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Metabolic disorders have seen an increased prevalence in recent years in developed as
well as developing countries. While it is clear lifestyle choices and habits have contributed
to this epidemic, mounting evidence suggests the nutritional milieu during critical stages
of development in early life can “program” individuals to develop the metabolic syndrome
later in life. Extensive epidemiological data presents an association between maternal obe-
sity and nutrition during pregnancy and offspring obesity, and a number of animal models
have been established in order to uncover the underlying mechanisms contributing to the
programming of physiological systems. It is hard to distinguish the causal factors due to the
complex nature of the maternal-fetal relationship; however, in order to develop adequate
prevention strategies it is vital to identify which maternal factor(s) — be it the diet, diet-
induced obesity or weight gain — and at which time during early development instigate the
programmed phenotype. Curtailing the onset of obesity at this early stage in life presents
a promising avenue through which to stem the growing epidemic of obesity.
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INTRODUCTION

Recent decades have seen a rapid rise in metabolic disorders
throughout the world. Given the health risks associated with obe-
sity (often grouped as the metabolic syndrome), with 68% of the
US adult population reported overweight and obese in 2008 (Flegal
etal., 2010) and 60% of the UK population predicted to be obese
by 2050 (Musingarimi, 2009), it is presenting itself as a significant
health challenge. The rise in obesity, diabetes, and related disor-
ders has been primarily attributed to changes in lifestyle and diet;
with increased food intake and reduced energy expenditure lead-
ing to the storage of excess energy in the form of fat. Genome wide
association studies (GWAS) have highlighted the importance of an
individual’s genetic make up and their predisposition to metabolic
disorders (Frayling, 2007). However, the rapid rise in obesity sug-
gests it is being driven by environmental factors. Although much
focus has been directed toward the role of current diet, recent
insights have also highlighted the importance of nutrition during
early life in the development of metabolic disorders. It is now well
established that the phenotype of an individual can be driven by
in utero and early postnatal environmental conditions, such as the
nutritional state of the mother. This has given rise to the notion
of “developmental programming” or the “developmental origins
of health and disease” (DOHaD) that proposes that the conditions
presented during a critical window of development can lead to
permanent programmed alterations in physiological systems.

EARLY LIFE PROGRAMMING

MATERNAL UNDERNUTRITION AND THE “THRIFTY PHENOTYPE"
HYPOTHESIS

A wealth of evidence from epidemiological studies has revealed
a relationship between birth weight and increased risk of meta-
bolic disease (reviewed in Jones and Ozanne, 2009). Early studies

focused on the effect of maternal undernutrition and low offspring
birth weight. Forsdahl hypothesized that poverty in childhood or
adolescence programs the organism for low energy intake and not
for today’s high-energy food that is readily available. He there-
fore suggested that changes in food availability in recent times
contributed to the increased incidence of cardiovascular disease
(Forsdahl, 1977). Further studies of a Hertfordshire cohort, of 64-
year-old men in the UK, demonstrated that individuals with low
birth weight were at increased risk of heart disease (Barker and
Osmond, 1986), glucose intolerance/type 2 diabetes (Hales et al.,
1991) and metabolic syndrome. This was interpreted as demon-
strating that the fetal environment played an important role in
the risk of metabolic disease (Barker et al., 1993). These observa-
tions formed the basis of the “thrifty phenotype” hypothesis by
Hales and Barker (1992). They proposed that poor fetal nutrition
drives metabolic adaptations to maximize the chances of survival
in conditions of on-going nutritional deprivation. These adapta-
tions would be beneficial in continued poor conditions post-birth,
but are not suited to a postnatal environment providing plenti-
ful nutrition; and therefore increasing risk of developing type 2
diabetes and other features of the metabolic syndrome.

MATERNAL OBESITY

Given the surge in obesity, maternal obesity, and consequently
gestational diabetes, recent studies have focused on the potential
detrimental effects of fetal overnutrition. These have revealed a
relationship between maternal obesity and the onset of the meta-
bolic syndrome in the offspring. Many epidemiological studies
have shown an association between maternal BMI [a proxy mea-
sure of human body fat based on an individual’s weight/(height)?]
and gestational diabetes with offspring adiposity (Lake et al., 1997;
Laitinen et al., 2001; Boney et al., 2005). A possible explanation
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for the higher incidence of overweight and obesity in offspring
exposed to maternal diabetes and obesity is that these women
transmit a greater number of susceptibility genes to their offspring
compared to normal weight women. However, sibpair studies
in Pima Indians discordant for maternal diabetes have shown a
greater prevalence for type 2 diabetes and higher BMI in siblings
born after the mother had been diagnosed with type 2 diabetes
(Dabelea et al., 2000). Maternal weight gain and increased BMI
between pregnancies has also been found to increase the risk of
overweight in offspring compared with their siblings (Villamor
and Cnattingius, 2006). Furthermore, interventional strategies to
reduce the weight of obese women via bariatric surgery reduce the
risk of obesity and other adverse effects in subsequent offspring
compared to those born before maternal surgery (Kral et al., 20065
Smith et al., 2009). These data show a disproportionate risk in off-
spring from the same mother under different in utero conditions
and reinforces the concept that environmental conditions, both in
addition to and independent of genetic susceptibilities, are capable
of physiologically programming offspring during development.

