter endocrine pancreatic development and functional trajectory and can
offset the damage in early life caused by an LP diet.

4.9 REVERSAL OF PANCREATIC DYSFUNCTION
WITH STATIN TREATMENT

In addition to their cholesterol lowering actions, statins also exert pleiotropic actions.
These include increased nitric oxide (NO) synthesis and antioxidant effects lead-
ing to improved endothelial cell function (Wang et al. 2008), a reduction of ath-
erosclerotic plaque (Ikeda et al. 2000; Dulak et al. 2006; Wang et al. 2008), and
anti-inflammatory actions with a reduction in circulating C-reactive protein
and inflammatory cytokines. Offspring from rats given an LP diet during gesta-
tion showed improved blood vessel dilation following treatment with atorvastatin
(Torrens et al. 2009). This is likely to be associated with microvascular angiogen-
esis also as statin treatment increased the numbers of circulating EPCs in a pig
model (Mohler et al. 2009), increased proliferation of EPCs in vitro (Assmus et al.
2003), and delayed diabetes onset in two different mouse models of T1D, including
STZ treatment (Rydgren et al. 2007). These actions are independent of the ability
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of statins to inhibit hydroxymethylglutaryl-CoA synthase (HMG-CoA) reductase
activity (Rydgren and Sandler 2009). Following experimental reduction in f-cell
mass with STZ in neonatal rats, subsequent treatment with atorvastatin improved
the recovery in p-cell mass and of glucose tolerance (Marchand et al. 2010). This
was accompanied by an increase in the number of proliferating intraislet endothelial
cells and the proliferation of adjacent p-cells. Therefore, it is not clear if the ability
of statins to rescue P-cell mass is a direct action on the proliferation of remain-
ing P-cells or indirect through an enhanced presence of EPCs from bone marrow
leading to islet vasculogenesis.

4.10 CONCLUSIONS

Some of the effects of maternal protein deprivation on fetal 3-cell mass and func-
tion involve changes to placental function but many are direct. Mechanisms involve
changes to progenitor cell number and differentiation capacity and long-term
changes in p-cell proliferation, survival, and plasticity (Figure 4.1). These involve
a resetting of key integrative intracellular pathways such as mTOR and Hippo-Yes,
but may have a root cause in an advancement in the rate of cellular aging. Certain
amino acids, such as taurine, appear to be particularly important for determining a
normal trajectory for f-cell development. If the nutritional insult is reversed at birth
a limited recovery is possible, but if extended to weaning then the effects are long
lasting and impair the ability of B-cells to recover from metabolic stress, resulting in
diabetes. This suggests that a reversal of risk in the context of the low birth weight
human infant may require nutritional supplementation or pharmacological interven-
tion either in utero or in early postnatal life.

Low Protein Diet

Changes to -Cell Phenotype
— Reduced progenitor number
Decreased proliferation
Increased apoptosis
Advanced cellular aging
Changes in mTOR and Hippo-Yes
signaling
Epigenetic changes to key genes
Impaired cellular plasticity
Reduced glucose-stimulated
insulin release
~—— Reduced islet microvasculature

Postnatal Diabetes

FIGURE 4.1 Mechanisms implicated in the long-lasting reduction of f-cell mass and func-
tion in the offspring of animals exposed to a maternal low protein diet during gestation and
neonatal life.
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5.1 INTRODUCTION

The development of disease later in life has been linked to exposure to an adverse
intrauterine environment, as observed in offspring of pregnancies complicated by
intrauterine growth restriction (IUGR), obesity, or diabetes (Hales and Barker 1992,
2001; Kermack et al. 1934; Ravelli et al. 1976, 1998; Valdez et al. 1994). The period
from conception to birth is a time of rapid growth, cellular replication and differen-
tiation, and functional maturation of organ systems. These processes are very sensi-
tive to alterations in nutrient availability and an abnormal intrauterine metabolic
milieu can have long-lasting effects on the offspring. Perhaps the best example of
how nutrient availability during pregnancy affects long-term health and disease in
the offspring is exemplified by the Dutch Hunger Winter. This period of famine
occurred in the western part of the Netherlands during the winter of 1944-1945; the
period of famine was clearly defined, and official food rations were documented.
Extensive health care and birth weight registries still exist for this population, which
have allowed numerous studies to be performed, which have clearly shown that pre-
natal exposure to famine is associated with the later development of diseases such as
obesity, diabetes, and cardiovascular disease (Lumey et al. 2007).
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5.2 INTRAUTERINE GROWTH RESTRICTION AND
INSULIN SECRETION IN HUMANS

Glucose-stimulated insulin secretion and glucose removal are impaired severely in
the IUGR human fetus (Nicolini et al. 1990). This may in part reflect decreased
f3-cell mass, which was severely reduced in IUGR fetuses (<1.5 kg) in one study (Van
Assche et al. 1977). Béringue and colleagues did not find altered -cell mass in less
severely restricted human fetuses (<10th percentile for birth weight), although this
lack of effect may also reflect the variety of causes of [UGR and range of gestational
ages within the cohort (Béringue et al. 2002).

Insulin secretion relative to insulin sensitivity and hence demand is substantially
impaired in children and adults who grow poorly before birth in most (Jensen et al. 2002;
Veening et al. 2003; Mericq et al. 2005) but not all studies (Jaquet et al. 2000). Jensen
et al. (2002) measured insulin secretion and insulin sensitivity in a well-matched
Caucasian population of 19-year-old glucose tolerant men with birth weights of either
below the 10th percentile (small for gestational age [SGA]) or between the 50th and
75th percentile (controls). To eliminate the major confounders such as “diabetes
genes,” none of the participants had a family history of diabetes, hypertension, or isch-
emic heart disease. There was no difference between the groups with regard to current
weight, body mass index (BMI), body composition, and lipid profile. When controlled
for insulin sensitivity, insulin secretion was reduced by 30%. However, insulin sensi-
tivity was normal in the SGA subjects. The investigators hypothesized that defects in
insulin secretion may precede defects in insulin action and that once SGA individuals
accumulate body fat, they will develop insulin resistance (Jensen et al. 2002).

5.3 RESTRICTED FETAL GROWTH AND INSULIN
SECRETION IN OTHER ANIMAL SPECIES

Animal models have a normal genetic background upon which environmental effects
during gestation or early postnatal life can be tested for their role in inducing an
abnormal metabolic phenotype. The most commonly used animal models for [UGR
are caloric or protein restriction, induction of uteroplacental insufficiency (UPI), or
glucocorticoid administration in the pregnant rodent, sheep, guinea pig, and nonhu-
man primate. Remarkably, results from many of these investigations seem to suggest
a common offspring phenotype of impaired [3-cell function consistent with what has
been observed in humans after [IUGR.

5.3.1 UTEROPLACENTAL INSUFFICIENCY

UPI is one of the most common causes of [IUGR, as only in the face of severe mal-
nutrition is fetal growth adversely affected by maternal diet, while in contrast UPI
significantly reduces nutrient availability to the fetus even in the context of ade-
quate maternal diet. Bilateral uterine artery ligation at day 18 of gestation in the rat
(where term is 22 days) restricts fetal growth, and similar to the human IUGR con-
dition, levels of glucose, insulin, insulin-like growth factor I (IGF-I), amino acids,
and oxygen are reduced (Ogata et al. 1986; Simmons et al. 1992, 2001; Unterman
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et al. 1993 Boloker et al. 2002). At birth, IUGR newborns have decreased weight
but normal p-cell mass. However, despite having normal numbers of -cells, f-cell
function is markedly impaired as demonstrated by blunted first phase insulin secre-
tion. Glucose- and leucine-stimulated insulin release from isolated islets is markedly
impaired, but insulin release in response to arginine is normal, suggesting that the
secretory apparatus is intact (Simmons et al. 2001, 2005). As the animals age, p-cell
mass progressively declines and by 6—9 months of age, f-cell mass in UPI offspring
is only about 10% of control values (Simmons et al. 2001; Stoffers et al. 2003).
Placental restriction (PR) in the sheep, either through carunclectomy or maternal
hyperthermia (Bell et al. 1987; Thureen et al. 1992; Ross et al. 1996; Anderson et al.
1997; Galan et al. 1999), limits placental delivery of substrates including oxygen and
glucose to the PR fetus, which also exhibits the endocrine adaptations and reduced
growth characteristic of human IUGR, including reduced circulating and tissue lev-
els of IGF and other anabolic hormones and an early and amplified prenatal surge
of cortisol (Robinson et al. 1979; Harding et al. 1985; Owens et al. 1987, 1989, 1994;
Kind et al. 1995; Phillips et al. 1996). Before birth, the PR ovine fetus induced by
surgical restriction of placental growth has reduced overall insulin secretion in vivo,
although this is normal when corrected for insulin sensitivity (Owens et al. 2007).
Similarly, the more severe hyperthermia-induced growth restriction in sheep also
reduces basal- and glucose-stimulated insulin secretion in absolute terms (Limesand
et al. 2005, 2006). After birth, the young growth-restricted adult sheep, particularly
the male, has reduced basal- and glucose-stimulated insulin secretion, which is even
more marked when adjusted for the reduced insulin sensitivity (Owens et al. 2007).

5.3.2 MATERNAL MALNUTRITION

In the rat, maternal dietary protein restriction (isocaloric 8% versus 20% protein)
throughout gestation and lactation retards fetal growth, and the structure and func-
tion of the endocrine pancreas are altered in the offspring (Snoeck et al. 1990; Dahri
et al. 1991; Petrik et al. 1999). Islet cell proliferation, size, and vascularization are
reduced, and both pulsatile and peak insulin secretory capacity in vivo and in vitro
are impaired in the newborn (Snoeck et al. 1990; Dahri et al. 1991; Petrik et al. 1999).
Many of these defects persist into adulthood (Heywood et al. 2004; Dahri et al. 1991;
Snoeck et al. 1990, Berney et al. 1997; Wilson and Hughes 1997; Bertin et al. 1999;
Boujendar et al. 2003; Petrik et al. 1999; Petry et al. 2001). Of importance, there
does not appear to be a gender-specific effect as the adult offspring female rats also
exhibit reduced pancreatic insulin content and p-cell mass (Bertin et al. 1999).
Restricting the diet to 50% of total calories (termed total caloric restriction) dur-
ing the last week of pregnancy also has significant effects on the pancreas. In male
rats, B-cell mass is decreased at birth and at 21 days of age (Garofano et al. 1997).
The effect is even more pronounced when caloric restriction is given throughout
pregnancy (Dumortier et al. 2007). Likewise, extending caloric restriction after
birth until weaning further impairs -cell development, causing a reduction of 66%
of the p-cell mass at 21 days (Garofano et al. 1998). In adulthood, these animals
develop insulinopenia (Garofano et al. 1999). However, it is not known whether the
insulin secretory defect is solely due to reduced p-cell mass or whether a restricted
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maternal diet induces a functional deficit independent of mass. In contrast to the
studies by Garofano et al., studies by Bertin et al. did not observe any changes in
B-cell mass or insulin content in the total caloric restriction group in adult male
or female offspring. These studies only demonstrated an effect on the pancreas in
adult offspring of dams fed a protein-restricted diet during the last week in preg-
nancy (Bertin et al. 1999).

5.4 MECHANISMS OF IMPAIRED INSULIN SECRETION

5.4.1 RecuLATION OF 3-CELL MAss

Intriguingly, offspring of all of the rodent models described above display marked
reductions in P-cell mass indicating that the B-cell plays a primary role in the
development of the metabolic phenotype. Several transcription factors have been
shown to be essential for the development of the pancreas (reviewed in Habener
et al. 2005). The embryonic development of B-cells is critically dependent on the
function of the basic helix—loop—helix transcription factor neurogenin 3 (Ngn3).
PDX-1 (also known as IDX1, IPF1, STF1, X1hBox8, GSF, and IUF) is a homeodo-
main-containing transcription factor that plays two critical roles, first in the early
development of both endocrine and exocrine pancreas, and then in the later dif-
ferentiation and function of the p-cell. Targeted homozygous disruption of PDX-1
in mice results in pancreatic agenesis (Jonsson et al. 1994; Offield et al. 1996);
homozygous mutations yield a similar phenotype in humans (Stoffers et al. 1997a)
and heterozygous mutations cause MODY in the human (Stoffers et al. 1997b;
Bernardo et al. 2008).

During embryonic development, fewer Ngn3 (-20%) and Pdx1 (—47%) positive
cells are present in the pancreas of calorically restricted as well as in UPI fetuses
in comparison to controls, consistent with a decrease in the p-cell precursor pool
(Stoffers et al. 2003; Dumortier et al. 2007). The loss of Pdx1 expression persists into
adulthood contributing further to the progressive decline in -cell mass and function
(Stoffers et al. 2003). The molecular mechanisms relating to loss of Pdx1 expression
are discussed below.

5.4.2 ISLET VASCULARITY

The endocrine pancreas is a richly vascularized tissue. In rodents, each islet of
Langerhans receives its blood supply from one to five afferent arterioles that branch
into a glomerular-like network of microvessels and form a local intraislet portal sys-
tem (Bonner-Weir 2000) through which blood flows from the central core of B-cells
to the non-f-cell mantle. Endocrine microvessels are wider and thinner walled than
the exocrine capillaries and possess 10 times as many fenestrations (Henderson and
Moss 1985). Vascular endothelial growth factor (VEGF) is a dimeric glycosylated
protein with structural homology to platelet-derived growth factor. VEGF is a strong
mitogenic factor for endothelial cells (ECs) in various in vitro and in vivo systems
(Leung et al. 1989; Thieme et al. 1995) and has been shown to increase the perme-
ability of microvessels (Ferrara 2004; Ferrara et al. 1992).
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In islets, strong VEGEF staining has been demonstrated in p-cells and non-f-cells
(Rooman et al. 1997). These observations suggest that continued low-level secretion
of VEGF by islet cells may play a major role in the homeostasis of the rich intrainsular
vasculature, in particular, in the maintenance of the fenestrated endothelium (Vasir
et al. 2001). VEGF was also found to be weakly expressed by acinar cells in the exo-
crine pancreas. The two high-affinity receptors for VEGF, Flt-1 and Flk-1, are also
expressed in adult and fetal islets of Langerhans and in the exocrine pancreas. VEGF
receptor Flk-1 is expressed by the ECs (Christofori et al. 1995) and by the pancre-
atic ductal cells during fetal development. This suggests that VEGF and its receptor
might also play a role in both endocrine pancreatic organogenesis and the popula-
tion dynamics of pancreatic ducts (Oberg et al. 1994), especially because VEGF was
shown to be mitogenic for the pancreatic ductal epithelium (Rooman et al. 1997).
Recently, blood vessels were shown to provide not only metabolic sustenance but also
inductive signals for endocrine pancreas development, and VEGF would be a major
factor in this endothelium—endocrine cell interaction (Ranjan et al. 2009).

In previous studies, we observed reduced islet vascular density in fetal and
neonatal UPI rats compared with controls (Ham et al. 2009; Jaeckle Santos et al.
2014). These changes in islet vascularity precede reductions in $-cell mass and are
associated with changes in VEGF expression during the perinatal period. Caloric
restriction during pregnancy also significantly reduces islet vascularity in the fetus
(Boujendar et al. 2003). Studies performed by Rozance et al. (2015) and Rozance and
Hay (2016) provide some insight into mechanisms that may be responsible for this
phenotype. In their model of fetal growth restriction induced by maternal hyperther-
mia in the sheep, they also observed decreased islet vascularity in the fetus (Rozance
et al. 2015; Rozance and Hay 2016). Pancreatic and islet ECs provide signals respon-
sible for the normal formation, maturation, and function of the pancreatic f3-cells.
Hepatocyte growth factor (HGF) and VEGFA are paracrine hormones that mediate
communication between pancreatic islet ECs and p-cells. They show that paracrine
actions from ECs increase islet insulin content, and in ECs from growth-restricted
animals, secretion of HGF is diminished. Given the potential feed-forward regula-
tion of B-cell VEGFA and islet EC HGF, these two growth factors are highly inte-
grated in normal pancreatic islet development and this regulation is decreased in
TUGR fetuses, resulting in lower pancreatic islet insulin concentrations and insulin
secretion (Rozance et al. 2015; Rozance and Hay 2016).

5.4.3 MITOCHONDRIAL DYSFUNCTION

Multiple studies have shown that IUGR is associated with increased oxidative stress
in the human fetus (Myatt et al. 1997; Karowicz-Bilinska et al. 2002; Ejima et al.
1999; Kato et al. 1997; Bowen et al. 2001; Wang and Walsh 1998, 2001). A major
consequence of limited nutrient availability is an alteration in the redox state in sus-
ceptible fetal tissues leading to oxidative stress. In particular, low levels of oxygen,
evident in growth-retarded fetuses, will decrease the activity of complexes of the
electron transport chain, which will generate increased levels of reactive oxygen spe-
cies (ROS) (Esposti and McLennan 1998; Chandel et al. 1996; Gorgias et al. 1996).
Overproduction of ROS initiates many oxidative reactions that lead to oxidative
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damage not only in the mitochondria but also in cellular proteins, lipids, and nucleic
acids. Increased ROS levels inactivate the iron—sulfur centers of the electron trans-
port chain complexes and tricarboxylic acid cycle aconitase, resulting in shutdown
of mitochondrial energy production.

A key adaptation enabling the fetus to survive in a limited energy environment
may be the reprogramming of mitochondrial function (Gorgias et al. 1996; Peterside
et al. 2003, Selak et al. 2003). However, these alterations in mitochondrial function
can have deleterious effects, especially in cells that have a high-energy requirement,
such as the B-cell. The B-cell depends upon the normal production of adenosine tri-
phosphate (ATP) for nutrient-induced insulin secretion (Panten et al. 1984; Newgard
and McGarry 1995; Schuit 1997; Mertz et al. 1996; Ortsater et al. 2002; Antinozzi
et al. 2002; Malaisse et al. 1980; Lenzen et al. 1986) and proliferation (Noda et al.
2002). Thus, an interruption of mitochondrial function can have profound conse-
quences for the p-cell.

Mitochondrial dysfunction can also lead to increased production of ROS, which
will lead to oxidative stress if the defense mechanisms of the cell are overwhelmed.
[-cells are especially vulnerable to attacks by ROS because expression of antioxidant
enzymes in pancreatic islets is very low (Lenzen et al. 1996; Tiedge et al. 1997), and
B-cells have a high oxidative energy requirement. Increased ROS impair glucose-
stimulated insulin secretion (Noda et al. 2002; Maechler et al. 1999; Sakai et al.
2003), decrease gene expression of key f-cell genes (Kaneto et al. 1999, 2001, 2002a, b;
Jonas et al. 1999, 2001; Efanova et al. 1998), and induce cell death (Moran et al. 2000;
Donath et al. 1999; Silva et al. 2000).

We have found that UPI induces oxidative stress and marked mitochondrial
dysfunction in the fetal p-cell (Simmons et al. 2005). ATP production is impaired
and continues to deteriorate with age. The activities of complexes I and III of the
electron transport chain progressively decline in IUGR islets. Mitochondrial DNA
(mtDNA) point mutations accumulate with age and are associated with decreased
mtDNA content and reduced expression of mitochondrial-encoded genes in [IUGR
islets. Mitochondrial dysfunction results in impaired insulin secretion. These
results demonstrate that UPI induces mitochondrial dysfunction in the fetal p-cell
leading to increased production of ROS, which in turn damage mtDNA (Simmons
et al. 2005). A self-reinforcing cycle of progressive deterioration in mitochondrial
function leads to a corresponding decline in p-cell function. Finally, a threshold
in mitochondrial dysfunction and ROS production is reached and diabetes ensues
(Figure 5.1).

A maternal low protein (LP) diet also seems to program an increased vulnerabil-
ity of the endocrine pancreas to oxidative stress (Merezak et al. 2001, 2004, Goosse
et al. 2009). Antioxidant enzymatic activities are diminished in islets of the progeny
and at 3 months, superoxide dismutase activity was increased in LP islets; however,
there was no activation of catalase or glutathione peroxidase. This unbalance could
lead to oxidative stress. Furthermore, islets from fetal and adult LP progeny showed
a higher rate of apoptosis after cytokines or oxidative stress aggression in in vitro
experiments (Merezak et al. 2001, 2004). Higher nitric oxide (NO) production by
islets from adult LP offspring may be an important factor to explain this subsequent
cell death (Goosse et al. 2009).
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FIGURE 5.1 Decreased nutrient and oxygen availability to the fetus result in mitochondrial
dysfunction which in turn results in increased production of reactive oxygen species (ROS)
and decreased production of adenosine triphosphate (ATP). Mitochondrial dysfunction in key
cells such as the p-cell in the pancreas decreases cell proliferation and increases cell death
culminating in the development of type 2 diabetes.

5.4.4 MoOLECULAR MECHANISMS: EPIGENETIC REGULATION

The metabolic or nutritional state of the organism directly influences epigenetic
modifications, as essentially all known epigenetic modifications rely upon sub-
strates derived from intermediary metabolism such as S-adenosyl methionine
(SAM), acetyl CoA, a-ketoglutarate, and nicotinamide adenine dinucleotide
(NAD") (Kaelin and McKnight 2013). Studies in the I[UGR rat demonstrate that
fetal growth restriction induces epigenetic modifications of key genes regulating
B-cell development (Park et al. 2008). Most notably, levels of Pdx/ mRNA are
reduced by more than 50% in UPI fetal rats as early as 24 hours after the onset of
growth retardation and altered Pdxl expression persists after birth and progres-
sively declines in the UPI animal. PDX1 is a homeodomain-containing transcrip-
tion factor that plays a critical role in the early development of both endocrine and
exocrine pancreas, and then in the later differentiation and function of the f-cell,
making regulation of this target a key focus for understanding the pathological
outcomes of UPI. Repression of Pdxl occurs in two waves, as early repression
of this gene involves recruitment of the mSin3A histone deacetylase complex,
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followed later by Histone 3 lysine 9 (H3K9) dimethylation and eventual recruit-
ment of dna methyltransferase 3A (DNMT3A) and cytosine methylation. Prior to
cytosine methylation—at the neonatal stage—this epigenetic process is reversible
and may define an important developmental window for therapeutic approaches.
Indeed, early reversal of PdxI deacetylation can prevent the onset of diabetes
(Pinney et al. 2011), demonstrating that UPI-induced epigenetic modifications are
responsible for the development of diabetes in this animal model (Figure 5.2).
Pdx1 represents one of the several key targets of epigenetic regulation that suffer
long-term epigenetic reprogramming in response to maternal dietary conditions. For
example, the pancreatic transcription factor Hnf4a is also epigenetically regulated

Control Islets

FIGURE 5.2 Summary of epigenetic changes at Pdx/ in intrauterine growth restriction
(IUGR) rats during the development of type 2 diabetes. In pancreatic p-cells (top), the Pdx/
proximal promoter is normally found in an unmethylated (white circles) open chromatin state
allowing access to transcription factors such as upstream stimulatory factor (USF)-1 and
associated with nucleosomes characterized by acetylated (Ac) histones H3 and H4 and with
trimethylated H3K4 (Me). In IUGR fetal and 2-week islets (middle), histone acetylation is
progressively lost through association with an mSin3A-histone deacetylase (HDAC)I-DNA
methyl transferase (DMT)I repressor complex, with trimethylated H3K4 disappearing and
dimethylated H3K9 appearing after birth. IUGR adult islets (bottom) are characterized by
inactive chromatin with dimethylated H3K9 (Me) and extensive DNA methylation (dark gray
circles) locking in the transcriptionally silent state of Pdx].
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by maternal diet and aging in rat islets from offspring of protein-restricted dams
(Sandovici et al. 2011). Here, increased DNA methylation and repressive histone
modifications at the P2 promoter of Hnf4a were linked to a significant reduction
in expression, while reversal of DNA methylation and histone modifications could
reactivate transcription of Hnf4a via the P2 promoter.

UPI also induces genome-wide changes in DNA methylation. In a previous study,
using a novel method of assessment of genome-wide DNA methylation, Hpall tiny
fragment enrichment by ligation-mediated polymerase chain reaction (PCR) (HELP)
assay, we found that UPI in the rat causes consistent and nonrandom changes in
cytosine methylation, affecting <1% of Hpall sites in the genome (Thompson et al.
2010). The majority of these changes take place not at promoters but at intergenic
sequences, many of which are evolutionarily conserved. Furthermore, some of these
loci are in proximity to genes manifesting concordant changes in gene expression
and are enriched near genes that regulate processes that are markedly impaired in
UPl islets (e.g., vascularization, proliferation, insulin secretion, and cell death). This
epigenomic dysregulation precedes the development of diabetes and is therefore a
potential mediator of the pathogenesis of the disease, preserving cellular memory
of the long antecedent intrauterine event. Finally, our identification of differential
methylation at conserved intergenic and potentially cis-regulatory sites emphasizes
the limitations of study designs that focus solely on promoters and/or CpG islands.
We showed that changes in methylation, even when not located at promoters, are cor-
related with transcriptional changes at adjacent genes, consistent with suggestions
from previous studies (Irizarry et al. 2009).

There are numerous studies in humans examining the relationship between fetal
nutrient availability and epigenetic modifications in the offspring (Rakyan et al.
2011). Many of these are confounded by small sample size, cellular heterogeneity of
tissues examined, and lack of validation. Moreover, most DNA methylation assays
are performed in total peripheral blood monocytes, where the unique methylation
profiles of the various cellular lineages complicate interpretation of the data. Despite
these issues, multiple studies in diverse populations repeatedly show changes in
DNA methylation associated with low birth weight and/or altered nutrient availabil-
ity. Thus, it is likely that an adverse in utero milieu does indeed induce epigenetic
modifications in the offspring, but whether these modifications have biological rel-
evance remains to be determined. The field of “epigenetic epidemiology” remains an
active and a growing field of investigation.

5.5 CONCLUSIONS

The combined epidemiological, clinical, and animal studies clearly demonstrate
that the intrauterine environment influences both growth and development of the
fetus and the subsequent development of adult diseases. There are specific critical
windows during development, often coincident with periods of rapid cell division,
during which a stimulus or insult may have long-lasting consequences on tissue or
organ function postnatally. Studies using animal models suggest that mitochondrial
dysfunction and oxidative stress are linked to epigenetic modifications, which in turn
play a pivotal role in the pathogenesis of the fetal origins of adult disease.



96 Fetal and Early Postnatal Programming and Its Influence on Adult Health

The near future promises advances on at least three fronts. First, the burgeon-
ing field of epigenetic epidemiology is in its early days, but surveys of epigen-
etic marks in children who experience adverse placental environments promise to
yield a wealth of knowledge regarding the mechanisms responsible for long-term
metabolic reprogramming. A number of potential issues with extant studies exist,
as for example, birth weight is only one marker of an adverse fetal environment
and confining studies to this population only may lead to erroneous conclusions
regarding etiology. But this approach has great promise, particularly as it grows
in scope and sophistication. Second, advances in epigenomics and in epigenetic
“editing” in model organisms should continue to provide mechanistic insights
regarding the molecular basis for Developmental Origins of Health and Disease
(DOHaD) and to offer fundamental insights into early development. Finally, cor-
rection of metabolic abnormalities will of course be one of the key goals for future
efforts, as mitochondrial function and even epigenetic marks remain more promis-
ing candidates for therapeutic intervention than one’s genomic sequence, at least
for the foreseeable future.
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6.1 INTRODUCTION

Glucose is the major energy source for mammalian cells as well as an important sub-
strate for protein and lipid synthesis. Mammalian cells take up glucose from extracellular
fluid into the cell through glucose transporters (Zhao and Keating 2007). The mamma-
lian genome contains 14 isoforms of the glut family exhibiting tissue-specific expression
(Scheepers et al. 2004; Wu and Freeze 2002; Joost and Thorens 2001; Takata et al. 1997).
In healthy individuals, despite alternating periods of fasting and feeding, plasma glucose
levels are primarily well maintained within a narrow range under the hormonal action
of insulin and glucagon and other counterregulatory hormones that regulate concentra-
tions of blood glucose in living organisms (Govers 2014). A specific insulin-responsive
isoform of the facilitative glucose transporter protein family, glucose transporter protein 4
(GLUTH4), is mainly expressed in fat and skeletal muscle cells and is essential in maintain-
ing glucose homeostasis (Cushman and Wardzala 1980; Suzuki and Kono 1980).
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Insulin is a hormone that plays a key role in the regulation of blood glucose con-
centrations. In the absence of insulin, the basal membrane permeability for glucose
is low because GLUT4 is excluded from the plasma membrane and is localized in
vesicles inside the cell. In this case, most GLUT4 is localized in GLUT4 storage com-
partments, early endosomes, and tubulovesicular structures within cells (Holman
and Cushman 1994). Under insulin stimulation, insulin activates the intracellular
signaling cascades, with a fraction of intracellular GLUT4-containing tubulovesicu-
lar membranes fusing with the plasma membrane, thus delivering GLUT4 to the sur-
face of the cells (Thoidis and Kandror 2001; Cushman and Wardzala 1980; Suzuki
and Kono 1980). This leads to a dramatic increase in glucose uptake by translocation
of GLUT4 from the intracellular tubulovesicular elements into the plasma membrane
(Slot et al. 1991; Ozanne et al. 2003). In healthy normal conditions, this process is
readily reversible such that when insulin concentrations decline, GLUT4 transport-
ers are separated from the plasma membrane by endocytosis and are recycled back
to their intracellular storage compartments. In this way, the primary mechanism of
insulin action in GLUT4 translocation is to stimulate tethering and fusion of traf-
ficking vesicles to specific fusion sites in the plasma membrane (Ozanne et al. 2003;
Koumanov et al. 2005). However, under a lack of insulin, or an inability to adequately
respond to insulin at the target sites of action, symptoms of diabetes mellitus ensue.

In the case of reduced systemic insulin concentrations, exogenous insulin admin-
istration brings about recovery from abnormal to normal glucose homeostasis
affected by normalizing the physiological GLUT4 translocation process, as is seen
in type 1 diabetes mellitus. On the other hand, when a lack of response to exogenous
insulin is encountered due to insulin resistance, an ineffective GLUT4 translocation
contributes toward this metabolic outcome of type 2 diabetes mellitus. In response
to oxidative stress, GLUT4 also translocates from intracellular vesicles to the plasma
membrane (Horie et al. 2008). In addition to insulin, exercise also causes transloca-
tion of GLUT4 from an intracellular location to the plasma membrane in skeletal
muscle via activation of adenosine monophosphate (AMP) kinase (Sherman et al.
1996).

GLUTH4 can also be regulated at the messenger RNA (mRNA) level. Glut4 mRNA
was reduced by fasting (40%) in the skeletal muscle of 2-month-old rats under
48 hours of fasting, and increased by in vitro incubation with insulin (25%) or insu-
lin plus glucose (Silva et al. 2005). Interestingly, a decline in skeletal muscle GLUT4
expression and protein concentrations was noted in intrauterine growth-restricted
(IUGR) rats as well in response to maternal calorie restriction (CR) (Thamotharan
et al. 2005). Therefore, glut4 gene expression or transcriptional activity has a pro-
found impact on insulin-mediated glucose disposal making it essential to under-
stand the underlying mechanisms toward creating future therapies. In this chapter,
we focus on the transcriptional and posttranscriptional aspects of GLUT4 and the
impact of such regulation on its function mainly in the IUGR offspring.

6.2 INTRAUTERINE GROWTH RESTRICTION (IUGR) OFFSPRING

The placenta is a major organ that interfaces between the mother and fetus, carrying
oxygen and nutrients into the developing baby. Intrauterine environment exposed
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to placental insufficiency or poor maternal energy intake such as hypoxia, malnu-
trition, and high blood pressure during pregnancy affects fetal growth resulting in
low birth weight. Other causes of IUGR may include congenital anomalies, infec-
tions, or drug and substance misuse (Figueras and Gardosi 2010; Wu et al. 2006;
Jang et al. 2015; Dunlop et al. 2015; Neitzke et al. 2011). IUGR is distinctly differ-
ent from small for gestational age (SGA). Newborn infants whose estimated body
weight is below the 10th percentile for gestational age constitute the definition of
SGA (Battaglia and Lubchenco 1967; Tuuli et al. 2011). The birth weight of an infant
is a critical anticipatory factor that preempts survival, postnatal growth, and further
development (Figueras and Gardosi 2010; Jang et al. 2015; Hay et al. 2016; Tuuli
et al. 2011). On the other hand, ITUGR, which signifies intrauterine deceleration of
growth, is a main factor that may result in late fetal loss, morbidity, and mortal-
ity (Battaglia and Lubchenco 1967; Hay et al. 2016; Froen et al. 2004; Mclntire
et al. 1999). Specifically, morbidity and mortality are significantly high among term
infants who are below the third percentile for weight at gestational age (MclIntire
et al. 1999). In addition, IUGR lends itself toward a predisposition for developing
metabolic disorders in later life by aberrations in metabolic activity that may be per-
manent or programmed (Hales and Barker 2001; Barker 1997). An IUGR offspring
is susceptible for developing cardiovascular disease (Barker 1997; Barker et al. 1993;
Holemans et al. 2003; Barker and Osmond 1986), hypertension, insulin resistance,
and obesity with type 2 diabetes mellitus (Barker et al. 1993; Simmons et al. 2001;
Ozanne and Hales 2002; Berends and Ozanne 2012; Stocker et al. 2005; Wolf 2003;
Morrison et al. 2010). Diabetes mellitus is one of the leading chronic diseases in
almost every country. By studies designed to determine global diabetes prevalence
among adults (20-79 years) for 216 countries between 2010 and 2030, it was esti-
mated that the percentage of the population with diabetes mellitus will increase from
6.4% in 2010 to 7.7% by 2030. Specially, the number of diabetic adults will increase
to 69% in developing countries, in comparison with 20% in developed countries
(Shaw et al. 2010).

Given these staggering numbers, we embarked on establishing a cause-and-effect
paradigm between IUGR and long-term effects. To this end, we adapted an IUGR
rat model as a surrogate for the IUGR human infant to enable study of long-term
and transgenerational consequences. The model employed was a maternal malnutri-
tion model consisting of 50% caloric restriction beginning in midgestation through
late gestation. This dietary manipulation resulted in IUGR with low birth weights
of pups (Garg et al. 2012; Thamotharan et al. 2005). The postnatal and adult IUGR
and postnatal growth-restricted offspring demonstrated changes in hepatic circadian
genes (Freije et al. 2015), histone code modifications, subcellular localization, and
translocation of skeletal muscle GLUT4 (Thamotharan et al. 2005; Tsirka et al. 2001;
Raychaudhuri et al. 2008) due to maladaptation of postreceptor signaling molecules
(Thamotharan et al. 2003; Abbasi et al. 2012; Oak et al. 2006). Glucose intolerance
and lipid metabolic maladaptation (Dai et al. 2012; Tomi et al. 2013; Garg et al.
2006, 2012, 2013a) due to hepatopancreatic aberrations were observed along with
deranged leptin signaling affecting hypothalamic neuropeptides that control appe-
tite and energy expenditure thereby ultimately culminating in obesity (Gibson et al.
2015; Shin et al. 2014; Garg et al. 2013a).
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6.3 GLUT4 GENE MANIPULATION

The normal plasma glucose concentration varies between 4 and 7 mM in normal
individuals despite periods of feeding and fasting (Saltiel and Kahn 2001). Insulin
resistance as related to type 2 diabetes resulting later in life due to IUGR consists of
failure to stimulate trafficking of GLUT4 in fat and muscle. This aberration in GLUT4
translocation results in hyperglycemia and vascular and cardiovascular problems with
abnormalities in insulin-dependent glucose utilization (James et al. 1988; Mueckler and
Holman 1995). Lessons for this condition can be learned from genetically manipulated
mouse models. Glut4-deficient mice without mediators of glucose transport in muscle
and adipose tissue showed impaired insulin tolerance and glucose metabolism more so
in females than in males. These mice displayed characteristics of a shortened lifespan,
cardiac hypertrophy with increased glutl expression in heart, and enhanced suscepti-
bility to fatigue with reduced muscle carbohydrate stores (Katz et al. 1996; Gorselink
et al. 2002; Wallberg-Henriksson and Zierath 2001). In contrast, transgenic mice
overexpressing glut4 in skeletal muscle demonstrated improved glucose homeostasis
in streptozotocin-induced diabetic mice, but failed to reverse the diabetic phenotype
caused by insulinopenia with high blood glucose concentrations (Wallberg-Henriksson
and Zierath 2001; Ikemoto et al. 1995). Interestingly, male glut4+/— mice with decreased
glut4 expression in adipose tissue and skeletal muscle do not develop obesity or reduced
muscle glucose uptake and hypertension as seen in humans with noninsulin-dependent
diabetes mellitus, although increased circulating glucose and insulin concentrations
exist (Stenbit et al. 1997; Tsao et al. 1999). Thus, in these glut4 heterozygous null mice,
a 50% reduction in glut4 expression is noted. In our IUGR rat model (Thamotharan
et al. 2005) decreased glut4 expression is seen on a physiological basis. This may be a
useful model for characterizing the development of insulin resistance due to an [IUGR
beginning. IUGR offspring born to mothers exposed to prenatal nutrient restriction,
regardless of postnatal nutritional alteration, showed a metabolic maladaptation related
to skeletal muscle GLUT4 reduction, glucose intolerance, and the insulin resistance of
GLUTHA4 translocation predisposing toward adult-onset chronic diseases (Thamotharan
et al. 2005; Garg et al. 2013a). In this review, we focus on skeletal muscle GLUT4 aber-
rations and remedies as observed specifically in the IUGR offspring.

6.4 SIGNALING NECESSARY FOR INDUCING
GLUT4 TRANSLOCATION IN IUGR

Skeletal muscle is composed of ~30-39% of an adult human body mass, although
aging is associated with a preferential decrease (Janssen et al. 2000), and represents
85% of the total body glucose utilization, forming a primary location for insulin-
stimulated glucose uptake (DeFronzo et al. 1981). In IUGR fetus, reduction of mus-
cle mass or change of fiber composition may especially contribute to the increased
risk of obesity or related metabolic complications seen as insulin resistance in aging
IUGR individuals (Yates et al. 2014; Wells et al. 2007; Jensen et al. 2007). In addi-
tion, skeletal muscle plays a critical role in the regulation of metabolic homeostasis
because it expresses an insulin responsive protein, GLUT4.



Regulation of Skeletal Muscle GLUT4 in IUGR Offspring 107

As amajor hormone of metabolic regulation, insulin maintains a glucose homeostatic
balance through translocation of GLUT4 containing intracellular vesicles in skeletal
muscle to the sarcolemma. Insulin activates a number of intracellular signaling pro-
teins such as insulin receptor substrate (IRS), phosphatidylinositol-3-kinases (PI3-
kinases), pyruvate dehydrogenase kinase 1 (PDKI), protein kinase C (PKC), and
protein kinase B (PKB or AKT) that ultimately facilitate GLUT4 translocation.

Under normal physiological conditions, when insulin binds to the insulin receptor
(IR), GLUTH4 translocates from intracellular pools to the cell surface, and fuses with
the cell membrane, resulting in facilitating glucose transport into cells. In general,
in insulin responsive tissues such as the skeletal muscle, insulin binds to the IR on
the cell membrane and activates the tyrosine kinase domain of the receptor. The
receptor then phosphorylates and afterward recruits IRS1/IRS2. Consequently, the
phosphatidylinositol-3-kinase (PI3 kinase) enzyme with the Src homology 2 (SH2)
domain binds to the Tyr phosphorylated IRS. PI3 kinase, AKT, and PDK1 regulate
GLUTH4 translocation to the plasma membrane (Alam et al. 2016; Alvim et al. 2015;
Oak et al. 2006).

However, under the physiological state in an IUGR offspring exposed to low
circulating insulin concentrations, a relative insulin resistance is observed, where
translocation of GLUT4 is disrupted due to impaired insulin signaling in skeletal
and other related tissues such as cardiac muscle and adipose tissue (Alam et al.
2016; Sadler et al. 2013). This impairment is related to maximal basal elevation of
GLUTH4 in skeletal muscle sarcolemma even before exogenous insulin is provided
(Thamotharan et al. 2005; Oak et al. 2006).