These findings are relevant since the rates of overweight and
obesity in women of childbearing age continue to increase world-
wide. In the USA the prevalence of obese women aged 20—39 years
old tripled between 1960 and 2000 (Flegal et al., 2002). Simi-
larly in the UK, between 1990 and 2004 the BMI of pregnant
women at their first prenatal booking was increased by an average
of 1.37 kg/m? and the prevalence of obesity tripled (Kanagalingam
etal.,2005). This presents a worrying picture of a cyclical transgen-
erational transmission of obesity. Obesity is also associated with
a whole host of metabolic abnormalities including hypertension,
hepatic steatosis, and cardiovascular disease, making it a pertinent
issue.

EARLY POSTNATAL GROWTH AND OVERNUTRITION

The early postnatal period also appears to be a key time point
in which offspring development can be influenced. The postna-
tal period is a period of continual growth and development, and
rapid growth, as well as factors associated with it increase obesity
risk. Previous studies have implicated rapid postnatal growth fol-
lowing maternal undernutrition leads to adult onset obesity, with
extensive research attributing this to the developmental effects of
undernutrition on predisposing offspring to obesity owing to dis-
cordant nutrition post-birth (reviewed in Chen et al.,2010). How-
ever, rapid postnatal growth in itself is associated with increased
risk of obesity and metabolic traits in adulthood (Baird et al., 2005;
Tzoulaki et al., 2010). Weight gain during infancy has been associ-
ated with adiposity, blood pressure, fasting triglyceride levels, and
other metabolic risk factors independent of birth weight (Ekelund
et al., 2007).

The above findings suggest factors before or during infancy
that are related to infant growth influence the risk of later obesity.
Dietary composition during this period has been shown to affect
growth patterns, such as the use of formula milk and its compo-
sition. Nutrient enriched formula feed is commonly used as an
alternative or supplement to breastfeeding and has been impli-
cated in neonatal and infant growth acceleration and subsequent
obesity risk (Stettler et al., 2005; Singhal et al., 2010). Formula
milk feeding results in increased dietary intake at 4 months of

age and increased risk of childhood obesity (Ong et al., 2006)
as well as risk of overweight (Harder et al., 2005) and high cho-
lesterol in adulthood (Singhal et al., 2004) compared to breast
feeding. Rapid growth has been attributed to differences in intake
of metabolisable substrates, namely protein. Children fed protein
enriched formula feed had higher body weight gain in the first
2years of life compared to low protein and breast-fed children
(Koletzko et al., 2009).

Therefore, developmental programming is not limited to the
in utero environment and as physiological systems continue to
develop after birth, overnutrition may have a considerable impact.
The associations between early growth and obesity risk have
been made through epidemiological studies, and insights into the
contributory factors and mechanisms are starting to emerge.

INSIGHTS FROM ANIMAL MODELS

Although investigations of human cohorts are of great value in
establishing associations between maternal nutritional status and
offspring outcome, they are confounded by the influence of uncon-
trollable variables of genetic and environmental origin. Here, the
use of animal models have provided an invaluable insight into
the mechanisms of developmental programming, as the condi-
tions to which the fetuses are exposed can be controlled and tissue
sampling from the mother, fetus, or offspring can be performed
during various stages of the exposure. A great deal of research is
now being undertaken in order to understand the mechanisms
underlying developmental programming in response to mater-
nal obesity. A variety of animal models have been established for
the purpose of dissecting the mechanisms leading to the onset
of increasing adiposity. By far the most common models used
are of rodents, however larger animals have also been used, both
providing important insight into underlying mechanisms.

Non-human primate models have the advantage of their close
relation to the human species and greater similarities in terms of
development patterns during gestation. However, long gestation
periods and increased costs for the maintenance of larger animals
render them less favorable. An early report in baboons showed that
overfeeding during early infancy led to elevated triglyceride lev-
els and increased adiposity through hypertrophy of adipocytes in
adulthood (Lewis et al., 1986). Others showed changes in placental
morphology and function of diet-induced obese mothers, similar
to those described for large for gestational age human fetuses,
which may result in increased nutrient delivery to the fetus (Far-
ley et al., 2009). Rhesus macaques are also a well-characterized
model used to study maternal overnutrition. One study found
fetal offspring of chronically high fat diet (HFD) fed mothers
developed features of non-alcoholic fatty liver disease includ-
ing triglyceride accumulation, which persisted into the postnatal
period and included a two-fold increase in percent body fat. The
effects were prevented in offspring from subsequent pregnancies
after switching the mother to the control diet (McCurdy et al,,
2009) reinforcing it as a developmental effect in response to the
environment.

Sheep models have also been widely studied. Similar to the
primate models, maternal diet-induced obesity (DIO) has been
shown to cause increased placental fatty acid transporter expres-
sion resulting in higher triglyceride levels in fetuses (Zhu et al.,
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2010a) as well as upregulated inflammatory signaling (Zhu et al.,
2010b). Other studies demonstrate upregulated lipogenic genes
(Muhlhausler et al., 2007a), increased fat deposition in the off-
spring and defects in skeletal muscle development (Zhu et al,,
2008; Tong et al., 2009; Yan et al., 2010). Since the skeletal muscle
is a major depot of glucose stores, reduced development would be
expected to result in insulin resistance.