Recently, small guanosine triphosphatase (GTPase) Racl has been classified as a
downregulated signal component of Akt2 for GLUT4 translocation in skeletal mus-
cle glucose uptake in response to insulin stimulation (Takenaka et al. 2014; Satoh
2014; Chiu et al. 2011). Interestingly, Racl is also involved in actin rearrangement
that supports the movement of GLUT4 vesicles along the rapid reorganization of
actin under insulin stimulation. This involvement of actin filament in Racl activity is
being supported by results that demonstrate that in the presence of an actin filament
depolarizing agent, Latrunculin B, Akt inhibitor blocks insulin-induced glucose
uptake; however, the Racl inhibitor alone does not block insulin-induced glucose
uptake, implying that actin filament is important for Racl’s function in this regard
(Khayat et al. 2000; Sylow et al. 2014). In addition to the decrease in murine Akt2
and Racl expression seen with insulin resistance, a diminution in insulin-stimulated
p-Akt occurs, dramatically reducing glucose uptake by 70% compared to control
muscle (Sylow et al. 2014). Furthermore, the Racl expression pattern detected by
Racl immunostaining in the transverse tubuli of skeletal muscle indicates less
Racl redistribution in insulin-resistant mice (Sylow et al. 2013, 2014). Therefore,
the increased expression of Racl/Akt and insulin-responsive Racl redistribution in
transverse tubuli may be required for enhancing function of dysregulated Racl and
Akt signaling encountered with severe insulin resistance.

Considering the Racl-related pathway, analysis of Racl redistribution under
insulin treatment provides an explanation about enhanced insulin activities that may
be extrapolated to the IUGR offspring exposed to moderate nutritional restriction
during the adult phase of life.
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In the IUGR offspring, although the adult male is more prone than the female in
developing subsequent aberrancy in metabolic consequences (Owens et al. 2007),
both sexes show diversity in the perturbed signaling molecules necessary for GLUT4
translocation.

In male rats with early protein restriction, the adult offspring expresses less PKC(
in skeletal muscle compared to control. This change impairs insulin action, which is
not responsive to exogenous insulin stimulation in the IUGR skeletal muscle. This
change is also noted in the face of no change in IR expression, although glut4 expres-
sion is reduced as seen soon after birth. In addition, the expression of insulin-induced
signaling proteins, PKCC p85a, and p110p, including GLUT4, decreases in the skel-
etal muscle biopsies of low birth weight humans similar to the reduction in PKCC
p85a, and GLUT4 observed in the IUGR male rat offspring. This implies that the
rat model is a valuable surrogate for long-term human studies as similar aberrations
are encountered in both species (Ozanne et al. 2005). Interestingly, the expression
of skeletal muscle IR and Akt substrate of 160 kDa (AS160) increases in the male
IUGR offspring; however, phosphorylation of IR, IRS-1, and AS160 fails to respond
to insulin stimulation. These results are associated with increased plasma glucose
and insulin concentrations reflecting insulin resistance initiated by impaired GLUT4
translocation due to impaired phosphorylation of insulin-induced AS160 (Blesson
et al. 2014; Karlsson et al. 2005).

In contrast, in the female IUGR offspring, the basal expression of GLUT4, p-Akt,
Akt2, and p-PDKI1 increases in skeletal muscle, which may reflect a prosurvival
adaptation in response to an in utero environment of restricted nutrition. Under
such conditions in utero, increased p-Akt, Akt2, and p-PDK1 may be responsible
for enhanced GLUT4 at the sarcolemma, thereby maximally capturing glucose in a
situation of reduced transplacental glucose supply to the developing fetus. However,
after birth during the postnatal and adult stages, when nutrition is restored to nor-
malcy, this maximal increase in sarcolemmal GLUT4 cannot be further enhanced in
response to exogenous insulin bringing about insulin resistance of further transloca-
tion of GLUT4 to the sarcolemma (Thamotharan et al. 2005; Oak et al. 2006). In our
IUGR female adult rat offspring the block in translocating skeletal muscle GLUT4
lies especially in the absence of insulin-induced increase in total PKCC expression
causing insulin resistance (Oak et al. 2006). In addition, skeletal muscle Akt2 also
decreases in both male and female IUGR fetus and young sheep fetus, besides show-
ing reduced expression of various other insulin-signaling molecules (De Blasio et al.
2012; Thorn et al. 2009). Cumulatively, these studies support a prediabetic state
related to insulin resistance exhibited by the skeletal muscle GLUT4 translocation
machinery (Figure 6.1).

6.5 STRATEGIES FOR ENHANCING GLUT4 TRANSLOCATION
AND THEREBY INSULIN SENSITIVITY IN IUGR OFFSPRING

6.5.1 PHysicAL EXERCISE

Current lifestyle involving excessive calorie intake and a reduction in physical activ-
ity is detrimental to health. Physical exercise through muscle contraction increases
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FIGURE 6.1 Schematic representation. Translocation of glucose transporter 4 by insu-
lin or muscle contraction/exercise in skeletal muscle. Autophosphorylation of receptor by
insulin activates diverse intracellular signaling proteins through the following signaling
pathways. Exercise/muscle contraction including AMP-activated protein kinase (AMPK)
activators, peroxisome proliferator-activated receptor type gamma (PPARy) agonist, or
5’-aminoimidazole-4-carboxamide-1-p-D-ribofuranoside (AICAR) exposure induce glucose
transporter protein 4 (glut4) gene expression or GLUT4 translocation. The impairment of
phosphatidylinositol-3-kinases (PI3 kinase), pyruvate dehydrogenase kinase 1 (PDK1), pro-
tein kinase C (PKC)C, protein kinase B (PKB or AKT2), and AMPK activities results in
metabolic disorders with insulin resistance due to defective GLUT4 translocation in the intra-
uterine growth restriction (IUGR) rat offspring.

skeletal muscle glucose uptake and insulin sensitivity by improving GLUT4 trans-
location (Mul et al. 2016; Lauritzen et al. 2010; Pate et al. 1995). Exercise improves
skeletal muscle GLUT4 translocation by activating alternate pathways that do
not require the IR or the postreceptor signaling molecules (Treadway et al. 1989;
Grimditch et al. 1986; Wojtaszewski et al. 1999). Skeletal muscle contraction activates
AMP-activated protein kinase (AMPK), Racl, peroxisome proliferator-activated
receptor-y coactivator (PGC), and related molecules that in turn translocate GLUT4
to the sarcolemma thereby restoring insulin sensitivity of this process. This alternate
pathway is exemplified in the muscle-specific IR knockout (KO) mice that present
with severe insulin resistance. Physical exercise in these mice normalizes resting
glucose uptake in soleus muscle due to enhanced GLUT4 translocation but these
mice do not respond to exogenous insulin (Gannon et al. 2015a; Dos Santos et al.
2015; Richter and Hargreaves 2013; Mul et al. 2016; Sylow et al. 2016).
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The AMPK protein complex is a protein kinase composed of alpha and beta subunit
bearing two isoforms each and gamma subunit bearing three isoforms as a heterotri-
meric protein (Mul et al. 2016). AMPK is activated by exercise-induced metabolic stress
and plays a crucial role in metabolic adaptation to physical activity (Musi et al. 2001;
Alvim et al. 2015; Jorgensen et al. 2006; Hardie 2013). AMPK activation is governed by
two pathways: (1) an AMP-sensitive pathway that hydrolyzes ATP during muscle con-
traction increasing AMP/ATP ratio and activating AMPK and (2) a Ca?*-sensitive path-
way where intracellular Ca** increases due to depolarization with muscle contraction
that activates Ca2+/calmodulin-dependent protein kinase (CaMK) or AMPK, AS160
(tre-2/USP6, BUB2, cdcl6 domain family member 4 or TBC1D4), and TBC1D1 bring-
ing about GLUT4-containing vesicles to the sarcolemma for glucose transport (Mul
et al. 2016; Dos Santos et al. 2015; Cartee 2015; Jorgensen et al. 2006; Jessen et al.
2011). In muscle biopsies of human, male subjects with or without insulin resistance,
AMPK expression and activity in basal state were similar (Musi et al. 2001; Kjobsted
et al. 2016). Following an acute bout of exercise, a significant increase in AMPK alpha2
activity (Musi et al. 2001; Kjobsted et al. 2016; Jessen et al. 2011) with no change in
AMPK alphal, alpha2, and betal isoforms (Musi et al. 2001) was seen. In addition,
ablation of AMPK alpha?2 in skeletal muscle provokes the development of insulin resis-
tance with glucose intolerance (Fujii et al. 2008). Recently, insulin-resistant subjects
when compared to control subjects reflected an increase in AMPK a2p2y3 activity
after an acute bout of exercise, while AMPK a1p2y1 and a2p2y1 increased during the
3-hour exercise recovery period (Kjobsted et al. 2016; Zhang et al. 2013a). This dif-
ferential activation of the AMPK heterotrimeric enzyme plays a key role in regulating
skeletal muscle metabolism in response to physical exercise. In addition, euglycemic—
hyperinsulinemic clamp studies have confirmed that insulin fails to regulate AMPK
activity supporting exercise-induced AMPK signaling as an alternate path of interven-
tion particularly in the presence of insulin resistance (Kjobsted et al. 2016).

A similar approach is feasible in the IUGR adult offspring that expresses insulin
resistance of skeletal muscle GLUT4 translocation. Addressing this specific issue, our
studies demonstrated improved insulin sensitivity in the adult rat [IUGR offspring that
exercised on a treadmill at a speed of 11 m/min for 15 min/day from d21 to d60.
Exercised IUGR offspring demonstrated increased skeletal muscle AMPK enzyme
activity with decreased hepatic glucose production. In addition, these exercised IUGR
rat offspring expressed lower glucose-stimulated insulin release and reduced plasma
glucose concentrations in insulin tolerance tests. These changes were seen despite the
absence of changes in insulin-induced glut4 expression or GLUT4 redistribution; how-
ever, exercise improved the overall insulin sensitivity in these rats (Garg et al. 2009).

In addition, after aerobic exercise training for 6 months in older humans at
50-80 years of age with no previous chronic diseases such as diabetes or cardiovascular
disease, muscle biopsies revealed enhanced insulin sensitivity under increased AMPK
expression, capillary density, glut4 expression, and glycogen synthetase activity with
factors returning to the preexercise state except for capillary density following 2 months
of detraining (Prior et al. 2015). More recently, studies in mice on a treadmill running
at 20 m/min speed for 90 minutes increased serum interleukin 6 (IL-6) activating sig-
nal transducer and activator of transcription 3 (STAT3), which in turn increased glut4
expression and improved insulin sensitivity (Ikeda et al. 2016). However, transgenic
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glut4 KO mice with severe reduction to approximately 10% of normal glut4 expression
fail to increase glucose uptake after exercise, unlike transgenic glut4 KO mice with
only ~30-60% reduction (Howlett et al. 2013). Therefore, a threshold amount of glut4
expression is necessary for facilitating muscle glucose uptake by exercise-induced
GLUTH4 translocation (Howlett et al. 2013). In fact, physical exercise increases skeletal
muscle glut4 expression while immobilization decreases glut4 expression (Ren et al.
1994; Op ‘t Eijnde et al. 2001). Glut4 gene expression may be epigenetically regulated
under physical activity, thereby bringing about skeletal muscle adaptation.

Exercise increases histone 3 acetylation at lysine 36, a site associated with tran-
scriptional elongation in human skeletal muscle, which releases histone deacetylases
(HDAC:) into cytoplasm and removes a transcriptional repressor (McGee et al.
2009). Notably, after exercise, HDACS is seen to dissociate from myocyte enhancer
factor 2 (MEF2). Additionally, increased PGC1 and MEF2 expression was noted
post-exercise, which further contributed to the increased expression of glut4. AMPK
and CaMK phosphorylation also increased post-exercise contributing to the overall
increase in glut4 expression (McGee and Hargreaves 2004; Smith et al. 2008; Dos
Santos et al. 2015; Santos et al. 2014).

Furthermore, Racl signaling being AMPK independent as seen with no
response to the AMPK-activating agent 5'-aminoimidazole-4-carboxamide-1-3-b-
ribofuranoside (AICAR) in skeletal myotubes C2C12 (Sylow et al. 2013) demon-
strates enhanced guanosine triphosphate (GTP) binding in response to exercise in
both mice and human skeletal muscle. Increased Racl activity is known to regulate
glucose uptake in skeletal muscle (Sylow et al. 2013, 2016), providing an additional
target of manipulation in the [TUGR adult offspring.

6.5.2 NUTRITIONAL INTERVENTION

Fisher-344 rats at 22-23 months of age were either accessing food ad libitum (AL)
or subjected to moderate CR consuming only ~60-65% of AL intake. The CR
group demonstrated a decrease in body mass and the isolated CR muscle cells inhib-
ited increased glucose uptake with elevated phosphorylation of Akt2 or AS160 in
response to insulin (Wang et al. 2016a, b). Thus, nutritional restriction may be an
alternative intervention for improving insulin sensitivity. Hence, we exposed calo-
rie restricted IUGR rat offspring to postnatal CR that led to protection in the adult
against obesity and glucose intolerance. This protection was evident despite intro-
duction of a high-fat diet in later life. However, while postnatal CR proved protective
against metabolic derangements even after the food restriction was lifted postwean-
ing, the concern is always the negative impact on the developing brain. Thus, it is
important to consider other pharmacological interventions that are protective long
term despite early introduction but balance this protection against ensuring normal
neurodevelopment (Tomi et al. 2013; Dai et al. 2012; Garg et al. 2012).

6.5.3 PHARMACOLOGICAL INTERVENTIONS

Thiazolidinediones (TZDs) on the other hand are a class of antidiabetic drugs that
enhance insulin sensitivity by specifically binding the peroxisome proliferator-activated
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receptors (PPAR)y (Rangwala and Lazar 2004; Trobec et al. 2011). One such TZD,
rosiglitazone, is used for glycemic control through improved insulin sensitivity
(Mayerson et al. 2002; Raji et al. 2003; Bennett et al. 2004; Aronoff et al. 2000; Saltiel
and Olefsky 1996). PPARYy is mainly expressed in adipose tissue, and plays an impor-
tant role in adipocyte differentiation and the expression of adipocytic genes related to
metabolism (Tontonoz et al. 1994; Vidal-Puig et al. 1996; Berger and Moller 2002;
Oak et al. 2009). PPARY is also expressed in skeletal muscle (Loviscach et al. 2000;
Vidal-Puig et al. 1997; Park et al. 1997), the activation of which involves the regulation
of signaling molecules such as fatty acid transport protein (FATP)-1, IRS-2, PDK4,
PI3K, and Akt (Berger and Moller 2002; Trobec et al. 2011). We previously employed
a PPARY agonist, rosiglitazone, as an intervention in the TUGR rat offspring (Oak et al.
2009). Rosiglitazone treatment increased the insulin-induced plasma membrane asso-
ciation of GLUT4 and PKCC. In addition, pAMPK/AMPK ratio also increased in the
basal state. The regulation of these signaling molecules resulted in improving insulin
sensitivity (Oak et al. 2009).

Insulin-like growth factor I (IGF-I) is an endocrine regulator during fetal develop-
ment, while growth hormone (GH) is a postnatal endocrine regulator. GH and IGF-I
effect PI3K/Akt and mitogen-activated protein kinase (MAPK) pathways by sharing
tyrosine kinases on their specific receptors, which can serve as pharmacological tar-
gets (Trobec et al. 2011; Wali et al. 2012). In IUGR, the fetal circulating IGF-I or GH
concentrations are significantly lower compared to the age-matched controls, while
IGF-II concentrations are similar (Lassarre et al. 1991; Mirlesse et al. 1993). In addi-
tion, at birth IGF-I concentrations are lower in an IUGR infant, subsequently increas-
ing toward normal during the first month of life (Leger et al. 1996). Thus, the lowered
IGF-I concentrations at birth may serve as a biomarker of fetal growth restriction.
Therefore, IGF-I or GH treatment can possibly ameliorate the adult maladaptive met-
abolic phenotype in the adult [IUGR offspring (Leger et al. 1996; Chatelain 2000). GH
treatment in an TUGR child is known to increase growth velocity dramatically, while
discontinuation of GH decreases growth velocity (Kamp et al. 2001; Czernichow
2001). In addition, IGF-I administered into the amniotic fluid of sheep was seen to
cross the fetal gut epithelium and circulate in the fetus, thereby increasing the growth
rate in an IUGR offspring (Bloomfield et al. 2002a, b; Eremia et al. 2007). Recently,
Reynold et al. reported on GH treatment from postnatal days 3 to 21 leading to an
increase in insulin-stimulated glucose uptake with upregulation of genes related to
GLUTH4 translocation, such as Tyrp-IRS-1, p-AKT, and PPARYy, and also including
GLUTH4 itself. In addition, fat mass decreases after GH treatment (Reynolds et al.
2013). These results support the possible effects on reversing metabolic dysfunction
through GH treatment during the suckling phase in the ITUGR offspring.

6.6 TRANSGENERATIONAL EFFECT ON GLUT4
EXPRESSION IN THE IUGR OFFSPRING

Events that affect the in utero environment such as alterations in the nutritional
supply are known to have long-term implications and induce chronic diseases
including metabolic disorders. Offspring of a diabetic pregnancy develop aber-
rant glucose homeostasis (Thamotharan et al. 2007; Boloker et al. 2002). Similarly,
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a protein-restricted diet exposure of the FO generation during gestation results in
the inheritance of a phenotype with altered glucose and insulin metabolism with
reduced skeletal muscle glut4 expression seen in the F2 offspring (Zambrano et al.
2005). Given this transgenerational influence of a gestational nutritional disrup-
tor, it is imperative to introduce interventions early in life to reverse the metabolic
derangements encountered in an IUGR offspring. However, the IUGR female off-
spring during pregnancy expresses gestational diabetes (Garg et al. 2010), hence it is
not known whether gestational diabetes is responsible for an in utero environmental
effect or if there is transgenerational transmission of this phenotype independent of
the maternal IUGR offspring’s in utero environment. Hence, we undertook embryo
transfer experiments to tease out the effect of these two situations. Our embryo trans-
fer experiments in rats determined that gestational nutritional restriction can also
transmit metabolic aberrations to the F2 generation. Female F2 rats, procreated by
F1 perinatal growth-restricted mothers but transferred as embryos to gestate in con-
trol mothers, were compared with the control F2 progeny (Thamotharan et al. 2007).

This F2 progeny was not growth restricted at birth but demonstrated fast-
ing hyperglycemia, hyperinsulinemia, increased hepatic glucose production, and
increased hepatic weight with no differences in postnatal growth patterns compared
to the F2 control. In addition, skeletal muscle total GLUT4 and pAkt concentrations
increased but plasma membrane-associated GLUT4 and total pPKCC, and PKC{
enzyme activity necessary for insulin-induced GLUT4 translocation, decreased.
Based on these observations, malprogramming due to gestational nutritional defi-
ciency is evident and has far-reaching implications to many generations of progeny.
Given this assumption, it stands to reason that epigenetic mechanisms should be
explored as the basis for this transgenerational inheritance in an IUGR pregnant
mother (Thamotharan et al. 2007; Garg et al. 2013b).

6.7 EPIGENETIC MODIFICATIONS OF GLUT4
EXPRESSION IN IUGR MUSCLE

The adult IUGR offspring demonstrates decreased GLUT4 in skeletal muscle,
indicating the development of insulin resistance in later life (Thamotharan et al.
2005). Thus, intrauterine milieu of reduced nutrition permanently modifies glut4
expression in the offspring. Thus, besides defective skeletal muscle, GLUT4 trans-
location impairment of glut4 expression also exists (Pinney and Simmons 2009).
Furthermore, this reduction is transmitted transgenerationally; therefore, exploration
of epigenetic mechanisms seems reasonable.

Epigenetic mechanisms cause heritable silencing or activation of genes without a
change in coding sequences. There are three processes that epigenetically can reg-
ulate gene expression: DNA methylation/demethylation and histone modifications
that regulate gene transcription, and small noncoding RNAs (miRNAs) that dictate
mRNA half-life and translational efficiency (Egger et al. 2004; Pinney and Simmons
2009; Dos Santos et al. 2015).