Rodents are predominantly the species of choice in establish-
ing models of maternal overnutrition. Advantages include their
short gestation period and lifespan, cost effectiveness, and broad
similarities to humans in terms of diet, albeit differences in ges-
tational development. However, drawbacks to these models have
been established. The term “overnutrition” can be interpreted in a
number of different ways, and is reflected in the variety of animal
models published. Early studies of dietary manipulation involved
feeding dams HFDs. Offspring of high fat-fed dams demonstrate
increased adiposity, insulin resistance (Buckley et al., 2005), and
hypertension (Khan et al., 2005). However, modern day dietary
intake comprises high sugar as well as fat and so models reflect-
ing this would be of greater relevance in unveiling the subsequent
phenotype and underlying mechanisms. More recently, models
where maternal obesity is induced by providing dams with a highly
palatable high fat, high sugar obesogenic diet have been devel-
oped. Offspring of such dams are hyperphagic, insulin resistant,
hypertensive, and glucose intolerant in adulthood (Samuelsson
et al., 2008; Nivoit et al., 2009). Offspring of dams fed a “junk
food” diet (consisting of highly palatable high street snacks such
as doughnuts high in carbohydrates, sugar, and salt) demonstrate
hyperphagia, a preference for “junk food,” increased weight gain
after weaning onto the junk food diet (Bayol et al., 2007) and
reduced skeletal muscle mass (Bayol et al., 2005). Other forms of
dietary manipulation include providing a high protein diet (Daen-
zer et al., 2002) all of which result in the onset of components of
the metabolic syndrome. Dietary manipulation in itself provides
complications for interpretation, as increasing one dietary compo-
nent will require reduction of another. In most cases increasing fat
content is compensated for with reduced carbohydrate (Samuels-
son et al.,, 2008; Nivoit et al., 2009) or protein content (Bayol
et al., 2005). Although it is assumed that increased fat content
is the causal factor of the resulting phenotype, we cannot rule out
low protein or carbohydrate as contributing to the effect in such
studies.

Interestingly, non-genetic paternal transmission of metabolic
disorders to female offspring has been demonstrated in a rat
model of chronic high fat feeding of males which results in low
birth weight, adiposity, and impaired glucose tolerance (Ng et al.,
2010). This suggests that paternal obesity influences offspring
risk of childhood and adult obesity. Mother—child associations
for obesity are significantly greater than father—child associations
(Whitaker et al.,2010). Although this could reflect a role for mater-
nally imprinted genes in conferring obesity risk to offspring it is
more commonly interpreted as reflecting a direct effect of maternal
obesity on the fetal development.

Rodent models have also investigated the effects of early post-
natal overnutrition. These have primarily used litter size manip-
ulation post-birth to adjust the nutritional exposure. Plagemann
et al. (1992) found that reducing litter sizes post-birth results in

offspring hyperphagia and hyperinsulinemia while others report
rearing DIO rats in large litters protects against obesity by enhanc-
ing leptin sensitivity (Patterson et al., 2010). Cross fostering exper-
iments have also been used to demonstrate the potential effects of
postnatal overnutrition in contributing to the obese phenotype
later in life. Models show control rat offspring suckled by fat-fed
dams develop hypertension and endothelial cell dysfunction sim-
ilar to those exposed to high fat during pregnancy (Khan et al,,
2005). Further, maintaining offspring on nutritionally rich diets
at weaning after exposure to maternal overnutrition exacerbates
the onset of metabolic syndrome features (Bayol et al., 2007; Mitra
et al., 2009; Page et al., 2009).

The various animal models appear to converge on a common
offspring phenotype of hyperphagia, insulin resistance, increased
adiposity, and hypertension (Figure 1). Although offspring obe-
sity could compound the effects of maternal obesity on offspring
insulin resistance and hypertension, these both arise before the
development of increased adiposity, suggesting independent pro-
gramming of these systems occurs in response to maternal overnu-
trition. Whilst the programming of obesity is undoubtedly a mul-
tifactoral process, the diversity of models with similar phenotypic
outcomes suggests some common mechanistic pathways.

CONTRIBUTING FACTORS TO OFFSPRING DEVELOPMENTAL
PROGRAMMING

The diversity of animal models present a challenge in determining
which component(s) and at which time point is key in causing
adverse effects in offspring leading to increased risk of metabolic
disorders. Whether exposure to the insult at conception, in utero
or postnatally primarily results in developmental programming
and the nature of the insult that leads to programming in the
developing fetus remains to be determined.

RELATIVE CONTRIBUTIONS OF IN UTERO AND POSTNATAL EXPOSURE
TO MATERNAL OBESITY

Standard animal models in which dams are fed an obeso-
genic/HFD throughout pregnancy and lactation demonstrate
that exposure of the offspring throughout this period results in
increased adiposity in the offspring (Samuelsson et al., 2008; Nivoit
et al., 2009). However this does not distinguish between gesta-
tional and lactational exposure to maternal overnutrition. Models
in which the timing of exposure to maternal overnutrition has been
limited to pregnancy or lactation are extremely useful in decipher-
ing the contribution of each element to programming offspring
physiology.