DNA methylation occurs in the C5 position of cytosine residues and may contribute
to epigenetic silencing if imposed on gene promoters. DNA methylation of gene bodies
has varied effects on gene expression depending on where it occurs. The maintenance
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of such CpG methylation is due to functional cooperation by DNA methyltransferases
(DNMT) and catalyzed by ten-eleven translocation proteins (TETs). Histone modifica-
tions as epigenetic modifiers are the posttranslational modifications of histones (back-
bone of the DNA helices) by acetylation/deacetylation and methylation/demethylation
of conserved lysine residues, thereby modifying gene expression by influencing the
DNA and protein binding of transcription factors (transactivators, repressors). In gen-
eral, histone acetylation activates transcriptionally competent DNA regions, whereas
histone methylation can either activate or deactivate transcription based on the lysine
residue involved. For example, methylation of histone 3 lysine 4 methylation (H3K4me)
activates, while histone 3 lysine 9 methylation (H3K9me) represses gene transcription.
Histone deacetylation is catalyzed by a class of HDACs, while acetylation is catalyzed
by HATs. miRNAs on the other hand are small noncoding RNA molecules that regu-
late target gene expression through posttranscriptional gene regulation. This occurs by
the miRNA binding to complementary 3’ untranslated region (UTR) of a target gene
mRNA, thereby repressing or degrading specific target mRNAs (Cho 2011). More
recently, long noncoding RNAs (IncRNAs) have also been determined to play a role in
transcription. Although the biological functions of most miRNAs and IncRNAs have
not been understood completely, an increasing number of studies reveal miRNAs and
IncRNAs playing significant roles in human diseases (Egger et al. 2004; Dos Santos
et al. 2015; Gupta et al. 2010; Cao 2014). Hence, it stands to reason that we explore the
role of certain epigenetic mechanisms governing skeletal muscle glut4 expression in
the adult ITUGR offspring.

Analysis of the glut4 promotor region was carried out in transgenic mice that carried
a mutation of a glut4 transactivating protein, namely MEF2. In transgenic mice created
by replacing the MEF2 core consensus (CTAAAAATAG) with a mutated sequence of
CTGGGCCCAG, glut4 mRNA expression was ablated, supporting a critical role for
MEEF?2 in glut4 gene expression (Thai et al. 1998). MyoD, another transcription factor,
also enhances glut4 expression by binding with MEF2 and thyroid hormone receptor
alpha 1 (TRa1). The association of these three nuclear factors has the most pronounced
positive effect on glut4 transcription (Moreno et al. 2003; Santalucia et al. 2001).

Our studies focused on the skeletal muscle of the [UGR postnatal and adult offspring
and demonstrated that MEF2D, an inhibitor of MEF2A (an activator), is increased
while both MEF2A and MyoD are decreased when compared to age-matched controls.
In addition, DNMTs demonstrate enhanced glut4 promoter binding in an age-specific
manner, DNMT1 in the postnatal period, while both DNMT3a and DNMT3b in the
adult TUGR offspring. These DNMTs in turn recruit increased amounts of methyl CpG
binding protein 2 (MeCP2) to bind the glut4 promotor region. In addition, the covalent
modifications of the histone code, namely histone 3 lysine 14 (H3K14) deacetylation,
are governed by increased HDACI and enhanced association of HDAC4 with HDACI.
Further H3.K9 methylation by Suv39H1 methylase increased the recruitment of het-
erochromatin protein la, collectively inactivating postnatal and adult IUGR skeletal
muscle glut4 gene transcription (Raychaudhuri et al. 2008).

In skeletal muscle, PGC-1a enhanced glut4 expression by coactivating MEF2 (Lin
et al. 2005; Michael et al. 2001). In the IUGR rat offspring, CpG island methylation
significantly increases in the PGC-la promotor, which was associated with a reduc-
tion in PGC-la gene expression with a reduction of PGC-la transcription activity,
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thereby reducing glut4 expression (Zeng et al. 2013; Xie et al. 2015). In contrast to
these two studies, low protein maternal diet in the female IUGR offspring upregulated
MEF?2 binding of the glut4 gene, mediated by enhanced H3Ac, H4Ac, and H3K4Me2
(Zheng et al. 2012), suggesting differences in the conditions resulting in IUGR.
Notwithstanding this last study, trans-cinnamaldehyde, a component of the cinna-
mon extract, when applied to C2C12 murine myotubes augmented differentiation into
myocytes by increasing MEF2 and PGC-1a expression, which in turn enhanced glut4
expression (Gannon et al. 2015b). Interestingly, novel small molecules, such as ZINOOS,
also increased PGC-la mRNA in skeletal muscle of diabetic db/db mice unlike the
decrease in hepatic PGC-la expression and resultant reduction in gluconeogenesis,
thereby enhancing insulin sensitivity overall (Zhang et al. 2013b). Altered expression
of miRNAs as shown by miRNA microarray of the skeletal muscle of the IUGR rat
offspring yielded the upregulation of miR-29, let-7a-2-30, and miR-140-5p, while miR-
126a and miR-222-3p were downregulated. miR-29a when overexpressed in C2C12
cells downregulated both PPARS and PGC-la because PPARS regulates PGC-la
expression. Similarly, increased miRNA-29a decreased both PPARS and PGC-la in
the skeletal muscle of the IUGR rat offspring (Zhou et al. 2016). Furthermore after
exercise, expression of miR-23 decreases causing the upregulation of skeletal muscle
PGC-la, thereby mediating improved insulin sensitivity (Safdar et al. 2009).

6.8 SUMMARY

The TUGR offspring is prone toward developing glucose intolerance and skeletal
muscle-specific insulin resistance as witnessed by a reduction in glut4 expression
and the inability to translocate to the plasma membrane in response to insulin. Both
these processes are regulated by differing molecular machinery providing targets for
resolution. The importance for early intervention lies in the fact that this [UGR meta-
bolic phenotype is transgenerationally transmitted evoking epigenetics, providing a
contributing factor toward the worldwide epidemic of metabolic disorders, which
include diabetes and obesity and their various complications.
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7.1 INTRODUCTION

The global epidemics of obesity and type 2 diabetes (T2D) are serious threats to
human health and health-care expenses. Although genetics is an important fac-
tor, it does not explain this dramatic increase that involves environmental factors
such as nutrients, gut microbiota, and lifestyles. Twenty-five years ago, the con-
cept of “fetal programming” or “Developmental Origins of Health and Disease”
was introduced stating that the intrauterine environment during pregnancy has
an impact on gene expression that may persist through adulthood and be trans-
mitted to the next generations. It was found that both under- and overnutrition
before and during pregnancy may cause metabolic diseases like obesity and T2D.
Studies in humans have shown that offspring of mothers with obesity, type 1 dia-
betes (T1D), T2D, or gestational diabetes mellitus (GDM) are prone to develop
metabolic disorders such as obesity, T2D, and GDM in adult life (Carrapato 2003;
Hummel et al. 2013; Ruchat et al. 2013; Yan and Yang 2014). In certain popula-
tions, up to 15% of pregnant women develop GDM (King 1998) and offspring
of GDM mothers has an up to eightfold increased risk of developing T2D or
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prediabetes later in life (Clausen et al. 2008). Obesity is a risk factor for develop-
ment of GDM (Black et al. 2013; Fox et al. 2014), and the prevalence of obesity
in women of reproductive age (20—44 years) in the United States is around 33%
(Huda et al. 2010). Among pregnant women in 20 U.S. states, 20.5% were pre-
pregnant obese in 2009 (Fisher et al. 2013). The clinical consequences of obesity
and diabetes in pregnancy for the offspring will be dealt with in Chapters 13 and
14 of this book.

As the pancreatic B-cells are crucial in the regulation of metabolism, this chapter
describes the influence of maternal obesity and diabetes on the development and
function of the endocrine pancreas in the offspring. As the access to pancreatic tis-
sue from humans is limited, most of the studies mentioned in this chapter have been
performed in animals. The effects of undernutrition during pregnancy and modified
nutrients in the early postnatal period on programming of the endocrine pancreas are
discussed elsewhere in this book.

In healthy pregnancy, there is a marked increase in the p-cell mass in order to
compensate for the increased demand for insulin in late pregnancy. In rodents, this
is accomplished mainly by increased proliferation of the existing f-cells due to
increased levels of the somatolactogenic hormones placental lactogen and placental
growth hormone as well as an increased expression of the receptors for prolactin
and growth hormone in the endocrine pancreas (Parsons et al. 1992; Rieck and
Kaestner 2010; Nielsen et al. 2016). It was recently confirmed that B-cell-specific
inactivation of the PRL receptor resulted in GDM in pregnant mice (Banerjee et al.
2016). In human pregnancy, there is an increase in the -cell mass but the mecha-
nism may rather be by neogenesis than by proliferation of existing -cells (Butler
et al. 2010). There is also evidence for neogenesis in rodent pregnancy (Sostrup
et al. 2014; Hakonen et al. 2014). It is conceivable that lack of this compensatory
increase in f-cell mass is involved in the pathogenesis of GDM. It has been known
for a long time that the offspring of pregnant women with diabetes in particular
T1D are at risk of macrosomia and malformations, which has been suggested to
be due to the increased delivery of nutrients in particular glucose and lipids to the
fetus (Freinkel 1980).

Women with GDM have a sevenfold increased risk of developing T2D later in
life (Bellamy et al. 2009). The mechanisms involved in the development of GDM
are not clarified. Most probably it is an imbalance between insulin resistance and
insulin delivery. Thus, a reduction in the -cell mass by a low-dose streptozoto-
cin (STZ) treatment before pregnancy in the rats resulted in hyperglycemia during
pregnancy, suggesting that the prepregnancy f-cell mass is a determining factor
(Devlieger et al. 2008). The p-cell mass depends on genetic and environmental
factors during early life that influences the programming of the endocrine pancreas
(Nielsen et al. 2014). Both the lack of p-cell stimulating factors and occurrence of
B-cell inhibitory factors like abnormal metabolites or toxins from food or micro-
biota may lead to impaired p-cell growth and function during pregnancy (Prentice
et al. 2014). The regulation of the p-cell mass under normal and pathological condi-
tion is illustrated in Figure 7.1.
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FIGURE 7.1 Schematic changes in the functional $-Cell mass in normal growth, micro-
somia, macrosomia, obesity, pregnancy, gestational diabetes (GDM), type 1 diabetes (T1D),
type 2 diabetes (T2D), and latent autoimmune diabetes in adults (LADA).

7.2 EFFECT OF MATERNAL OBESITY ON THE
ENDOCRINE PANCREAS IN THE OFFSPRING

In many countries around the world, a Western lifestyle has led to an increased
consumption of a high-fat/high-sucrose food and an increase in maternal obesity.
The risk of giving birth to a macrosomic neonate increases with increasing body
mass index (BMI) in women even with normal glucose tolerance (Sewell et al. 2006;
Ovesen et al. 2011). These children have increased risk of developing T2D later in
life (Berends and Ozanne 2012; Dowling and McAuliffe 2013). The diet can influ-
ence fetal growth by altering the concentrations of circulating key metabolic hor-
mones that regulate placental nutrient transport and therefore fetal growth (Jansson
et al. 2008). Maternal obesity and excess nutrients in utero may affect several organs
including the p-cells (O’Dowd and Stocker 2013).

Animal studies have confirmed the effects of maternal overnutrition during gesta-
tion and/or lactation on the adult offspring observed in humans. A maternal high-fat
diet (HFD) during gestation in the rat predisposed the offspring to develop a metabolic
syndrome-like phenotype with insulin resistance, glucose intolerance, and increased
body weight in adulthood (Dowling and McAuliffe 2013; Srinivasan et al. 2006). Cerf
et al. (2005) showed that 1-day-old neonatal rats exposed to maternal HFD in utero
were hyperglycemic and had reduced p-cell volume and number. However, other
studies in rats have shown that maternal overnutrition increased the B-cell mass and
glucose-induced insulin secretion (GSIS) in the offspring early in life but impaired
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glucose tolerance in adulthood (Srinivasan et al. 2006) associated with mitochon-
drial dysfunction (Taylor et al. 2005). HFD in pregnant mice showed increased p-cell
proliferation, insulin content, and expression of key islet genes (insulin 1 [Insl],
pancreatic and duodenal homeobox 1 [Pdx-1], glucose transporter 2 [GLUT-2], glu-
cokinase [GK], ATP-sensitive potassium channel subunit 2 [Kir6.2]) but reduced
GSIS and expression of vesicle-associated membrane protein 2 (VAMP2) involved
in exocytosis (Tuohetimulati et al. 2012). Increased islet protein, DNA, and insulin
content but impaired insulin secretion were also found in adult female offspring of
HFD fed obese mice (Han et al. 2005). A time-dependent effect has also been dem-
onstrated in sheep where diet-induced obesity (DIO) in ewes resulted in midgesta-
tion fetuses with hyperglycemia, hyperinsulinemia, and increased p-cell numbers,
whereas fetuses at term had decreased p-cell numbers and increased p-cell apoptosis
but similar birth weights suggesting a declining functional -cell mass and/or p-cell
exhaustion that may lead to T2D later in life (Zhang et al. 2011). Thus, depending
on timing, short-term HFD may lead to p-cell compensation by proliferation and/or
neogenesis, whereas long-term HFD may lead to -cell exhaustion, hypoplasia, and/
or dedifferentiation (Cerf 2015). In 1-day-old rats born by HFD-fed obese dams, no
change in the messenger RNA (mRNA) levels of GLUT-2, GK, and Pdx-1 was seen
but a reduction of GK and Pdx-1 at the protein level was found as well as a reduced
GSIS in the isolated islets (Cerf et al. 2009). After 3 weeks lactation by dams on HFD,
Pdx-1 mRNA was increased, whereas GK mRNA and protein were reduced and the
animals were hyperglycemic. It has also been reported that maternal HFD caused
reduced GLUT-2 expression and mitochondrial dysfunction in the female offspring
resulting in islet dysfunction at 12 weeks postpartum (Theys et al. 2011). If HFD is
continued in the offspring up to 20 weeks, insulin content and Pdx-1 mRNA levels
were lower in males but increased in females and oxidative stress was increased in
islets from males but not from females indicating a marked sex difference in the
metabolic programming (Yokomizo et al. 2014). This was also reflected in studies
on the effect of HFD on the inflammation and cytokine expression in the placenta in
late pregnant mice, which was more pronounced in the placentas accompanying male
fetuses than female fetuses (Kim et al. 2014). HFD in mice 8 weeks before concep-
tion, during pregnancy, and during lactation resulted in reduced B-cell mass in the
offspring at birth but a recovery by increased proliferation in the suckling period
(Bringhenti et al. 2013) and a remodeling of the islets in the 6-month-old offspring
with increases in both - and a-cell masses and migration of some a-cells to the
islet core but a decrease in Pdx-1, GLUT-2, insulin receptor substrate 1 (IRS-1) and
phosphatidyl-inositol-3-kinase (PI3K) protein expression indicating p-cell dysfunc-
tion (Bringhenti et al. 2016). Mice on HFD before gestation and during gestation and
lactation resulted in increased body weight, energy intake, and glucose intolerance
with hyperinsulinemia, hyperleptinemia, decreased adiponectin levels, and increased
- and a-cell mass but reduced Pdx-1 expression in male F1 and F2 progeny implying
intergenerational transmission (Graus-Nunes et al. 2015). The fetal programming of
the pancreas does not only depend on maternal obesity but also on paternal obesity
(Ng et al. 2010; Rando and Simmons 2015) as discussed in Chapter 18 of this book.
In our studies, we have used the rat model of Barry Levin (Levin et al. 1997) who
derived two substrains of Sprague—Dawley rats that were bred for their propensity to
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resist (DR) or develop DIO when fed a high-energy (HE) diet consisting of 31% fat
and 25% sucrose. At the time of weaning, the DR rats had a higher p-cell mass than
the DIO rats. Both DR and DIO rats increased their B-cell mass up to 6 months of
age but at 12 months of age, the DIO rats on HE diet had a decline in glucose toler-
ance (Paulsen et al. 2010). In order to investigate if there was a difference in fetal
programming of endocrine pancreas between the DR and DIO rats, we studied the
offspring of DR and DIO dams fed HE or chow during pregnancy. As the growth
and maturation of the B-cells are most pronounced in the perinatal period, we stud-
ied the gene expression profile of the pancreas from 2-day-old pups. There was an
increase in body weight of the DIO HE pups and the tendency to an increase in islet
mass and size. There were no significant differences in the mRNA levels of insulin,
musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), musculoaponeurotic
oncogene homolog B (MafB). Pdx-1, and neurogenin 3 (Ngn3) between the groups
(Jaksch 2016). However, this does not exclude that there are differences at the protein
level that may affect the p-cell function.

7.3 EFFECTS OF MATERNAL DIABETES ON THE
ENDOCRINE PANCREAS IN THE OFFSPRING

Diabetes induced by STZ in pregnant rats has been studied extensively by Van Assche
et al. (Devlieger et al. 2008; Rando and Simmons 2015; Aerts et al. 1997). Severe
maternal diabetes resulted in acute hyperglycemia in the fetus leading to p-cell hyper-
plasia mainly due to formation of numerous small islets followed by early hyper-
insulinemia and later hypoinsulinemia due to exhaustion of the p-cells leading to
growth retardation and microsomia. In mildly diabetic pregnant rats, the fetal p-cell
mass was also increased but hyperinsulinemia was maintained leading to macroso-
mia. The induction of experimental diabetes using a -cytotoxic drug such as STZ is
well characterized (Ward et al. 2001). This cytotoxin is derived from Streptomyces
achromogenes and results in degranulation and necrosis of B-cells causing insulin
deficiency. Depending on species, age, dose, and route of administration, different
degrees of B-cell destruction may occur. Both in vivo and in isolated islets in vitro,
adult rats are very susceptible to STZ, whereas adult mice are less susceptible and
humans are resistant (Nielsen 1984). Mild diabetes in rats with blood glucose levels
between 120 and 200-300 mg/dL can be obtained by a low dose of STZ or by treat-
ment of neonatal rats with STZ (Portha et al. 1974; Gelardi et al. 1990; Merzouk et al.
2000; Sinzato et al. 2011; Damasceno et al. 2013), whereas severe diabetes with blood
glucose levels above 300 mg/dL can be obtained by a single high-dose STZ in adult
rats (de Souza et al. 2010; Rudge et al. 2007; Eriksson et al. 2003; Damasceno et al.
2014; Corvino et al. 2015; Volpato et al. 2015). Interestingly, multiple injections of low
doses of STZ can induce autoimmune destruction of f-cells in mice that resembles
T1D (Like and Rossini 1976). Studies in experimental animals may lead to a better
understanding of pathophysiological mechanisms involved in the effect of diabetes
during pregnancy on the development of the endocrine pancreas in the offspring.
Diabetes induced by low- and high-dose STZ in pregnant rats at the day of mating
has been studied extensively by Van Assche et al. (1991) (Devlieger et al. 2008; Aerts
etal. 1997). The partial destruction of f-cells in rats induced by low-dose STZ resulted
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in moderately increased blood glucose, which is transferred to fetus through placenta
by facilitated diffusion (Aerts et al. 1997). During the fetal endocrine pancreas devel-
opment, there is evidence of islet hypertrophy, hyperplasia of the fetal p-cells, and
increased insulin synthesis due to the increased maternal glucose supply (Kervran
et al. 1978). In order to investigate the role of diabetic intrauterine environment on
circulating levels of insulin, glucagon, and somatostatin, fetuses of diabetic moth-
ers were investigated as follows. Offspring of Wistar female rats were subjected to
subcutaneous injection of STZ either at birth (mild diabetes) (Sinzato et al. 2011) or
at adulthood (severe diabetes) (Corvino et al. 2015). The adult rats were mated and
killed in order to study the fetal endocrine pancreas. The hyperglycemic intrauterine
environment contributes to fetal hyperinsulinemia and higher anabolism, leading to
a fetal and perinatal macrosomia as expected (Corvino et al. 2015). Iessi et al. (2016)
demonstrated that this model of STZ-induced mild diabetes presented a size distribu-
tion between small and large islets with a lower percentage of large islets in fetuses of
mildly diabetic mothers. At term, these fetuses presented a decreased number of pro-
liferating cells and a decreased number of cells stained for somatostatin and increased
number of apoptotic cells (Iessi et al. 2015). The fetuses also showed a lower circulat-
ing level of somatostatin as compared with that of the control fetuses. The fetal insulin/
glucagon and insulin/somatostatin ratios were higher as compared with those of the
control mothers. The pancreata were analyzed by number of stained cells and by ratio
of stained area and total area of islets (Iessi et al. 2016). These results indicate that the
maternal diabetic condition impaired the fetal pancreatic development by reduction
of number of islets and abnormal number and organization of hormone-containing
cells (insulin, glucagon, and somatostatin). It is known that somatostatin is indirectly
involved in glycemic regulation by allowing fine adjustments in the control of insu-
lin and glucagon secretion (Bousquet et al. 2004). The results of our research group,
therefore, suggest that the somatostatin cells are more susceptible to changes in the
intrauterine environment than the insulin and glucagon cells (Iessi et al. 2015).

Pancreatic organogenesis and differentiation of the endocrine pancreas require
the tightly regulated control of a number of genes. Pdx-1 is crucial for the early devel-
opment of the pancreatic lineage. Genetic ablation of Pdx-1 results in the absence of
pancreatic development, but in the mature pancreas its expression is mainly restricted
to differentiated p-cells (Kaneto et al. 2008). Pdx-1 is a transcription factor involved
in embryonic development in mice and humans (Ohlsson et al. 1993; Jonsson et al.
1994; Offield et al. 1996) and controls a number of genes involved in the mainte-
nance of $-cell identity and insulin synthesis and secretion (Chakrabarti et al. 2002;
Le Lay et al. 2004), including Glut2 (Waeber et al. 1996; Lottmann et al. 2001), GK
(Watada et al. 1996), and Pdx-1 (Gerrish et al. 2001). Previous results revealed that
there was reduction of this marker in islets of fetuses from mildly diabetic mothers,
contributing to decrease in the number of endocrine pancreatic cells in this group
(Iessi et al. 2015). During perinatal life, the maternal hyperglycemic stimulus disap-
pears causing hypoplasia of the pup’s endocrine pancreas during the weaning period
(Aerts et al. 1990). These adult pups from mothers with mild diabetes present normal
distribution of islet-cell types leading to normoglycemia and insulin levels in endo-
crine pancreas (Aerts et al. 1997). However, under glucose challenge these animals
exhibit an impaired insulin response.
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When diabetes is induced in adult rats by a single high-dose STZ, the major-
ity of B-pancreatic cells are destroyed, resulting in severe hyperglycemia. Maternal
severe diabetes leads to an acute hyperglycemia in the fetus causing p-cell hyperpla-
sia mainly due to formation of numerous small islets followed by early hyperinsu-
linemia and later hypoinsulinemia due to exhaustion of the B-cells leading to growth
retardation and microsomia (Van Assche et al. 2001).

In our experimental model, the diabetic rats presented exacerbated oxidative
stress and hypoxia, and this was further exacerbated at term pregnancy in severely
diabetic rats. The reduced p-cell mass explains not only the development of severe
and chronic hyperglycemia but also other maternal changes. Islet number per unit
area and the number of cells per islet were significantly reduced in fetuses from
severely diabetic dams on days 18 and 21 of pregnancy. These alterations were related
to higher blood glucose level, oxidative stress, and hypoxia at term pregnancy. The
size distribution between small and large islets has revealed a higher fraction of large
islets in fetuses from severely diabetic mothers than those from mildly diabetic rats
(Iessi et al. 2015).

Interestingly, fetal islets from severely diabetic rats had a significantly reduced
relative number of cells stained by Pdx-1—positive cells on day 21 of pregnancy
and a reduced number of proliferating cells and an increased incidence of apop-
tosis on days 18 and 21 of pregnancy, supporting a reduced number of insulin-
positive B-cells in this period. These findings corroborate reduced B-cell mass and
growth-retarded fetuses of diabetic rats compared to control (Iessi et al., unpub-
lished data). The plasma glucagon concentration was diminished in fetuses from
the severe diabetic dams with a marked increase of the insulin/glucagon ratio and
a reduction of insulin/somatostatin ratio in fetuses in relation to the control group.
These ratios were reversed in the newborns when the glucose level was reduced
to below normal (Iessi et al. 2016), indicating that the interactions between the
islet hormones play important roles in metabolic programming. It has been shown
that pregnant diabetic women may experience impaired embryofetal development
due to hypoxia and oxidative stress (Ornoy et al. 2010). The relationship between
number of islets and cells per islets in fetuses with maternal hyperglycemia, oxi-
dative stress markers, and maternal hypoxia suggests that these mechanisms are
involved in the reduction of the number of fetal islets as well as the number of
cells per islet.

Offspring of mothers with T1D only have a low risk of T1D (Buschard et al. 1989)
but it has recently been reported that maternal obesity without diabetes is associated
with a higher prevalence of TID (Hussen et al 2015). It has also been shown that
female nonobese diabetic (NOD) mice fed HFD during pregnancy gave rise to more
severe lymphocytic infiltration in the islets and lower insulin levels in their female
offspring (Wang et al. 2014), suggesting that the inflammatory intrauterine environ-
ment under some circumstances may give rise to T1D. However, further human stud-
ies are required to confirm these findings.

When the offspring became pregnant, both those that were born from severely
diabetic mothers and those born from mildly diabetic mothers developed GDM
(Aerts et al. 1997), which may continue to the following generations (Chavey
et al. 2014).
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7.4 ROLE OF INFLAMMATION

Obesity and diabetes are characterized by a low-grade inflammation in several tissues,
including the pancreatic islets (Gregor and Hotamisligil 2011; Donath and Shoelson
2011). It has been reported (Desai et al. 2013) that fetuses of high calorie fed rat moth-
ers had elevated plasma levels of interleukin 6 (IL-6), tumor necrosis factor o (TNFa),
and chemokine ligand 2. Pups born by obese mouse dams or suckled by obese dams
were found to develop nonalcoholic fatty pancreas disease (NAFPD) (Oben et al. 2010).
NAFPD involves fat deposition and inflammation with resultant pancreatic fibrosis,
with the accumulation of collagen being the major extracellular matrix component pro-
duced by the activation of pancreatic stellate cells. Gene expression profiling of pan-
creas in offspring of DIO and DR rats fed HE diet or chow during pregnancy showed
differences in expression of genes involved in pro- and anti-inflammatory pathways
between the groups. Thus, the expression of the proinflammatory phospholipase A2
group 2a (Pla2g2a) was twofold higher in DIO pups than in DR pups independent of
the diet, whereas the anti-inflammatory phospholipase A2 group 2d (Pla2g2d) was
increased more in DIO pups than in the DR pups on HE diet. Interleukin 1§ stimulated
the expression of Pla2g2a in both rat isles and INS-1E cells (Jaksch 2016) and the
expression of the anti-inflammatory interleukin 1 receptor antagonist gene (IL-Ira)
was upregulated in both DR and DIO pups on HE diet supporting the role in the
inflammatory processes in the islets that may lead to pB-cell dysfunction later in life.

Although maternal obesity is associated with inflammatory responses in several
organs (Segovia et al. 2014), including the placenta where it has been found that Toll-
like receptors TLR2 and TLR4, macrophage markers CDI14 and CD68, TNF«, IL-6,
IL-8, and nuclear factor kappa B (NF-kB) were upregulated in midgestational ewes
that may be transmitted to the fetus (Zhu et al. 2010), pregnancy is also associated
with anti-inflammatory reactions. Thus, the low-grade inflammation in adipose tissue,
liver, and placenta induced in female mice fed an obesogenic diet for 6 weeks before
conception was reversed on day 18 of gestation (Ingvorsen et al. 2014). It has also
been reported that some women with T1D have increased levels of C-peptide during
pregnancy and reduced circulating levels of IL-6, IL-8, and MCP-1 compared to the
levels after delivery (Nalla 2012), suggesting a suppression of the autoimmune reaction
in T1D. This has also been observed in T1D in pregnant rats and in women with GDM
(Yessoufou et al. 2011). It is known that pregnancy is associated with a switch from
Thl response characterized by production of proinflammatory cytokines (IL-2, IL-12,
interferon y [IFNy]) toward Th2 response characterized by production of anti-inflam-
matory cytokines (IL-4, IL-5, IL-10, IL-13) that may be due to the increased levels of
pregnancy hormones including human chorionic gonadotrophin (hCG) (Furcron et al.
2016). However, after delivery the Th1/Th?2 ratio is rebound and the adverse effects of
inflammatory reactions in the offspring of obese or diabetic mothers will precipitate.

Another family of genes that was upregulated in the pancreas of pups from DIO rats
on HE diet was the Reg genes Reg3a and Reg3y (Jaksch 2016) that have been found to
be increased in pancreatitis (Zenilman et al. 2000) and so they have been implicated in
pancreas development (Xiong et al. 2011) and B-cell regeneration (Terazono et al. 1988;
Kapur et al. 2012). Thus, they may be involved in the compensatory increase in f-cell
mass in the offspring of obese mothers, although this is still controversial.
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7.5 ROLE OF IMPRINTED GENES AND NONCODING RNAS

Interestingly, the long noncoding RNA gene Bsr was found to be downregulated two-
fold in the DIO pups on HE diet compared to DR pups on HE or chow (Jaksch 2016).
It is located in the delta-like 1 (DLKI1)-type 3-iodothyronine deiodinase (DIO3)
genomic region that contains the paternally expressed protein-coding genes DLK1
(also called preadipocyte factor 1 [Pref-1]), retrotransposon-like 1 (RTL1), and
DIO3 and maternally expressed noncoding transcription unit containing maternally
expressed 3 (MEG3), MEGS (called brain specific repetitive long noncoding RNA
[Bsr] in the rat), and antisense RTL1 and a very large microRNA (miRNA) cluster
(Benetatos et al. 2013). It is expressed in human p-cells and has been reported to be
strongly repressed in islets from T2D donors (Kameswaran et al. 2014). Recently,
it was shown that the expression of MEG3 was decreased in islets from NOD mice
and db/db mice and that knockdown of MEG3 in mice resulted in impaired glucose
tolerance and decreased expression of Pdx-1 and MafA (You et al. 2016).

DLK1 was previously shown to be highly expressed in islets from 2-day-old rats
(Carlsson et al. 1997) and there was a tendency to lower the expression of DLKI1 in
DIO pups on HE diet in the microarray analysis (Jaksch 2016). DLK1/Pref-1 is highly
expressed in embryonic tissues and seems to be a maintenance factor for undifferenti-
ated cells and be permissive for fetal growth. Thus, it acts an inhibitor of differentiation
in preadipocytes to mature adipocytes. In adulthood, it is only expressed in the endo-
crine pancreas, the pituitary, and the adrenal cells. It is highly expressed in human p-cells
(Dorrell et al. 2011). DLK1 expression is upregulated by growth hormone and prolactin
in rat islets and during pregnancy (Carlsson et al. 1997; Friedrichsen et al. 2003). It is
highly expressed in fetal and neonatal -cells and it does not seem to act as a growth
factor for B-cells but may be permissive for allowing cell proliferation and maturation in
response to other factors (Martens et al. 2014). Recently, it was shown that overexpres-
sion of DLKI1 activates Pdx-1 that leads to differentiation of human pancreatic ductal
cells into B-like cells (Rhee et al. 2016). Transgenic mice overexpressing DLK1 showed
an increase in insulin secretion and islet mass with a higher proportion of large islets and
improved glucose tolerance (Wang et al. 2015). Thus, DLK1 may be a positive regula-
tor of B-cells and insulin production. However, DLK1 knockout mice had normal (3-cell
development, suggesting that compensatory mechanisms exist (Appelbe et al. 2013).

Some of the miRNAs in the DLK1-DIO3 cluster were downregulated in the DIO—
HE pups, including miR495 that previously reported to be downregulated in islets from
T2D patients. This resulted in increased expression of p53-induced nuclear protein 1
(TPS3INP1), which in turn increased the susceptibility to apoptosis (Kameswaran et al.
2014). Although much more research is needed in this field, these results indicate that
noncoding RNAs play important roles in fetal programming of the B-cells (Kameswaran
and Kaestner 2014; Singer et al. 2015). Chapters 16 an 17 in this book describe epigene-
tic mechanisms involved in fetal and early programming of other organs in more detail.

7.6 CONCLUSIONS

This chapter has focused on the fetal programming of the endocrine pancreas in
various animal models of obesity and diabetes. Figure 7.2 summarizes some of the
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FIGURE 7.2 Schematic representation of the mechanism involved in fetal programming of
the p-cells in maternal obesity and diabetes.

factors and processes that are involved. With regard to metabolism, pregnancy is
associated with an opposing effect as it increases the demand for insulin as insu-
lin resistance in the mother contributes to the delivery of nutrients to the fetus. If
the capacity of the insulin production is compensated by an increase in the p-cell
mass, euglycemia is maintained, but if the capacity of the p-cells is compromised by
genetic and/or malnutrition, GDM may occur. Then the fetus will be exposed to high
concentrations of glucose and lipids that will cause increased fetal insulin produc-
tion that will lead to macrosomia or exhaustion of the fetal f-cells that will lead to
microsomia. Thus, overnutrition is a common denominator for the adverse effect of
maternal obesity and diabetes on the health of the offspring in several generations.
It should also be stressed that pregnancy in itself has a protective role in the health
of the fetus via the placenta and the modulation of the innate and adaptive immune
reactions that prevent rejection of the fetus but also protects against infections and
toxic agents and adverse effects of inflammatory reactions. These protective effects
disappear after delivery and may even be promoted both in the mother and in the off-
spring. In order to prevent the adverse effects of obesity and diabetes on the offspring
lifestyle intervention is required for both parents, preferably before conception.
Adequate calorie intake and physical activity should be compulsory from childhood.
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8.1 INTRODUCTION

Circadian rhythms govern a wide variety of physiological and metabolic processes in
organisms ranging from cyanobacteria to humans. The 24-hour cycle of light and dark
drives cyclic changes in most organisms, which anticipate and coordinate their behav-
ioral and metabolic functions in response to the changing environment. Most organ-
isms modulate their metabolism over a 24-hour period via an endogenous phenomenon
called a circadian rhythm. This biological circadian clock in vertebrate species pro-
vides time cues for various physiological activities and synchronizes metabolic, endo-
crine, and behavioral functions associated with the activities (Brainard et al. 1983;
Meng et al. 2011; Brainard et al. 1984). The master clock regulating circadian rhythm
is located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Swanson and
Cowan 1975; Lydic et al. 1980). The SCN synchronizes many circadian rhythm-related
processes in humans and other vertebrates (Gillette and Tischkau 1999; Hofman 2000)
and these circadian rhythms control a wide array of physiological events, including
metabolism, feeding, sleep, and hormonal secretions. Metabolic homeostasis at the
systemic level is dependent upon an accurate and collaborative harmony of circadian
rhythms in individual cells and tissues of the body. Misalignment or disruption of the
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circadian rhythm is associated with a number of detrimental metabolic conditions such
as obesity, metabolic syndrome, and cardiovascular disease.

At the molecular level, the circadian clock is a highly conserved and coordi-
nated transcription—translation feedback system that modulates messenger RNA
(mRNA) expression, protein stability, chromatin state, and metabolite produc-
tion, utilization, and turnover to keep correct physiological functions occurring
in a chronological order. Recent findings show that regulation of metabolism by
the circadian clock and its components is a reciprocal process. Specifically, com-
ponents of the circadian clock sense alterations in the cellular metabolism and
respond accordingly. Moreover, unhealthy diets, irregular timing of eating, or
lifestyle factors such as sleep deprivation or night-shift work are known to alter
circadian rhythms and alter metabolism. Importantly, disruption of the circadian
clock gene network (as seen in Clock mutant mice) leads to the development of
obesity secondary to hyperphagia. In addition, these mice are hyperleptinemic,
hyperlipidemic, hyperglycemic, and develop hepatic steatosis (Turek et al. 2005).
Thus, it is evident that disruption of circadian rhythms leads to severe metabolic
consequences. However, the influence of gestational insults (such as maternal
obesity and poor quality diets) on circadian rhythms in offspring remains poorly
understood. Maternal obesity is associated with increased risk of offspring obesity,
insulin resistance, glycemic dysregulation, hepatic steatosis, and cardiovascular
disease. Moreover, maternal diet and obesity during pregnancy have been shown to
influence offspring metabolism, appetite, and adiposity. In this context, altered cir-
cadian rhythms could be contributing mediators (Shankar et al. 2008; Wankhade
et al. 2016). Gestational obesity and prenatal nutritional status have been shown to
affect the circadian machinery of key organs in offspring such as the liver, brain,
and adipose tissue (Mouralidarane et al. 2015; Borengasser et al. 2014; Sutton
et al. 2010). This chapter provides a brief overview of the physiology of circadian
rhythms and an up-to-date review on the literature examining how the maternal
body habitus and diet during gestation affect offspring circadian rhythms, metabo-
lism, and health.

8.2 AN OVERVIEW OF CIRCADIAN RHYTHMS

A common feature of all organisms, from bacteria, fungi, plants, birds, animals, is
the temporal organization of biological processes into daily cycles. These circadian
(circa diem is Latin for “about a day”’) rhythms, or internal clocks, include many bio-
logical processes—physical, mental, and/or behavioral—that follow approximately
a 24-hour cycle and often occur in response to light and dark patterns in the envi-
ronment (Partch et al. 2014; Bell-Pedersen et al. 2005). Circadian rhythms or clocks
are regulated by an internal circadian oscillator that is comprised of positive and
negative autoregulatory feedback loops that generate daily (24-hour) timing circuits.
In response to environmental input, the positive elements of the feedback loops acti-
vate the transcription of “clock genes” that encode for the negative elements of the
system. Thus, this interconnected network of positive and negative feedback loops
maintains the stability and robustness of the oscillator and generates rhythmic tran-
scription and biological activity.
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In mammals, such as rodents and humans, a circadian pacemaker or “master”
clock is located in the SCN of the hypothalamus. This master clock in the SCN is
unique from peripheral molecular clocks as the SCN receives input directly via the
retinohypothalamic tract to allow entrainment, or synchronization, of mammalian
circadian rhythms to environmental light/dark cycles. Peripheral clocks are phase
delayed to the time it takes for signals (circulating hormones and other metabolic
cues) to be sent from the SCN to the periphery. Thus, the SCN coordinates clocks in
peripheral tissues that have their own intrinsic circadian rhythms.

Through early microarray studies, it was discovered that peripheral clocks regu-
late numerous transcriptional programs and lead to a peak in gene expression once a
day for clock-controlled genes. Both SCN and peripheral circadian clocks share sim-
ilar molecular elements: (1) negative elements such as the period homologues 1 and
2 (PERI and PER?2) and cryptochromes 1 and 2 (CRYI and CRY2) and (2) positive
acting proteins such as the basic helix—loop-helix transcription factors CLOCK and
brain and muscle ARNT-like protein 1 (BMAL). The CLOCK:BMAL heterodimeric
complex acts as a positive regulator of circadian transcription by binding at consen-
sus E-box DNA motifs and recruiting transcriptional repressors (PERI, PER2, CRY 1,
and CRY?2) to repress CLOCK:BMAL activity in a cyclical fashion. Thus, circadian
output is controlled primarily at the transcriptional level, but there is also evidence
for posttranscriptional regulatory processes to play a role in circadian rhythms. For
example, for some genes, circadian control of poly-A tail length regulates translation
independently of steady-state mRNA levels. In addition, the epigenetic landscape
also plays an important part in circadian transcriptional activation as histone modifi-
cations and RNA polymerase II recruitment are another level of circadian regulation
of transcription.