Studies in which offspring exposure to maternal obesity were
limited to the gestational period, by cross fostering offspring to
lean rat dams after birth, show no changes in offspring body weight
or adiposity at weaning determined by CT analysis, but increased
serum insulin and leptin levels and upregulated lipid synthesis.
However, offspring exposed to maternal obesity during gestation
and lactation maintained on a HFD after weaning showed acceler-
ated weight gain and percent fat mass (Shankar et al., 2008, 2010).
This suggests the risk of obesity in adulthood is subject to pro-
gramming from the onset of pregnancy, with an important role of
postnatal diet in modifying adiposity.
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THE LACTATION PERIOD AS A CRITICAL TIME POINT

Postnatal factors have been shown to be able, to a certain degree,
to modulate both genetic predisposition and prenatal factors.
Cross fostering offspring of diet resistant (DR) dams to DIO
dams during lactation resulted in obesity and insulin resistance
suggesting excess nutrition during lactation increases the risk of
obesity even in obesity resistant animals, while DIO offspring
fostered by DR dams had improved insulin sensitivity, again
pointing to the importance of the suckling period (Gorski et al.,
2006). Raising pups in small litters post-birth receiving increased
nutritional uptake from mothers’ milk, results in obesity and
hyperphagia (Plagemann et al., 1999). Dietary manipulation after
birth provides further evidence demonstrating the potential pro-
gramming in the neonatal period. Providing pups with a high
carbohydrate formula milk immediately after birth resulted in
adult onset obesity in female offspring, which was transmitted
to the next generation offspring even after females received a
standard chow diet after weaning (Srinivasan et al., 2008). This
is particularly interesting in suggesting that early life insults in
mothers alone can influence offspring metabolic programming.
Studies by Bayol et al. (2007) also identified the lactation period
as a critical time window. Offspring exposed to maternal obe-
sity during gestation and lactation and weaned onto junk food
exhibited greater hyperphagia compared to those offspring of con-
trol dams. However, offspring exposed to the junk diet during
gestation alone and weaned onto chow diet did not exhibit hyper-
phagia (Bayol et al., 2007). This demonstrates the importance
of the postnatal period in predisposing offspring to metabolic
disorders.

MATERNAL FACTORS INFLUENCING OFFSPRING DEVELOPMENTAL
PROGRAMMING

It is unknown whether maternal diet itself or the maternal meta-
bolic parameters associated with obesity imprints the metabolic
phenotype onto the fetus, and it is hard to dissect the two in the
human context. The molecular parameters driving the relation-
ship between maternal obesity and offspring risk of obesity are
therefore unclear. Obese women are often consuming a calorie
dense diet and it is unknown whether a leaner woman eating a
calorically dense diet can equally pass on the risk to her offspring.
Recent studies have therefore attempted to distinguish between
the independent contributions of maternal obesity per se and an
obesogenic maternal diet.

Maternal weight gain

Epidemiological evidence suggests maternal weight gain in itself
significantly increases the risk of large for gestational age babies
and childhood obesity independently of maternal BMI or glu-
cose tolerance (Oken et al., 2007).Women exceeding the Institute
of Medicine recommended gestational weight gain (GWG) are
more likely to have children with greater adiposity and associ-
ated metabolic traits (Fraser et al., 2010). It is, however, hard to
isolate the effects of maternal GWG and maternal diet in ani-
mal studies. Due to satiety induced self-limiting of food intake,
the majority of models available induce maternal weight gain and
obesity by feeding dams an obesogenic diet. Therefore, any observ-
able outcomes in offspring may be a result of the diet, maternal
obesity, or an interaction between the two. Further study is essen-
tial into this avenue as it has major implications in potential
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preventative measures. If there is strong evidence to confirm
epidemiological data demonstrating that excess GWG increases
offspring obesity risk, simply monitoring GWG and advising
prospective mothers accordingly could potentially control the
obesity epidemic.

Maternal diet per se

Others show that infant birth weight and macrosomia have a
stronger association with maternal triglycerides than maternal
glucose tolerance (Di Cianni et al., 2005), suggesting dietary
components may influence fetal development during pregnancy.
Howie et al. (2009) demonstrated increased body weight and
adiposity in offspring of HFD rat dams (45% fat) regardless of
whether the dam had been fed the HFD since her own weaning
(and was therefore obese) or restricted to pregnancy and lactation
(no significant difference in body weight and GWG compared to
control dams). This suggests diet has the potential to impart the
effects on offspring phenotype independently of obesity and diet
during pregnancy and lactation in particular can program the oft-
spring (Howie et al., 2009). The importance of high fat in the
diet has also been established in non-human primates. Maternal
HED consumption (35% fat) during pregnancy led to significant
increases in FFA levels in the fetus (McCurdy et al., 2009), which
could lead to insulin resistance. Carmody et al. (2010) also high-
lighted the importance of dietary fat, over other maternal factors
such as insulin resistance. They suggested that HFD plays a role
per se in influencing the offspring phenotype independently of
insulin resistance through influencing offspring body weight and
liver triglyceride content. However, maternal insulin resistance and
HFD combined did have additional effects on adiposity in early
life (Carmody et al., 2010).

Maternal obesity

Although current insights into weight gain during gestation in
animal models are limited, many studies have explored the effect
of maternal obesity onset in the periconceptional and lactation
periods. Nonetheless, in order to dissect the independent contri-
butions of diet and obesity it is necessary to induce obesity in
dams without altering the diet, and few studies have attempted
this. Maternal obesity has been reported to have an independent
effect to HFD in programming offspring adiposity, hyperphagia,
and insulin resistance. Only obese rat dams fed a HFD (60% fat)
for 4 weeks as opposed to non-obese dams fed a LFD (10% fat) or
a HFD but pair fed for calorific intake transmitted the risk to the
offspring (White et al., 2009). Further, Shankar et al. (2008, 2010)
modeled maternal obesity in dams through intragastric feeding of
liquid diets, thus varying the caloric intake alone. Their findings
demonstrate an independent effect of maternal obesity, limited to
the gestational period, in programming offspring adiposity, and
insulin resistance when weaned on a HFD (Shankar et al., 2008,
2010). Maternal obesity and maternal diet are reported to have
differential effects on fetal growth during gestation. Akyol et al.
(2009) varied dam exposure to cafeteria diet to either before ges-
tation, resulting in obese dams, or during gestation. They reported
that the in utero environment associated with obesity resulted
in reduced fetal weight, whereas a cafeteria diet during gestation
caused abnormal placental growth (Akyol et al., 2009).

These, together with the epidemiological evidence of reduced
offspring obesity risk in mothers post-weight-reducing surgery,
have implications for future interventional strategies. A deeper
understanding behind the causal factors associated with mater-
nal obesity, such as hyperglycemia, hyperinsulinemia, and hyper-
leptinemia, require further investigation.

MECHANISMS OF THE PROGRAMMING OF OBESITY
Numerous factors have been implicated in the onset of offspring
obesity and type 2 diabetes in response to maternal DIO (Figure 2).
The use of animal models is critical in distinguishing between
cause and effect. Longitudinal studies, cataloging the progres-
sion of offspring metabolic dysfunction at specific time points
enable determination of the root causes of developmental pro-
gramming, which may in turn provide insights into prevention or
intervention.

ALTERED REGULATION OF FOOD INTAKE
The development of hyperphagia in offspring of obese dams
soon after weaning suggest persistent alteration in regulation of
feeding/appetite-controlling pathways may play a causative role
in the development of increased adiposity. The hypothalamus is
the central brain region mediating regulation of short-term and
long-term dietary intake via the synthesis of various orexigenic
and anorectic neuropeptides, integrating them with peripheral
signals of nutritional status (Arora and Anubhuti, 2006). The
arcuate nucleus (ARC) acts as a feeding control center contain-
ing neuronal populations expressing orexigenic neuropeptide Y
(NPY) and agouti-related peptide (AgRP) and the anorectic pro-
opiomelanocortin (POMC). The ARC lies immediately above the
median eminence, the interface being specially modified to allow
entry of peripheral peptides and proteins, thus making it the ideal
site to integrate hormonal signals for energy homeostasis.
Dysregulated expression of hypothalamic neuropeptides is
associated with obesity. NPY synthesis and secretion have been
found to be increased compared to controls in various models of
obesity (Beck et al., 1990; Wilding et al., 1993) as well as reduced
expression of POMC and its cleaved product a-MSH (Kim et al.,
2000). These changes may be due to disturbances in the pep-
tides that regulate their production and release, namely leptin
and insulin. Inappropriate concentrations or a shift in these hor-
mones during a critical window of neuronal development and
feeding pathway differentiation may have permanent structural
consequences.

Neurotrophic actions of leptin
Long-term feeding regulation is provided by the main circulat-
ing hormones leptin and insulin. The roles of leptin and insulin
in regulating feeding behavior in adults are well established. The
functional leptin receptor ObRD is largely expressed in brain
regions known to control energy balance and following leptin
administration in postnatal mice, the hormone has been shown
to act on NPY and POMC neurons (Caron et al., 2010). Leptin
treatment in Lep®”°" mice reduces body weight and food intake
(Campfield et al., 1995) via stimulating the expression of POMC
and down regulating NPY and AgRP expression (Jéquier, 2002).
Recent evidence is emerging to support the role of leptin in
neuronal differentiation during the neonatal period. In both rats
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FIGURE 2 | Potential mechanisms of developmental programming in response to maternal overnutrition.

and mice there is a surge in circulating leptin concentration dur-
ing the early postnatal period, independent of fat mass; yet studies
revealed that neonatal rodents do not lose weight in response to
leptin treatment the same way adults do suggesting the immatu-
rity of hypothalamic circuits (Bouret etal.,2004). Leptin treatment
increases the density and length of axons from the ARC in vitro
and could reverse the abnormality in ARC connectivity in ob/ob
mice in neonates but not adults, suggesting its neurodevelopmen-
tal effects are restricted to the neonatal period. Leptin signaling
in ependymal cells of the third ventricle are suggested to play a
role in leptin action over this restricted period as the leptin surge
correlated with the expression of leptin receptors in this region
during this period (Cottrell et al., 2009). These data suggest that
inappropriate levels of leptin or leptin action during this critical
period of neuronal development may cause permanent abnormal-
ities in the circuitry. Exogenous leptin treatment during the early
postnatal period causes abnormal expression of NPY, AgRP, and
POMC expression in the ARC (Proulx et al., 2002).However, there
is also evidence suggesting a beneficial role of leptin during lacta-
tion in preventing obesity later in life. Studies have reported the
oral intake of physiological doses of leptin over lactation reduced
food intake and body weight gain and protected against HFD-
induced leptin resistance (Pico et al., 2007), insulin resistance and
food preferences in adult rats (Sanchez et al., 2008).