8.3 CIRCADIAN REGULATION OF METABOLISM

Since integrative metabolism is exquisitely coordinated with feeding, food-seeking
behavior, and energy expenditure associated with locomotion, it is no surprise that
numerous metabolic mediators show prominent circadian rhythms (summarized in
Figure 8.1). The main neural output pathways of the SCN that drive the circadian
pacemaker are the subparaventricular zone (SPZ) and dorsomedial hypothalamus
(DMH) (Saper et al. 2005). The SCN also has efferent targets in the arcuate nucleus
of the ventromedial hypothalamus (VMH) and the ventral part of the lateral hypo-
thalamus (LH), suggesting an interaction of circadian pathways with neural path-
ways involved in food intake and physical activity (Yi et al. 2006). Downstream of
the SPZ and DMH are the paraventricular nucleus (PVN), the LH, the ventrolateral
preoptic nucleus, and the medial preoptic area. These brain regions regulate cortico-
steroid release, feeding, sleep, and thermoregulation, respectively (Chou et al. 2003;
Lu et al. 2001). Ablation of DMH regions, which receive inputs from both the SCN
and the SPZ, results in severe impairment of circadian-regulated sleep—wakefulness,
locomotor activity, corticosteroid secretion, and feeding (Chou et al. 2003). Thus,
the DMH and VMH constitute a gateway between the master pacemaker neurons of
the SCN and cell bodies located within brain centers in the hypothalamus (Ramsey
et al. 2007). Moreover, preautonomic nervous system neurons are located in the
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Targets of Circadian Regulation of
Metabolism

Modulation of brain regions
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FIGURE 8.1 Physiological targets of circadian rhythm regulation of metabolism include
specific brain regions downstream of the suprachiasmatic nucleus, the autonomic nervous
system, the liver, adipose tissue, and various circulating factors. These systems influence
biochemical pathways and behavioral functions in an integrated manner.

ventral and dorsal borders of the PVN and are selectively innervated by fibers of
SCN (Buijs et al. 1999). Thus, one mechanism by which the SCN controls energy
homeostasis is through the innervation of preautonomic neurons in the PVN, which
are connected to the parasympathetic and sympathetic nervous systems (Buijs et al.
2006). For example, in the rat, lesions of the SCN impair diurnal variations in whole-
body glucose homeostasis, which results in defective glucose utilization rates and
endogenous hepatic glucose production. Importantly, the liver is highly innervated
by both sympathetic and parasympathetic nerve fibers, and autonomic input is critical
in regulating hepatic glucose production. Transneural viral tracing combined with
selective denervation demonstrated that SCN neurons project to preautonomic PVN
neurons, providing evidence that the central clock via the autonomic nervous system
plays a critical role in controlling hepatic glucose production (Kalsbeek et al. 2006).
Neuronal projections from the SCN to the PVN contain gamma-aminobutyric acid
(GABA) as the primary neurotransmitter and neurotransmitter release inhibit PVN
function (Roland and Sawchenko 1993). Thus, the SCN is capable of controlling
peripheral tissues not only by the secretion of humoral signals but also by affecting
both branches of the autonomic nervous system.

Gene expression and circulating plasma levels of insulin, glucagon, adiponectin,
leptin, and ghrelin also exhibit circadian oscillation. Leptin, an adipocyte-derived
circulating hormone that acts at specific receptors in the hypothalamus to suppress
appetite and increase metabolism, is elevated in obesity (Ahima et al. 1998). Leptin
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exhibits remarkable circadian patterns in both gene expression and protein secre-
tion, which spikes during sleep (Kalra et al. 2003). Ablation of SCN regions impairs
circadian leptin expression in rodents, suggesting that the central circadian clock
regulates leptin expression (Kalsbeek et al. 2001). Circadian rhythms also control
energy homeostasis in peripheral tissues by mediating the expression and/or activity
of specific metabolic enzymes and transporters involved in cholesterol, amino acid,
and glucose metabolism (Ramsey et al. 2007; La Fleur et al. 1999; La Fleur 2003;
Davidson et al. 2004). Glucose uptake and adenosine triphosphate (ATP) concentra-
tions in the brain and peripheral tissues also fluctuate around the circadian cycle
(Kalsbeek et al. 2006; La Fleur 2003), and several nuclear receptors involved in lipid
and glucose metabolism, such as peroxisome proliferator-activated receptor gamma
(PPAR«), alpha (PPARYy), and delta (PPARS), and estrogen receptor alpha (ERR«),
exhibit circadian patterns of expression (Yang et al. 2006). While disturbances in
circadian rhythms affect metabolism, dysregulation of metabolism due to feeding,
food metabolites, or hormones whose secretion is controlled by food or its absence
also impacts circadian thythms. Glucose, amino acids, minerals, and vitamins all
are known to reset circadian rhythms (Stephan and Davidson 1998; Iwanaga et al.
2005; Mohri et al. 2003; Langlais and Hall 1998). Hormones responsive to the meta-
bolic state also tend to induce or reset circadian rhythms through the regulation
of clock gene expression. Thus, coordination of circadian rhythms and metabolism
occur in conjunction with each other to respond to the host environment.

As mentioned earlier, at the cellular level, both the central and peripheral clocks
are controlled through positive and negative transcriptional and translational feed-
back loops that involve genes such as BMALI, CLOCK, PERI, PER2, PER3, CRY]I,
CRY2, and REV-ERB (Gekakis et al. 1998; Prasai et al. 2008). PER?2 is an important
intermediary between metabolic and circadian pathways as it has been shown to con-
trol lipid metabolism through the regulation of PPARy. In addition, leptin induces
upregulation of PER2 and CLOCK gene expression in mouse osteoblasts that exhibit
endogenous circadian rhythms (Fu et al. 2005). Importantly, it has been reported that
PER?2-deficient mice display profound reductions in triacylglycerol and nonesterified
fatty acids; thus, PER?2 acts to inhibit lipid metabolism and potentiate hepatic steato-
sis (Grimaldi et al. 2010).

Circadian rhythms impact lipid metabolism through other important genes as
well. Transcriptome studies in mice revealed the rhythmic expression of clock
and adipokine genes, such as resistin, adiponectin, and visfatin in visceral fat tis-
sue (Ando et al. 2005), and in humans, expression of these mediators is reduced
with obesity (Kalsbeek et al. 2001; Saad et al. 1998; Gavrila et al. 2003). Fatty
acid transport protein 1 (Fatpl), fatty acyl-CoA synthetase 1 (Acs/), and adipocyte
differentiation-related protein (Adrp) exhibit diurnal variations in expression, sug-
gesting that nocturnal expression of Fatpl, Acsl, and Adrp may promote higher rates
of fatty acid uptake and storage of triglyceride in rodents (Bray and Young 2007).
Bmall, the gene encoding the core clock mechanism, is involved in the control of adi-
pogenesis and lipid metabolism in mature adipocytes as loss of Bmall leads to defec-
tive adipocyte differentiation and adipogenesis in embryonic fibroblasts. Moreover,
loss of Bmall in 3T3-L1 adipocytes leads to downregulation of several key adipo-
genic genes such PPARy2, adipocyte fatty acid binding protein 2 (aP2), CCAAT
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enhancer binding proteins (C/EBPa and C/EBPf3), sterol regulatory element-binding
protein la (SREBP-1a), phosphoenolpyruvate carboxykinase, and fatty acid syn-
thase, whereas overexpression of Bmall in adipocytes increases lipid synthesis activ-
ity. These results indicate that Bmall, a master regulator of circadian rhythm, also
plays a critical role in the regulation of adipose differentiation and lipogenesis in
mature adipocytes (Shimba et al. 2005). Thus, circadian rhythms influence metabo-
lism through the autonomic nervous system and also by affecting the expression of
genes involved in key metabolic processes such as glucose and lipid metabolism
(Figure 8.1).

8.4 MATERNAL PROGRAMMING OF
OFFSPRING CIRCADIAN RHYTHMS

Since maternal diet and obesity during pregnancy can influence offspring metabo-
lism, food intake, and adiposity, it is possible that altered circadian rhythms could
be causal mediators of offspring metabolic dysfunction (summarized in Figure 8.2).
The proximity of the SCN to the arcuate nucleus and the PVN, which is mainly
responsible for food intake, satiety, and physical activity behavior, highlights the
possibility that developmental programming of hyperphagia and physical inactivity
may occur at early fetal stages of development. Rodent models have been instru-
mental in analyzing the mechanisms responsible for the developmental program-
ming of obesity and its comorbidities. For example, Samuelsson et al. demonstrated
that offspring of obese mouse dams are hyperphagic from 4 to 6 weeks of age, and
have reduced locomotor activity and increased adiposity. Moreover, in this model,
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FIGURE 8.2 Maternal obesity and obesogenic diets influence the expression and regula-
tion of several core circadian rhythm-related genes in metabolic tissues such as liver, adipose
tissue, brain, and heart. These changes presumably could contribute to the modulation of
metabolism and generally enhanced sensitivity of offspring to metabolic disease.
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exposure to maternal obesity during fetal development in the mouse leads to adult
offspring adiposity and cardiovascular and metabolic dysfunction (Samuelsson et al.
2008). In another mouse model, exposure to a maternal low protein diet during gesta-
tion followed by a postweaning obesogenic diet was associated with higher offspring
blood pressure and heart rate and loss of circadian rhythmicity of blood pressure
and heart rate in offspring exposed to maternal low protein diet during gestation
(Bol et al. 2010). These rodent studies suggest that the in utero environment plays
an important role in the circadian regulation of energy balance and obesity-related
comorbidities such as cardiovascular disease.

Previously, our group has shown that an obesogenic in utero environment during
fetal development interacts with postnatal obesogenic challenges to induce perma-
nent changes in the hepatic molecular chronobiological network. Borengasser et al.
demonstrated that the oscillatory amplitude of both hepatic core clock regulators and
circadian metabolic regulators was altered in offspring when challenged with high-
fat diet (HFD), and this response to postnatal HFD was further exacerbated in off-
spring exposed to maternal obesity. In particular, exposure to both maternal obesity
and 2-week postweaning HFD challenge resulted in the greatest impairment of gene
transcription of hepatic core clock machinery and metabolic and epigenetic targets
(Borengasser et al. 2014). Changes in PPARax mRNA expression were specifically
linked to decreased rates of mRNA synthesis and increased rates of degradation
as determined by mathematical modeling. Additionally, epigenomic changes were
evident as seen by differences in enrichment of histone H3 lysine 4 trimethylation
(H3K4me3) and H3K27me3 histone marks on the PPARa promoter. In agreement
with mRNA expression, the coupling of maternal obesity and postweaning HFD
exposure led to the most dramatic changes in the mathematical model and histone
mark enrichment. In addition to its central role as a pleiotropic regulator of lipid
metabolism, PPAR«a directly interacts with core clock components in a circadian
fashion. These findings clearly indicate that maternal obesity impairs the underlying
circadian mechanisms regulating transcriptional induction of PPARa. Consequently,
offspring of obese dams are unable to adequately mount a response to metabolic
demands that require mobilization of lipids (viz. fasting and HFDs), specifically via
an inability to induce PPARa and its downstream targets (Borengasser et al. 2014).

Consistent with the above-mentioned findings, Mourlidarane et al. demon-
strated that exposure to maternal obesity led to the development of severe non-
alcoholic fatty liver disease (NAFLD) phenotype in offspring. Further dietary
challenge in postnatal life induced a biphasic rhythmic pattern of Clock expres-
sion, with peaks observed in both the light and dark phases (Mouralidarane et al.
2015). Rhythmic disruption of Clock transcription in the liver may therefore be
partially responsible for the observed dysmetabolic and fatty liver phenotype in
offspring born to obese dams. Such a causal association is supported by earlier
reports of adiposity, impaired lipid metabolism, and insulin resistance in Clock
mutant mice (Turek et al. 2005; Oishi et al. 2003). Rhythmic 24-hour expression
of Bmall, a coactivator of the circadian molecular network, was similarly dis-
rupted following exposure to maternal obesity and a postweaning obesogenic diet.
Observations of arrhythmic Bmall transcription are in line with previous reports
of impaired adipogenesis and hepatic carbohydrate metabolism in rodents with
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Bmall ablation (Shimba et al. 2005; Rudic et al. 2004). Exposure to maternal obe-
sity induces a significant increase in Cry2 transcription in offspring, which fur-
ther worsens in the context of a postweaning obesogenic diet in the dark phase.
Therefore, and most importantly, offspring exposure to maternal obesity signifi-
cantly induces arrhythmic expression of Cry2 and as such may be in part respon-
sible for the observed NAFLD phenotype. This is further supported by reports of
cryptochrome-mediated regulation of hepatic gluconeogenesis and cyclic adenos-
ine monophosphate (CAMP) signaling, reaffirming the association between core
clock genes and their control of metabolic pathways (Zhang et al. 2010). It is evident
that these canonical clock genes affect metabolic physiology and that circadian-
related genes regulate hepatic inflammatory and fibrogenic pathways implicated
in NAFLD pathogenesis. It is tempting to speculate that the resulting asynchrony
not only affects metabolic homeostasis but also impacts hepatic proinflammatory
and profibrogenic pathways involved in NAFLD as possible clock output pathways.

In addition to the liver, other organ systems, such as the heart and pancreas, are
also targets for maternal obesity-associated disruption of circadian rhythms. For
example, Wang et al. observed that at postnatal day 17, offspring exposed to maternal
obesity exhibited antiphase oscillations in cardiac gene expression of Cpt/f3, PPAR«,
and Per2, and greater oscillation amplitude of hepatic Bmall, tumor necrosis factor
alpha (Tnfa), and interleukin 6 (IL-6) (Wang et al. 2015). Moreover, Carter et al.
observed that when offspring exposed to maternal obesity were fed a postweaning
obesogenic diet, the offspring developed fatty pancreas and increased pancreatic
inflammation that was associated with phase shifts in pancreatic Clock, REV-ERBa,
and Per2 expression and a decreased oscillatory amplitude of Bmall and Per2
expression (Carter et al. 2014). Thus, the maternal environment during fetal devel-
opment affects offspring circadian rhythms in multiple organ systems involved in
energy balance and metabolism (Figure 8.2).

8.5 MECHANISMS LINKING MATERNAL PROGRAMMING
TO OFFSPRING CIRCADIAN RHYTHMS

While it is evident that maternal nutritional status during pregnancy has lasting con-
sequences on offspring circadian rhythms and metabolism, the mechanisms linking
in utero environment and offspring circadian rhythms are considerably less well
characterized. The placenta is an integral organ linking fetal growth and develop-
ment to maternal habitus as it plays a key role in nutrient transport, hormone produc-
tion, and immunologic barrier function (Jansson and Powell 2013; Diaz et al. 2014).
Moreover, as a nutrient sensing organ, the placenta integrates both maternal and
fetal information to appropriately match fetal growth with maternal nutrient supply.
Thus, the placenta plays an important role in sensing changes in the maternal envi-
ronment (e.g., hypoxia, stress, obesity, gestational diabetes) and inducing changes
in fetal growth and development accordingly. The key molecular components of the
clock gene machinery have been identified in rodent and human placenta but, in the
rodent placenta, there appears to be significantly less rhythmicity or coordination
with day/light cycles when compared to other central and peripheral clocks (Waddell
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et al. 2012). In both humans and nonhuman primates, placental steroidogenesis
occurs in a rhythmic fashion, and in rodents, placental glucocorticoid production,
glucocorticoid receptor expression, and proinflammatory cytokine production occur
rhythmically, suggesting that circadian rhythms are an important part of normal
placental function. Importantly, disruption of circadian rhythms is linked with com-
promised placental function, suggesting that the placenta may play a significant role
in the development of the fetal circadian system (Waddell et al. 2012).

Another possible mechanism linking the in utero environment and offspring cir-
cadian rhythms is via epigenetic modification of offspring DNA or regulators of
chromatin structure such as histone modifications during critical periods of develop-
ment. Several groups have reported that chromatin remodeling of the DNA land-
scape follows circadian patterns, and enzymes such as histone acetyltransferases
(HATs), histone methyltransferases (HMTs), and histone deacetylases (HDACS)
are key mediators of chromatin remodeling. In the mouse liver, there are rhyth-
mic changes in H3K4me3 and histone H3 lysine 9 acetylation (H3K9ac), histone
modifications that are associated with active promoters, and recruitment of RNA
polymerase II also exhibits circadian modulation (Koike et al. 2012). However, elon-
gation marks such as H3K36me3 and H3K79me2 demonstrate low-amplitude cir-
cadian modulation (Koike et al. 2012). Additionally, in the mouse liver, genomic
recruitment of HDAC3 follows a circadian pattern that is synchronized to the expres-
sion pattern of the circadian nuclear receptor REV-ERBa, which recruits nuclear
corepressor (NCoR) and HDAC3 to deacetylate and repress transcription (Feng et
al. 2011; Feng and Lazar 2012). Moreover, these circadian-related changes in chro-
matin landscape are associated with metabolic consequences as deletion of either
HDAC3 or REV-ERB« induces hepatosteatosis (Feng et al. 2011). The Bmall/Clock
heterodimer interacts with sirtuin 1 (S/RTI), a nicotinamide adenine dinucleotide
(NAD)-dependent HDAC, while Bmall also binds to the transcriptional coactiva-
tors with HAT activity p300 and CREB-binding protein (CBP) and Clock binds to
p300 and p300/CBP-associated protein (pCAF) (Feng and Lazar 2012). Importantly,
Clock itself is a HAT that controls rhythmic acetylation of the Per/ promoter (Feng
and Lazar 2012). In a nonhuman primate model, maternal HFD during gestation
was associated with altered fetal liver Npas2 (a paralog of Clock) expression and
hyperacetylation of H3K14ac in the Npas2 promoter (Suter et al. 2011), suggesting
that epigenetic modification of fetal circadian genes is determined by the maternal
environment during fetal development.

Change in DNA methylation is another possible epigenetic mechanism
involved in fetal programming of metabolism. Relative to other genes, regulatory
regions of circadian genes are enriched in CpG motifs (Ripperger and Merrow
2011). Also, during development there is a clearly defined role of CpG methyla-
tion of circadian genes. For example, for specific CpGs within regulatory regions
of Perl, methylation status was dependent on development stage (Ripperger and
Merrow 2011). Adiposity has an effect on methylation status of specific CpGs in
core canonical clock genes as hypermethylation of the Bmall and Per2 promoters
was observed in white blood cells of overweight/obese women compared to lean
women (Milagro et al. 2012). Since DNA methylation is established early in devel-
opment, it is possible to speculate that maternal obesity-associated alterations in
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the methylation status of fetal circadian genes could have long-lasting effects on
offspring metabolism.

8.6 CONCLUSIONS AND PERSPECTIVES

Since the fetal peripheral clocks develop earlier than the master fetal SCN clock and
maternal SCN ablation induces asynchrony of circadian rhythms in offspring, it is
clear that the gestational maternal environment is crucial for the development of fetal
clocks and preparing the fetus for the postnatal environment. The field of maternal
programming of offspring circadian rhythms and metabolism is still nascent and
many unanswered questions remain. For example, how the maternal in utero envi-
ronment programs offspring hypothalamic circuitry to regulation of energy intake
and expenditure and circadian rhythms needs to be further explored. In addition,
while maternal melatonin and corticosteroids have been postulated to regulate fetal
circadian rhythms, the maternal signals that drive fetal peripheral oscillators are still
unknown. In conclusion, we have summarized the existing literature on how circa-
dian rhythms are involved in the regulation of metabolism and how perturbations to
the maternal environment during gestation could affect the development of offspring
circadian rhythms with long-term metabolic consequences.
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9.1 INTRODUCTION

The interest for the study of the influence of malnutrition on the development and
function of the central nervous system (CNS) dates back to the mid-1960s when a
large proportion of children all over the world were undernourished. These early
investigations were essentially focused on the study of the consequences on learn-
ing and other cognitive functions of early nutrient deficiency and the analysis of
the hippocampus as anatomical substrate. Economic development followed by the
implementation of appropriate public health policy allowed a gradual reduction
of the incidence of childhood malnutrition in most countries such that the studies
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about the impact of in utero or neonatal undernutrition on brain function became
marginal by the 1980s. The thrifty phenotype hypothesis proposed by Hales and
Barker in 1992 linking perinatal malnutrition to metabolic disease risk (Hales
and Barker 1992) has led to a resurgence of interest for this topic and placed the
hypothalamus in the focus of the investigations aimed at determining the effects
of maternal nutrient deficiency on the offspring’s CNS development and function.
This interest is justified by the central role played by the hypothalamus in the
regulation of feeding behavior and metabolic homeostasis. The “thrifty pheno-
type” hypothesis eventually evolved into the Developmental Origins of Health
and Disease (DOHaD) hypothesis, also called metabolic or nutritional program-
ming, to include the fact that over- and high-calorie nutrition during early life also
predisposes to the development of the metabolic syndrome in adulthood (Barker
2004). This, and the fact that obesity is currently a health problem of pandemic
proportion worldwide, has also stimulated the analysis of the impact of maternal
obesity and overnutrition on the structural and functional properties of the hypo-
thalamus of the offspring. The purpose of this chapter is to provide an overview of
the hypothalamic regulation of energy homeostasis and of our actual knowledge
about the impact of early malnutrition (under- or overnutrition) on the morphologi-
cal and functional characteristics of the hypothalamic neuronal circuits regulating
food intake and energy homeostasis. This overview will be essentially limited to
the description and discussion of data generated in rodents as is in these species
where the mechanisms underlying the metabolic programming of the hypothala-
mus are best understood.