Various alterations in hypothalamic structures, neuropeptide
levels, neuronal activity, and hormonal responsiveness have been

reported following manipulation of litter size post-birth. Small
litter sizes were associated with increased orexigenic neuropep-
tide expression (NPY and galanin) with reduced responsiveness
to leptin within the ARC and PVN (Davidowa et al., 2002,
2003; Glavas et al., 2010) and an inhibitory as opposed to stim-
ulatory effect of leptin on VMH neurons, which reduce food
intake when stimulated (Davidowa and Plagemann, 2000). Off-
spring of rat dams fed an obesogenic diet resulted in an ampli-
fied and prolonged neonatal leptin surge. At postnatal day 30,
before the onset of hyperphagia, leptin induced appetite sup-
pression, and leptin signaling in the ARC were attenuated (Kirk
et al., 2009). This suggests hyperleptinemia during the imme-
diate postnatal period in which neuronal development occurs
results in the developmental programming of leptin resistance
and thus obesity in these rats. This may be true of altricial species,
such as rodents, where significant development occurs post-birth;
however recent evidence questions whether the same occurs in
precocial species. A sheep model, in which newborn lambs are
born at an equivalent level of maturity to humans, observed an
absence of the normal leptin peak and a trend toward a prema-
ture one in offspring of obese ewes accompanied by increased
appetite in the lambs (Long et al., 2011). Thus, neonatal lep-
tin treatment may potentially reverse the programming effects
of maternal obesity, as it does in offspring of undernourished
dams in which the leptin surge is reduced (Vickers et al., 2005,
2008).
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Neurotrophic actions of insulin

Like leptin, the expression level of the insulin receptor through-
out various brain regions is developmentally regulated, being
higher in the neonate and lower in the adult. Insulin administra-
tion increases POMC mRNA expression as well as reducing NPY
expression and protecting against diet-induced obesity in the adult
(Air et al., 2002). A neurotrophic role of insulin has also emerged
in addition to its role in regulating food intake. Various stud-
ies have shown its involvement in synapse formation, dendritic
morphogenesis and plasticity (reviewed in Chiu and Cline, 2010).
Suboptimal fetal and neonatal hyperinsulinemia may therefore act
as a programming cue, conferring malformation of hypothalamic
structures. This is supported by evidence showing that neonatal
insulin treatment induces morphological alterations in hypothal-
amic structures with reduced neuronal density and volume, and
results in obesity and adult hyperinsulinemia (Harder et al., 1998).
Further, the negative feedback effect of insulin on median ARC
neurons (predominantly consisting of NPY and AgRP neurons) is
reportedly reduced with insulin having a stimulatory as opposed
to inhibitory action in small litter offspring exposed to hyperinsu-
linemia (Davidowa and Plagemann, 2007). Plagemann et al. (2010)
reported hypermethylation of the hypothalamic insulin receptor
promoter in small litter rats exposed to increased neonatal feeding,
suggesting this as a mechanism of hypothalamic insulin resistance
and resultant hyperphagia and obesity. Hypermethylation of the
POMC gene promoter has also been reported in the same rats
within sequences that are essential for the mediation of leptin and
insulin effects in POMC expression (Plagemann et al., 2009).

ALTERED REGULATION OF REWARD PATHWAYS

The regulation of food intake is controlled on two levels: first, fac-
tors regulating appetite and satiety; second, motivation to eat —
appetite stimulation through reward pathways. Cortico-limbic
reward pathways running through multiple brain areas including
the nucleus accumbens, ventral tegmental area, hippocampus, and
amygdala process reward from food. Palatable foods activate the
dopaminergic and opioid signaling pathways within the mesolim-
bic system and disruption of the systems have been shown to alter
feeding behavior (reviewed in Fulton, 2010). As above, it is suffice
to presume that any alterations in the development of these reward
pathways would alter motivation to eat, and may affect food pref-
erences to stimulate one to choose food with high fat content.
Hyperphagia is commonly seen in models of maternal obesity and
there is evidence to suggest that dysregulation of reward pathways
contribute to this phenotype. Maternal DIO in models has been
found to alter food preferences in offspring toward highly palatable
foods, along with altered expression of components of mesolimbic
dopamine and opioid reward pathways (Bayol et al., 2007; Vucetic
et al., 2010; Ong and Muhlhausler, 2011).

These findings demonstrate the importance of the develop-
mental window during neonatal life in influencing neuronal
function and responsiveness. However, the critical developmen-
tal periods that are susceptible to programming are likely to vary
in humans compared to rodent models due to differences in tim-
ing of the development of neuronal circuitry. Although the same
neuropeptides and hormonal signals are important in hypothala-
mic circuits in rodents and primates, the timing of development of

these circuits differ between them. ARC projections develop dur-
ing the postnatal period in rodents but during the third trimester
in primates. Administration of regulatory hormones during the
first few weeks in rodents does not appear to have a significant
effect in regulating food intake, but alters the development of cir-
cuits. It remains to be determined whether similar patterns are
seen in primates (reviewed in Grove et al., 2005).

GLUCOSE HOMEOSTASIS

Glucose homeostasis requires two components: adequate insulin
production by pancreatic beta-cells and responsiveness to insulin
in peripheral tissues. Therefore, defects in one or the other makes
one vulnerable to the effects of postnatal overfeeding or to the
natural effects of aging. The development of insulin resistance is
commonly seen in patients prior to the progression of type 2 dia-
betes, in which higher concentrations of insulin are required to
maintain glucose homeostasis. Progressive impairment of glucose
homeostasis is also noted in many models of maternal DIO. Recent
studies suggest insulin resistance may result from persistent alter-
ations in insulin-signaling molecules in insulin responsive tissues,
discussed below. It is likely that insulin resistance precedes beta-
cell failure as studies report increased insulin concentrations and
pancreatic content in young offspring followed by an age-related
decline in beta-cell function in models of maternal obesity due
to persistent overstimulation (Samuelsson et al., 2008; Srinivasan
et al., 2008).

SKELETAL MUSCLE DYSFUNCTION

Skeletal muscle is a major insulin responsive tissue, acting as a
glucose storage depot. Abnormal skeletal muscle development
has been reported in a number of models. Offspring of dams
fed a “junk food” diet show reduced muscle mass proliferation
and insulin receptor mRNA levels as well as higher intramuscular
lipid content which would be expected to disrupt insulin action
(Bayol et al., 2005). Disruption in the insulin-signaling pathway
has been associated with insulin resistance in response to maternal
overnutrition. Reduced serine 473 protein kinase B/Akt phospho-
rylation as well as insulin receptor mRNA expression is reported
in offspring of ewes fed an obesogenic diet; the main downstream
signaling pathway in insulin signaling (Yan et al., 2010). This has
also been reported in rodent models along with reduced expres-
sion of P110B, a catalytic subunit of phosphoinositide 3-kinase
(PI3K; Shelley et al., 2009).

ALTERED ADIPOSE PHYSIOLOGY

Exposure to maternal obesity may be associated with pro-
grammed alterations in genes important for adipocyte differen-
tiation and function. Altered body composition and excess fat
deposition is commonly seen in response to maternal overnutri-
tion. At 3 months of age, offspring of obese mothers demonstrated
adipocyte hypertrophy with increased PPARY as well as reduction
in PB,- and B3-adrenoreceptors mRNA expression, indicative of
upregulated lipogenesis and downregulated lipolysis respectively
(Samuelsson et al., 2008). Adipocyte hypertrophy independent of
hyperplasia has similarly been reported in offspring of cafeteria
diet fed dams during gestation and lactation. In larger animal
models also, periconceptional or gestational overnutrition pro-
grams offspring fat mass through upregulation of genes involved
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in adipogenesis and lipogenesis (Muhlhausler et al., 20072,2007b;
Rattanatray et al., 2010). Increased fat mass may be a compen-
satory response to ensure excess lipids are stored in adipocytes
rather than other metabolic organs leading to their dysfunction.
However, increased adiposity in itself is a causal factor in insulin
resistance from the release of various adipokines and inflam-
matory cytokines. Therefore, the programming of adipose gene
expression may be a mechanism through which the exposure to
overnutrition during development leads to adiposity in adult life.
The increased secretion of leptin as a result of adiposity may also be
a key event in the resulting leptin resistance within hypothalamic
neurons.

NON-ALCOHOLIC FATTY LIVER DISEASE

The liver plays a central role in global metabolism, regulating a
range of biochemical reactions. NAFLD occurs commonly with the
metabolic syndrome, linked to excessive triglyceride accumulation,
which may be the result of insulin resistance. Elevated triglyceride
concentrations and fatty liver have been associated with mater-
nal overnutrition in a number of models (Buckley et al., 2005;
Samuelsson et al., 2008; McCurdy et al., 2009; Oben et al., 2010a).
Altered expression of genes involved in lipogenesis and lipolysis
would be expected to alter the balance of hepatic lipid accumu-
lation. Exposure to maternal obesity though increased calorific
uptake or HF feeding results in increased liver weight and lipid
accumulation. This is attributed to upregulated lipogenesis and
down regulated lipolysis. Critical nodes of regulation in the respec-
tive pathways have been reported with upregulated SREBP-1 and
20 downstream genes involved in hepatic lipid biosynthesis and
reduced expression of PPARa and related genes involved in fatty
acid oxidation (Shankar et al., 2010). Increased gluconeogenesis is
reported in fetuses of HFD mothers, therefore the programming
effects of maternal diet appear to occur during the development of
metabolic systems. Offspring weaned onto a HFD after fetal expo-
sure are reported to have a more progressive form of NAFLD with
increased fibrosis and inflammation (Bruce et al., 2009). Disrup-
tion in insulin signaling has been consistently reported alongside
these changes suggesting insulin resistance as a causal factor in
this metabolic phenotype. Reduced expression of insulin receptor
B, insulin receptor substrate-1 and p85a have been demonstrated
with increased protein kinase C¢ at 3 months of age (Buckley et al.,
2005; Martin-Gronert et al., 2010).

ALTERED PANCREATIC FUNCTION

The decline in glucose homeostasis develops with age in models
of developmental programming. Offspring of obese dams were
hyperinsulinemic at 3 months of age progressing to diabetes by
6 months of age (Samuelsson et al., 2008) which was associ-
ated with increased pancreatic insulin content early in life that
diminished in adulthood (Han et al., 2005; Taylor et al., 2005;
Srinivasan et al., 2006). Programming of pancreatic fibrosis and
non-alcoholic fatty pancreas disease is also observed in mice fol-
lowing exposure to maternal overnutrition both during gestation
or lactation alone (Oben et al., 2010b). In sheep, maternal obesity
is associated with increased fetal pancreatic weight and increased
number of insulin-positive cells per unit area due to prolifera-
tion (Ford et al., 2009). In late gestation however (day 135) and at

lambing, offspring beta-cell numbers were reduced with increased
beta-cell apoptotic rate, predisposing to glucose intolerance in
adulthood (Zhang et al., 2011). Interestingly, a mouse model of
paternal HED overfeeding impairs beta-cell function in the female
progeny in early life; presenting reduced relative islet area and
insulin secretion following a glucose tolerance test. This is accom-
panied by altered gene expression of insulin and glucose metabolic
pathway components indicating the programming of impaired
insulin-granule exocytosis (Ng et al., 2010).