9.2 HYPOTHALAMIC REGULATION OF FOOD
INTAKE AND ENERGY HOMEOSTASIS

Historically, the involvement of the hypothalamus in the regulation of energy
homeostasis, that is the physiological status where the amount of energy obtained
though the ingestion of nutrients and their metabolism equals the amount of
energy expended by the body, was uncovered during the 40s and 50s when it was
observed that the lesion of the ventromedial nucleus of the hypothalamus (VMH)
induced hyperphagia, while, in contrast, lesioning the lateral hypothalamus (LH)
resulted in reduced food intake (Hetherington and Ranson 1940; Anand 1951).
These observations led to the suggestion that feeding results from the stimulation
of the LH, the feeding center, whose activity decreases as eating reaches sati-
ety due to an increase in VMH activity, the satiety center. It soon became clear,
however, that energy homeostasis is modulated by complex regulatory mecha-
nisms driven by both nutritional (homeostatic) and cognitive (nonhomeostatic)
signals. The former category comprises cellular signals triggered in response to
the absence or presence of nutrients (hunger, satiety) that inform the brain of the
energy needs of the body and involve a bidirectional communication network
between the CNS and the peripheral organs (liver, intestine, pancreas, adipose
tissue, etc.) in which the absorption, digestion, and metabolism of nutrients take
place. The second category includes signals elicited by cognitive processes, such
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as emotional processing, decision making, and learning, engaged by the sensory
systems in response to environmental factors. All these cognitive processes play
an important role in the regulation of feeding behavior. For example, ingestion
of food provides subjective pleasure, especially sweet or high-fat food, such
that eating can be a source of comfort in depressive or stressful states (Dallman
et al. 2003). Similarly, learned behavioral responses modulate the motivation to
eat through the association of pleasant or aversive effects events to the ingestion
of food (Petrovich et al. 2002). Thus, cognitive processing of visual or olfactory
sensory stimuli may evoke the desire for food even in the absence of an energy
deficit. This desire is regulated in large part by the mesolimbic system and in par-
ticular by the dopaminergic projections from the ventral tegmental area (VTA)
to the nucleus accumbens, as well as by the neural networks of the prefrontal
cortex and the amygdala. All these structures are associated with the expression
of motivation and reward (Berthoud 2004; Kelley et al. 2005). Therefore, vari-
ous brain regions in addition to the hypothalamus are involved in the regulation
of feeding and energy metabolism via the release of neuronal signals reflecting
the mood, emotions, a state of anxiety or psychological stress, memory of previ-
ous experiences, or educational, family, or social conditioning. Nevertheless, all
homeostatic or nonhomeostatic signals converge at one moment or another to
the hypothalamus that acts as the master regulator of whole-body energy bal-
ance and food intake (Figure 9.1). Also, the concept that feeding is a process
held in balance by the opposite action of stimulatory and inhibitory networks is
still valid today.

Actually, there exist two main neuronal populations within the arcuate nucleus
(ARC) of the hypothalamus, which are able to detect nutritional and hormonal sig-
nals and direct food intake and energy metabolism (Morton et al. 2006; Coll et al.
2007). One group of neurons coexpresses neuropeptide Y (NPY) and agouti-
related protein (AgRP), whereas the other group coexpresses proopiomelanocortin
(POMC) and the cocaine and amphetamine-regulated transcript (CART). These
two groups of neurons send extensive projections to other nuclei of the hypothal-
amus including the VMH, the LH, the paraventricular nucleus (PVN), and the
dorsomedial hypothalamus (DMH). POMC can be cleaved to numerous peptides
known collectively as melanocortins. These include adrenocorticotrophic hor-
mone (ACTH), B-endorphin, and a-melanocyte stimulating hormone (x-MSH).
This latter peptide inhibits food intake and increases energy expenditure through
the stimulation of melanocortin 3 (MC3R) and melanocortin 4 (MC4R) receptors
that are highly expressed in the PVN. The effects of a-MSH on food intake and
energy expenditure are blocked by AgRP, which acts as an endogenous antagonist
of MC4R receptors and, therefore, stimulates feeding and reduces energy expen-
diture. NPY induces identical effects via its binding to specific NPY receptors.
Indeed, NPY neurons establish synaptic contacts with POMC neurons and reduce
their activity via the release of the inhibitory neurotransmitter gamma aminobu-
tyric acid (GABA) (Cowley et al. 2001).

Therefore, stimulation of NPY and AgRP neurons promotes food intake and
reduces energy expenditure, while activation of POMC and CART neurons leads to
a decrease in food intake together with reduced energy expenditure (Figure 9.2a).
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FIGURE 9.1 Schematic representation of the flow of information between the central ner-
vous system and the main peripheral organs involved in the regulation of energy homeostasis.
A large number of hormonal and nutritional signals generated at the peripheral level converge
to the hypothalamus informing the brain about the energy needs of the body. The integration
and processing of this information in a coordinated manner by the various hypothalamic
nuclei result in the generation of cellular signals that in turn regulate food intake and the
use of energetic substrates by the skeletal muscle, liver, or adipose tissue. The hypothalamus
also incorporates the information associated with the hedonic value and the perception of
food generated in other brain regions involved in the modulation of reward and motivated
behaviors.

More than 40 hormone and neurotransmitter molecules have been shown to interact
with NPY/AgRP and POMC/CART neurons as well as with other neuronal popula-
tions located in other hypothalamic nuclei to regulate food intake and energy expen-
diture (Atkinson 2008). A detailed description of all these factors is off-topic for this
review and so we will only summarize the characteristics and mechanisms for action
of the peptides and neurotransmitters whose expression and/or function has been
shown to be affected by perinatal malnutrition.

9.3 INSULIN

Insulin is a hormone secreted by pancreatic f-cells in response to an increase in the
circulating levels of glucose. It rapidly lowers blood glucose by promoting glucose
uptake and reducing endogenous glucose production by the liver. Insulin also crosses
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FIGURE 9.2 Schematic illustration of the cellular and molecular mechanisms involved in
the hypothalamic regulation of food intake and energy homeostasis. (a) The arcuate nucleus
is composed of two main neuronal populations. One of these neuronal groups coexpresses the
agouti-related protein (AgRP) and neuropeptide Y (NPY) peptides that stimulate food intake
(orexigenic effect). The other neuronal population coexpresses proopiomelanocortin (POMC)
and cocaine and amphetamine-regulated transcript (CART) peptides that, in contrast, reduce
food intake (anorexigenic effect). These first-order neurons establish extensive synaptic contacts
with so-called second-order neurons located in other hypothalamic areas including the ven-
tromedial (VMH), the paraventricular (PVH), and dorsomedial hypothalamus (DMH) nuclei,
as well as the lateral hypothalamic area (LHA). Both AGRP/NPY and POMC/CART neurons
express on their surface specific receptors for many orexigenic and anorexigenic cellular signals,
including the receptors for leptin, insulin, and ghrelin. It is through their combined action on
these two types of neurons that these hormones and other cellular factors inhibit or promote food
intake and energy expenditure. (b) Via the stimulation of their respective receptors, insulin and
leptin activate the PIK3 signaling pathway that eventually leads to the translocation of the phos-
phorylated form of the protein kinase B (Akt) to the cell nucleus where it inactivates and excludes
from the nucleus the transcription factor forkhead box protein 1 (FOXO1) by phosphorylation.
In POMC/CART neurons, FOXO1 inhibits the expression of POMC, whereas in AgRP/NPY
neurons it stimulates AgRP gene expression. Thus, the activation of PIK3 by insulin and leptin
reduces food intake and increased energy expenditure through the simultaneous stimulation and
repression of, respectively, POMC and AgRP. In addition to the activation of PIK3, leptin stimu-
lates the activator of transcription signal transducer and activator of transcription 3 (STAT3) that
once in the nucleus activates the expression of POMC and inhibits that of AgRP.

the blood-brain barrier (BBB) and reaches several brain structures including the hypo-
thalamus where it inhibits food intake through the stimulation of specific insulin recep-
tors expressed by POMC/CART and AgRP/NPY neurons. The suppressive effects of
insulin on feeding involve a signaling cascade that starts with the recruitment of insulin
receptor substrate (IRS) proteins after the binding of insulin to its membrane receptor
(Plum et al. 2006). This leads to the activation of phosphoinositide 3-kinase (PI3K).
The phosphorylated form of PIK3 then activates phosphoinositide-dependent kinase-1
(PDK1). In turn, the activated form of PDK1 phosphorylates the serine threonine kinase
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Akt that enters into the nucleus and phosphorylates the transcription factor forkhead box
protein 1 (FOXO1). This results in the inactivation of FOXO and in its exclusion from
the nucleus (Guo et al. 1999; Gan et al. 2005). Since in hypothalamic POMC/CART
neurons FOXOI1 reduces POMC transcription by excluding FOXO1 from the nucleus,
insulin relieves the inhibitory effect of this transcription factor on the POMC promoter
and, therefore, enhances POMC gene expression (Kitamura et al. 2006). FOXO1 exerts
opposite effects on gene expression in NPY/AgRP neurons. That is, it increases AgRP
expression (Kitamura et al. 2006). Consequently, the exclusion of FOXO1 from the
nucleus by insulin also results in decreased AgRP expression (Figure 9.2b).

The hypothalamus is not the only insulin-responsive brain region. The VTA and
the central bed nucleus of the amygdala (CeA), among other brain regions, also
contain insulin receptors (Figlewicz et al. 2003). Direct administration of insulin
into the VTA decreases food intake reduces preference for high-fat food and inhib-
its reward-based feeding behaviors (Konner et al. 2011; Mebel et al. 2012). These
effects are mediated by the dopaminergic system as indicated by the fact that the
specific inactivation of insulin receptor gene expression in catecholaminergic neu-
rons (wWhich include dopamine neurons) results in increased food intake and fat mass
accretion (Konner et al. 2011). The administration of insulin in the CeA also reduces
food intake and this effect is abolished by high-fat feeding (Boghossian et al. 2009).

9.4 LEPTIN

Leptin is a hormone predominantly produced by white adipose tissue and released
into the circulation in proportion to the amount of total body fat mass. As insulin,
it inhibits food intake and enhances energy expenditure by stimulating the phos-
phoinositide 3-kinase (PI3K)/AKT signaling pathway within POMC/CART and
NPY/AgRP hypothalamic neurons though by a different signaling mechanism involv-
ing, as a first step, the binding of leptin to a selective leptin receptor (Figure 9.2b).
There are six different types of leptin receptors in rodents, from Ob-Ra to Ob-Rf,
which are encoded by one single leptin receptor gene. However, only the Ob-Rb has
the structural requirements allowing the transduction of leptin binding into the acti-
vation of intracellular signals (Baumann et al. 1996) and, therefore, is the only one
involved in the regulatory effects of leptin on food intake and energy homeostasis.
The binding of leptin to the Ob-Rb receptor induces a conformational change that
favors its interaction with the Janus-activated kinase (JAK) protein, which, in turn
phosphorylates the Ob-Rb receptor in different tyrosine residues (Tyr) that serve as
binding sites for specific Src homology 2 (SH2) binding proteins. Thus, the binding
of the Src protein SH2BI to the leptin receptor increases JAK activity leading to the
recruitment of IRS proteins and subsequent PI3K activation (Duan et al. 2004; Ren
et al. 2005). On the other hand, phosphorylation of Tyr,5¢ results in the binding of
the signal transducer and activator of transcription 3 (STAT3) to the Ob-Rb receptor
followed by its activation (Banks et al. 2000). Once activated, STAT3 translocates to
the nucleus where it stimulates POMC gene expression while inhibiting that of AgRP
(Kitamura et al. 2006). As insulin, leptin also modulates food reward-related behav-
iors through its interaction with Ob-Rb receptors expressed by dopaminergic neurons
in the VTA and the nucleus accumbens (Hommel et al. 2006). At the cellular level,
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the binding of leptin to these receptors results in reduced firing of mesolombic dopa-
minergic neurons, reduced dopamine release, and decreased dopamine concentration,
while, in behavioral terms, the intraventricular administration of leptin reduces the
self-administration of sucrose (Figlewicz et al. 2006).

9.5 GHRELIN

Ghrelin is a peptide synthesized by the endocrine X/A-like cells of the fundus mucosa
of the stomach but is also expressed in other parts of the gastrointestinal tract as well
as in the heart, pancreas, and hypothalamus. Its circulating levels increase before
meals (Cummings et al. 2001; Sugino et al. 2002) as well as following food depriva-
tion and after weight loss (Tanaka et al. 2003; Soriano-Guillén et al. 2004). These
latter observations together with the fact that ghrelin stimulates feeding (Wren et al.
2000) indicate that ghrelin acts as a starvation signal. However, in addition to stimu-
lating appetite and food intake, ghrelin possesses many other physiological functions
including the secretion of growth hormone, the modulation of intestinal motility, and
the regulation of gastric acid and pancreatic secretions (Muccioli et al. 2002).

The effects of ghrelin are mediated by a unique receptor called the growth hor-
mone secretagogue receptor (GHSR1a), which belongs to the G-protein coupled
receptors (GPCRs) superfamily and is localized in many cerebral structures including
the hippocampus, hypothalamus, midbrain, cortex, VTA, and amygdala. The stimu-
lation of GHSR1a receptor by ghrelin leads to the activation of phospholipase C, the
production of inositols triphosphate, and an increased concentration of intracellular
calcium (Sun et al. 2004). Of note, the acylation of ghrelin by the enzyme ghrelin
O-acyl transferase (GOAT) is essential for its binding to the GHSR1a receptor.

The orexigenic effects of ghrelin are directly related to its capacity to stimulate
the activity of NPY/AgRP hypothalamic neurons. Indeed, the central administration
of ghrelin increases the expression of NPY and AgRP within the ARC (Kamegai
et al. 2001) and the stimulating effects of ghrelin on feeding are completely abolished
in NPY/AgRP double knockout animals (Chen et al. 2004). In addition, it has been
shown that the selective disruption of GABA release from AgRP neurons through
the inactivation of vesicular GABA transporter gene expression cancels the anorexic
effects of ghrelin (Tong et al. 2008). These data have led to a proposal that ghrelin
stimulates food intake via two interrelated mechanisms, which are both mediated by
NPY/AgRP neurons. Thus, the stimulation of these neurons by ghrelin leads to the
production and release of the anorexic peptides NPY and AgRP and of GABA. This
latter neurotransmitter would reinforce the positive effects on feeding of NPY and
AgRP through its inhibitory action on POMC neurons. It should be noted, however,
that the GHSR1a receptor is also expressed in other hypothalamic nuclei and in sev-
eral structures of the limbic system (hippocampus, amygdala, VTA, substantia nigra)
and that the direct administration of ghrelin in these nuclei also triggers food intake
(Naleid et al. 2005; Alvarez-Crespo et al. 2012).

9.6 SEROTONIN

Serotonin, or 5-hydroxytryptamine (5-HT), is a monoamine synthesized from the
essential amino acid L-tryptophan that regulates a multitude of brain functions
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including the control of body temperature, hormone secretion, sexual behavior,
learning, and memory and food intake. Thus, an increase of brain serotonin activity
results in reduced food consumption and decreased weight gain (Voigt and Fink
2015). These effects have been observed after the central or peripheral administra-
tion of serotonin agonists or of pharmacological compounds that increase the syn-
aptic availability of 5-HT through the inhibition of its reuptake by serotoninergic
neurons or by facilitating its release. Behavioral studies have shown that the anorexic
effects of the 5-HT are the result of its specific action in the hypothalamus and are
associated with alterations in the process of satiety. In particular, it has been shown
that the hypothalamic administration of serotonergic agonists results in a signifi-
cant decrease in the amount of food consumed at a meal and the length of the meal
(Shor-Posner et al. 1986; Leibowitz and Alexander 1988). In contrast, these pharma-
cological manipulations do not alter meal frequency or the latency to eat after the
presentation of food. These results, together with the observations indicating that the
circulating levels of tryptophan, the precursor of serotonin synthesis, are increased
in animals fed a high-carbohydrate diet, have led to suggestions that 5-HT is at the
heart of a negative feedback circuit modulating the intake of food (Leibowitz and
Alexander 1988). Thus, an excessive stimulation of the hypothalamus by serotonin
would produce anorexia, while a deficient serotoninergic transmission would lead to
overeating and obesity.

The anorectic effects of serotonin are attributed to its ability to modulate the activ-
ity of POMC/CART and NPY/AgRP neurons as determined by the combined use
of anatomical, electrophysiological, and behavioral techniques. Namely, serotonin
increases the firing rate of POMC neurons in the ARC and this effect is abolished by
the pharmacological blocking or gene inactivation of melanocortin receptors (Heisler
et al. 2003). At the cellular level, this effect would be the result of the interaction of
serotonin with 5-HT1B and 5-HT2C receptors (Heisler et al. 2006). 5-HT activates
the release of a-MSH through the stimulation of 5-HT2C receptors expressed by
POMC/CART neurons. Simultaneously, by stimulating 5-HT1B receptors expressed
in NPY/AgRP neurons, serotonin blocks the release of NPY and AgRP and abolishes
the inhibitory effect of GABA on POMC neurons (Heisler et al. 2006). Interestingly,
serotonin improves glucose tolerance and hyperinsulinemia via the stimulation of the
melanocortonin system independently of its effects on food intake (Zhou et al. 2007).

In addition to its action on the ARC, 5-HT participates in the regulation of energy
balance by interacting with serotonin receptors localized in other brain regions than
the hypothalamus. In particular, it has been shown that stimulation of 5-HT4 recep-
tors in the nucleus accumbens blocks the motivational stimulus of food both in fed
and fasted mice and, in parallel, increases the mRNA levels encoding the anorexic
peptide CART (Jean et al. 2007).

9.7 IMPACT OF EARLY MALNUTRITION ON FOOD
INTAKE AND HYPOTHALAMIC GENE EXPRESSION
After the proposal of the thrifty phenotype hypothesis by Hales and Barker, several

groups reported that maternal undernutrition results in increased food intake. Thus,
Vickers et al. were among the first to show that the offspring born to dams provided
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30% of the amount of food consumed by control dams ate more food per body weight
than the offspring of dams fed ad libitum (Vickers et al. 2000). These observations
were confirmed and extended by other authors who also demonstrated that calorie
or protein restriction during early life induces a preference for the consumption of
high-fat food in addition to enhanced food intake (Cambraia et al. 2001; Bellinger et
al. 2004; Desai et al. 2005).

Meal pattern analysis further showed that the increased food intake presented by
the offspring of protein-restricted rats is due to the delayed appearance of satiety, an
increase in meal size, and a reduced latency to eat (Orozco-Sdlis et al. 2009). At the
molecular level, these changes are associated with an increased expression of NPY
and AgRP along with reduced expression of POMC in the hypothalamus (Ikenasio-
Thorpe et al. 2007; Coupé et al. 2009, 2012; Orozco-Sélis et al. 2009), indicating that
the higher food intake of early undernourished rats relative to control animals is the
result of both an enhanced function of the positive signals that initiate and maintain
eating and a decreased action of negative feedback signals critical to meal termina-
tion (satiety). In support of this contention, the anorexic actions of insulin, leptin, and
serotonin have been shown to be reduced in adult animals born to food-restricted
dams (Sardinha et al. 2006; Desai et al. 2007; Lopes de Souza et al. 2008). In addi-
tion, ghrelin induces a higher firing frequency of ARC and VMH neurons in hypo-
thalamic slices from early malnourished rats as compared with controls (Yousheng
Jia et al. 2008). The reduced anorexic effects of leptin can be explained by impaired
Ob-Rb gene expression and signaling as indicated by the decreased levels of Ob-Rb
mRNA levels and reduced Akt and STAT3 phosphorylation after leptin administra-
tion in perinatally malnourished rats (Desai et al. 2007; Coupé et al. 2012). On the
other hand, the reduced anorexic effects of 5-HT in malnourished animals are asso-
ciated to a decreased sensitivity, but to a reduced expression, of 5-HT1B receptors
(Lopes de Souza et al. 2008).

The preference for the consumption of high-fat food exhibited by the offspring of
malnourished dams suggested that the cognitive circuits regulating food intake are
also affected by maternal malnutrition. This was confirmed by Vucetic et al. (2010)
who showed that maternal protein restriction in the mice enhances the expression
levels of several genes involved in the synthesis, reuptake, degradation, and signal-
ing of dopamine in several brain regions associated with food reward including the
VTA, nucleus accumbens, and prefrontal cortex (Vucetic et al. 2010). Strikingly,
however, these molecular changes were correlated with a decreased preference for
sucrose. An increased expression of tyrosine hydroxylase, the key enzyme in dopa-
mine synthesis, has also been reported in the nucleus accumbens of adult offspring
from calorie-restricted rats (Alves et al. 2015).

Though hyperphagia seems to be a trend of early nutrient restriction, some stud-
ies have reported no differences in food intake between the offspring of control
and malnourished mothers (Petry et al. 1997; Bieswal et al. 2006). Moreover, it has
been shown that after 2-3 months of age early malnourished rats consume daily
the same amount of food as control animals (Desai et al. 2007; Coupé et al. 2009;
Orozco-Sdlis et al. 2009). However, these animals develop with aging clear metabolic
and body composition disturbances indicative of obesity including elevated levels of
triglycerides and fatty acids in serum along with increased visceral fat (Petry et al.
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1997; Bieswal et al. 2006; Orozco-Sdlis et al. 2009). This indicates that perinatal
malnutrition programs obesity through a mechanism independent of its effects on
feeding behavior. The hyperphagia exhibited by perinatal nutrient-restricted animals
might in fact correspond to a homeostatic mechanism operating to accelerate the
restoration of body weight during the phase of nutritional rehabilitation in which
increased food intake is a necessary condition for the supply of the high quantity of
energy required for tissue growth and differentiation. As animals get older, the needs
in energy for growth diminish leading to the normalization of food intake.

The development of obesity and associated metabolic perturbations induced by
maternal undernutrition might implicate the cross talk, via the autonomic nervous
system, between the hypothalamus and peripheral organs controlling carbohydrates
and lipids metabolism (Lam et al. 2009; Sandoval et al. 2009). This bidirectional
network involves the same neuronal populations and signaling pathways regulat-
ing food intake. As an example, insulin inhibits hepatic glucose production via the
stimulation of ATP-dependent potassium channels located in hypothalamic AgRP
neurons (Konner et al. 2007), and the selective ablation of these neurons shifts
energy metabolism toward the use of lipids in liver and skeletal muscle without alter-
ing food intake (Joly-Amado et al. 2012). Also, the accumulation of nutrients and
their metabolites in the hypothalamus activates nutrient-sensing mechanisms that
regulate glucose homeostasis in the periphery. Thus, an acute increase in glucose
or lipids and lipid-derived metabolites, such as long-chain fatty acyl CoA in brain,
reduces hepatic glucose production (Lam et al. 2005) and favors skeletal muscle
glucose uptake (Cha et al. 2006). The relevance of these regulatory mechanisms for
the development of metabolic disorders is illustrated by the fact that a high-fat diet
impairs the ability of the hypothalamic administration of oleic acid, a long-chain
fatty acid, to reduce hepatic glucose production (Morgan et al. 2004).

Interestingly, nutrient sensing in the hypothalamus is impaired by early malnu-
trition. Thus, perinatal protein restriction alters the hypothalamic expression of the
nutrient sensor sirtuin 1 (SIRT1) (Desai et al. 2014) as well as that of several nuclear
receptors and coregulators of transcription involved in the detection and use of lipid
nutrients as fuel, which, in addition, link temporal and nutritional cues to metabolism
through their tight interaction with the circadian clock (Orozco-Solis et al. 2010). In
addition, adult rats born to food-restricted dams show enhanced phosphorylation levels
of hypothalamic AMP-activated protein kinase (AMPK) in the fed state together with
decreased activation of Akt (Fukami et al. 2012). Moreover, whereas fasting induced
a significant activation of AMPK in the hypothalamus of control rats, no change in
AMPK phosphorylation levels in response to fasting was detected in malnourished
rats (Fukami et al. 2012). Similarly, the adult offspring of dams fed a low protein diet
during gestation and lactation exhibit enhanced activation in the hypothalamus of the
protein kinase mammalian target of rapamycin (mMTOR) in the fed state as well as
impaired mTOR responses to fasting and refeeding (Guzman-Quevedo et al. 2013).
The protein kinase AMPK is a nutrient sensor, which is activated by energy deple-
tion and once activated regulates a wide range of cellular processes that synergisti-
cally inhibit protein and lipid biosynthesis and stimulate f-oxidation, glucose uptake,
and glycolysis (Lopez et al. 2016). In contrast, mTOR is a downstream component of
the PI3K/Akt signaling pathway that acts as nutrient sensor of high nutrient supply
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in different tissues where it regulates positively protein synthesis and lipogenesis
(Haissaguerre et al. 2014). mTOR is also involved in the control of feeding behavior by
integrating hormonal and nutrient signals in the hypothalamus (Cota et al. 2006) and,
therefore, regulates energy homeostasis at the whole-body level. Combined, these data
strongly suggest that altered nutrient sensing in response to an inadequate fetal and
neonatal energetic environment is one of the basic mechanisms of the developmental
programming of metabolic disorders induced by malnutrition during early life.

Similar to the offspring of calorie or protein-restricted dams, rodents born to obese
or overfed mothers are hyperphagic and exhibit altered expression patterns in the hypo-
thalamus of key genes regulating food intake. However, there are conflicting results as
to whether the expression of anorexigenic genes is upregulated or downregulated and
in some studies the gene expression changes are difficult to reconcile with the observed
feeding phenotype. Thus, while the group of Morris has reported reduced levels of
mRNAs encoding for NPY and AgRP along with decreased expression of POMC in
pups and adult offspring born to dams fed a high-fat diet (Morris and Chen 2008;
Chen et al. 2009), other authors observed increased gene expression levels of NPY
and AgRP using a very similar experimental paradigm (Gupta et al. 2009; Desai et al.
2016). Postnatally overfed rats from small litters also exhibit an increased of immune-
positive NPY hypothalamic neurons (Plagemann et al. 1999). The hyperphagic effects
induced by maternal obesity or neonatal overfeeding have been attributed to a reduced
sensitivity to leptin and insulin (Rodrigues et al. 2011), altered neuronal responses to
anorexigenic (CART, a-MSH) and orexigenic (NPY, melanin-concentrating hormone)
peptides (Davidowa et al. 2003), and central ghrelin resistance (Collden et al. 2015).
However, it was recently shown that maternal obesity also impairs the expression in the
hypothalamus of the offspring of several nutrient sensors including mTOR and SIRT1
(Desai et al. 2016) further sustaining the hypothesis that altered nutrient sensing con-
tributes to metabolic programming of hyperphagia.

In addition to modifying the homeostatic control of food intake, maternal obe-
sity interferes with the cognitive regulation of feeding as indicated by the increased
preference for fat and sugar intake in the offspring of obese dams (Bayol et al. 2007;
Teegarden et al. 2009; Vucetic et al. 2010). These feeding preferences are associ-
ated with an upregulation of the dopamine reuptake transporter as well as of the
p-opioid receptor and preproenkephalin in the nucleus accumbens and prefrontal
cortex (Vucetic et al. 2010).

9.8 IMPACT OF EARLY MALNUTRITION ON
HYPOTHALAMIC STRUCTURE

Embryonic and neonatal development is characterized by the existence of several
successive phases of proliferation and cell differentiation whereby, from a relatively
small number of multipotent cells, the various organs and tissues of an organism are
formed. The quantity and quality of the maternal diet during pregnancy and lacta-
tion can affect these processes inducing alterations in the number and type of cells
in different tissues and organs with physiological consequences in the long term.
Here we provide an overview of the ontogeny of the hypothalamus and provide some
examples of the deleterious effects of maternal malnutrition on this process.
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Birth-dating studies in rodents using 5-bromo-2’-deoxyuridine (BrdU) or [*H]
thymidine labeling have shown that the majority of hypothalamic neurons are gen-
erated between the 11th and 16th day of embryonic development (E11-E16) from
the rostral diencephalic neuroepithelium lining the third ventricle. Postmitotic neu-
rons then migrate perpendicularly from the third ventricle during the radial migra-
tion phase to reach their final location within the hypothalamus during a second
tangential intrahypothalamic migration phase. The first neurons to leave the cell-
division cycle (E12—E13) form the LH structures, while the later generated neurons
(E16-E17) form the median structures (Ifft 1972; Shimada and Nakamura 1973).
Cell proliferation in the hypothalamus extends until birth and the temporal dif-
ferentiation of the new cells into neurons differs from one hypothalamic nucleus to
another. For example, neurogenesis within the ARC and VMH expands from E12
to E16, whereas PVH neurogenesis is restricted to E12 (Bouret et al. 2004a; Bouret
and Simerly 2004). Axon elongation and synaptogenesis of the new generated cells
take place during the first weeks of postnatal life with separate temporary phases.
Namely, the dorsomedial nuclei are innervated on postnatal day 6 (P6), whereas the
innervation of the PVN (P8—P10), followed by the innervation the lateral area (P12),
takes place in a second phase.

The development of the hypothalamus is regulated by several cellular factors
some of which are also involved in the modulation of energy homeostasis. This is
the case of leptin (Bouret and Simerly 2004) and ghrelin (Steculorum et al. 2015).
Indeed, experiments conducted in mice revealed the existence of a transient increase
in the circulating levels of leptin during the second week of life (the leptin surge),
which coincides with the period of synaptogenesis in the hypothalamus and neu-
rite outgrowth from the ARC to the other hypothalamic nuclei (Ahima et al. 1998).
These neuronal projections are disrupted in leptin-deficient mice (Lep°®/Lep°’), and
the administration of leptin early after birth, but not in adulthood, restores ARC
projections to normal levels (Bouret et al. 2004b).

In pups born to nutrient- or protein-restricted dams, the leptin surge is advanced
(Yura et al. 2005; Coupé et al. 2010) and reduced in magnitude (Delahaye et al. 2008;
Coupé et al. 2010), and these alterations are associated with a decreased number of
AgRP and a-MSH fibers in the PVN together with an increased density of NPY and
CART nerve terminals. Rats underfed during lactation due to rearing in large litters
also exhibit an increased number of NPY in the ARC (Plagemann et al. 1999a). The
aforementioned morphological abnormalities could be the result of the impaired neu-
rotrophic effects of insulin and leptin as indicated by fact that the proliferation and
neuronal differentiation of hypothalamic neurosphere progenitor cells in response to
these two hormones in vitro are decreased in malnourished pups as compared with
controls (Desai et al. 2011). Interestingly, the simulation of the shift in the leptin
surge in control pups via the systemic injection of leptin reproduces the metabolic
phenotype of animals born to undernourished mothers (Yura et al. 2005). Similarly,
leptin administration from birth to 10 days of age results in hyperphagia, increased
body weight, and hyperleptinemia at adulthood (Toste et al. 2006). These observa-
tions indicate that leptin is a key programming factor of the metabolic disorders
induced by malnutrition during early life. However, it remains to be determined how
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the manipulation in two opposite directions of the leptin system results in the same
metabolic phenotype. Actually, blocking leptin function during the first 2 weeks of
neonatal life by the systemic administration of a leptin antagonist leads to leptin
resistance at adulthood and to enhanced body fat as compared with control animals
(Attig et al. 2008).

The development of the hypothalamic circuits regulating food intake is also
affected by maternal overfeeding. Thus, increased proliferation, migration, and neu-
ronal differentiation of the hypothalamic neuronal precursor cells has been observed
in the embryos of dams fed a high-fat diet (Chang et al. 2008). Neonatally overfed
rats also exhibit a higher number of galanin neurons in the PVN coupled to a reduced
density of cholecystokinin-8S-neurons (Plagemann et al. 1998, 1999b,c). Moreover,
mice born to dams fed a high-fat diet during lactation present a significant reduction
in the number of a-MSH and AgRP fibers in several hypothalamic nuclei regulating
energy homeostasis including the PVN, the median, and the LH (Vogt et al. 2014).
Notably, the specific inactivation of the insulin receptor in POMC neurons prevents
the deleterious effects of maternal high-fat feeding on the density of a-MSH fibers
in the PVN but this genetic manipulation is without effect on the reduced number of
AgRP fibers (Vogt et al. 2014).

9.9 EPIGENETIC MECHANISMS AND
TRANSGENERATIONAL PROGRAMMING

At the molecular level, a number of studies indicate that the alteration of the epigen-
etic mechanisms regulating gene expression might be the link between under- (or
over-) nutrition in early life and the development of a pathological phenotype in
adulthood (Gabory et al. 2011; Pinney and Simmons 2011; Desai et al. 2015). The
term epigenetics refers to biologic processes that regulate mitotically or meiotically
heritable changes in gene expression without altering the DNA sequence. These
include DNA modification by methylation of cytosine residues in CpG dinucleotides,
the posttranslational modifications of the N-terminal tails of histone proteins, and
the regulation by microRNAs (miRNAs) of enzymatic effectors involved in epigen-
etic modulation.

Interestingly, some of the physiological and epigenetic alterations resulting from
under- or overnutrition in early life can be transmitted to the offspring of the second
generation (F2), though they have never suffered from nutrient deficiency or nutri-
tional excess (Zambrano et al. 2005; Reyes-Castro et al. 2015; see Aiken and Ozanne
2014 for review). This transgenerational programming process could be explained
by a defective development of the reproductive tract in the female animals of the
first generation (F1), which would lead to the establishment of an abnormal intra-
uterine environment at the time of pregnancy and, consequently, to altered embry-
onic development of F2 animals. However, the fact that metabolic alterations in the
offspring are determined not only by the nutritional status of the mother but also by
the nutritional status of the father (Ng and Morris 2010) strongly suggests the exis-
tence of a transgenerational transmission via germ cells. In agreement with this idea,
altered gene expression and epigenetic profiles have been documented in the sperm
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of adult male offspring born to malnourished dams (Carone et al. 2010; Radford
et al. 2014). Metabolic programming is therefore a transgenerational phenomenon
by which parental undernutrition or parental obesity increases the risk of developing
metabolic disorders not only in the first (F1) but also in the second (F2) genera-
tion in the absence of adverse nutritional conditions, thus initiating a vicious cycle
to perpetuate noncommunicable diseases. Interestingly, the increased hypothalamic
expression of NPY induced in the first generation by feeding the dam a low protein
diet is transferred to the second generation via the maternal lineage (Peixoto-Silva
et al. 2011). Maternal undernutrition during gestation or the lactation period also
induces transgenerational programming of the hypothalamic—pituitary—adrenal axis
(Bertram et al. 2008), as well as of the hypothalamic neuronal circuits regulating
reproduction function (Kaczmarek et al. 2016).

Several studies have documented epigenetic modifications in the hypothalamus
as a result of maternal or neonatal malnutrition. Nevertheless, our knowledge about
how an imbalanced nutritional environment during early life impacts on the epigen-
etic profile of the hypothalamus and how these epigenetic modifications relate to the
alterations in hypothalamic gene expression and function exhibited by perinatally
malnourished animals remains limited.

Actually, there are less than 10 studies in which the epigenetic alterations in the
hypothalamus of the offspring as a result of maternal over- or undernutrition have been
examined and most of these studies have focused on the analysis of POMC. Thus,
feeding a reduced protein diet to pregnant rats or inducing neonatal overfeeding of
pups born to dams fed a standard diet results in reduced expression of POMC and
hypermethylation of its promoter region (Plagemann et al. 2009; Coupé et al. 2010).
Similarly, maternal food restriction in sheep (Stevens et al. 2010) or maternal supple-
mentation with conjugated linolenic acids during the first 2 weeks of lactation in mice
(Zhang et al. 2014) increases the methylation level of the POMC promoter in the hypo-
thalamus. In contrast, feeding a high-folate diet during pregnancy results in reduced
POMC DNA methylation (Cho et al. 2013). Neonatal overfeeding also induces hyper-
methylation in the promoter of the hypothalamic insulin receptor (Plagemann et al.
2010) or hypomethylation of the NPY promoter region (Mahmood et al. 2013).

9.10 CONCLUDING REMARKS

Given its central role in the regulation of feeding behavior and energy homeosta-
sis, the hypothalamus has been the subject of multiple studies aimed at determining
the cellular and molecular basis of the nutritional programming of metabolic disor-
ders. Globally, these studies show that nutrient restriction or overfeeding during in
utero development or neonatal life results in gene expression changes that drive the
homeostatic control of energy homeostasis toward enhanced food intake and reduced
energy expenditure. However, although the rodent offspring born to malnourished
dams exhibit hyperphagia, the question remains as to whether this alteration contrib-
utes in the long term to the development of obesity and associated metabolic disor-
ders. In this respect, it is important to underline that the same hypothalamic neuronal
circuits and signaling pathways regulating food intake modulate energy homeostasis
via nutrient-sensing mechanisms that, when activated, send efferent signals via the
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autonomic nervous system to the liver, skeletal muscle, and other peripheral organs to
regulate glucose and lipid metabolism (Lam et al. 2009; Sandoval et al. 2009). These
central sensing mechanisms are disrupted in obesity and/or diabetes (Morgan et al.
2004) and several reports indicate that the offspring of undernourished (Orozco-Solis
et al. 2010; Fukami et al. 2012) or obese dams (Desai et al. 2016) exhibit modified
gene expression and function of nutrient-sensing systems both under basal conditions
and in response to a nutritional challenge. Thus, instead of, or in addition to, altered
food intake, impaired hypothalamic nutrient sensing might underpin the development
of metabolic disorders induced by malnutrition during early life. However, the meta-
bolic consequences at the peripheral level, that is, decrease in blood glucose and insu-
lin levels and suppression of hepatic glucose production, of impaired hypothalamic
nutrient sensing in early malnourished animals remain to be explored.

One inherent limitation of all hypothalamic epigenetic and gene expression
changes associated with metabolic programming reported to date is their lack of cel-
lular resolution. This is of important concern for the establishment of a mechanistic
link between a given molecular alteration and a behavioral or metabolic phenotype.
Actually, the vast majority of genes within the hypothalamus display nucleus-spe-
cific patterns of regulation and the same gene within the same nucleus might be sub-
mitted to different regulatory processes depending on the type of cell it is expressed.
For instance, although leptin enhances PI3K activity in POMC neurons, it inhibits
PI3K in AgRP-expressing neurons (Xu et al. 2005). Similarly, the specific deletion
of AMPK from POMC neurons leads to an increased expression ratio of orexi-
genic versus anorexigenic genes (Claret et al. 2007). In contrast, no changes in gene
expression are observed after the targeted loss-of-function mutation of AMPK in
AgRP neurons (Claret et al. 2007). These data were obtained using a combination of
pharmacological, molecular genetics, and electrophysiological techniques that allow
cell-specific genetic deletion and single-cell recordings of activity. The use of these
experimental approaches should allow for establishment of the cellular and physi-
ological output of the hypothalamic epigenetic and gene expression changes induced
by malnutrition during early life.
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