OXIDATIVE STRESS

Reactive oxygen species (ROS) are well recognized as double-edged
swords. At low/moderate concentrations they may be beneficial in
defense against infectious agents, in the function of a number
of cellular signaling pathways and the induction of a mitogenic
response. However, overproduction results in oxidative stress; a
deleterious process that can lead to damage of cell structures,
including lipids and membranes, proteins, and DNA (Valko et al.,
2007).

Studies have shown extensive association of markers of oxida-
tive stress with obesity, insulin resistance, and diabetes through
interference of insulin signaling (Urakawa et al., 2003; Furukawa
et al., 2004; Nishikawa et al., 2007). Upregulation of pathways for
ROS production and oxidative stress in insulin responsive tissues
(liver and adipose tissue) have been observed before the onset of
insulin resistance (Matsuzawa-Nagata et al., 2008), which could be
suppressed by dietary restriction or antioxidant supplementation
(Hotamisligil et al., 1995; Dandona et al., 2001; Campion et al.,
2006).

Recent studies suggest ROS production may be an initial key
event preceding the onset of insulin resistance and obesity in
response to maternal nutrition. The expression of inflammation-
related genes and those linked to oxidative stress are elevated in the
placenta of obese women (Radaelli et al., 2003) as well as in fetal
skeletal muscle (Yan et al., 2010). Therefore, maternal obesity con-
tributes to an abnormal environment in which the embryo and
fetus develop; suggesting that oxidative stress may be a trigger-
ing mechanism in offspring, behind changes in gene expression,
and insulin resistance, which subsequently leads to the metabolic
phenotype observed.

Altered insulin signaling in offspring of obese and HFD moth-
ers has been reported with increased inflammation and oxidative
stress in numerous models. Increased oxidative damage mark-
ers 8-hydroxy-2-deoxy Guanosine and 4-hydroxy-2-nonenal were
reported in liver of fetal offspring of HFD fed macaques (McCurdy
etal.,2009) and increased mRNA expression of enzymes involved
in oxidative stress in 15-week-old rodent offspring (Bruce et al,,
2009). These were correlated with upregulation of lipogenic genes,
suggesting association of ROS and fatty acid accumulation. Fur-
ther support to this hypothesis would be a demonstration that
reducing levels of ROS in models of maternal obesity, as has been
shown in models of obesity, results in reversal or reduction in
the metabolic syndrome phenotype. Vitamin C antioxidant sup-
plementation to dams fed a western HFD was able to ameliorate
adiposity, reduce oxidative stress, and inflammation in embryos
(Sen and Simmons, 2010).
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MITOCHONDRIAL MECHANISMS

Mitochondria play an important role in metabolism, providing the
energy source as well as being the site of fatty acid oxidation. They
are also a source of ROS; overstimulation of the oxidative phos-
phorylation/electron transport chain gives rise to the production
of free radicals. Mitochondrial dysfunction is also implicated in a
range of disorders including insulin resistance and type 2 diabetes.
Mitochondrial DNA mutations have also been suggested to con-
tribute to diabetes development (Wang et al.,2010). Mitochondrial
dysfunction has been reported as early as embryogenesis in obese
mothers. Mouse oocytes and embryos of obese dams are reported
to have increased mitochondrial membrane potential, higher lev-
els of oxidative phosphorylation and increased ROS production
compared to those of lean mothers. mtDNA copy number was also
increased, which usually occurs in response to oxidative damage
(Igosheva et al., 2010). At 3 months however mtDNA was reduced
in liver and kidney in the same model, which the authors suggest,
if indicative of global reduction in all tissues, would impair the
glucose sensing ability by beta-cells and subsequent insulin release
(Taylor et al., 2005). Disrupted ETC activity has also been found in
skeletal muscle (Shelley et al., 2009) and liver (Bruce et al., 2009) of
offspring from over-nourished mothers, although direct evidence
of oxidative damage as a result was not demonstrated.

EPIGENETIC PROGRAMMING

Recent years have seen increased investigation into epigenetic
mechanisms in human disease. These are changes in gene expres-
sion not involving changes in DNA sequence, such as DNA
methylation, histone modification, and chromatin packing. Epi-
genetic dysregulation has been reported to mediate the effects of
early nutrition on adult disease susceptibility. DNA methylation
is the most common mechanism studied. As the source of methyl
donors and cofactors involved in methyl metabolism is dietary
and methylation patterns are established during development, it is
hypothesized that early donor malnutrition could alter epigenetic
patterns, increasing susceptibility to chronic disease later in life
(Waterland, 2004).

Early evidence showing changes in early nutrition affecting
epigenetic modification came from Waterland and Garza (2002).
They reported epigenetic alterations in pancreatic genes of rat
offspring reared in small litter sizes including that of insulin 2
(indicating a 65% reduction in expression), which was associated
with reduced glucose-stimulated insulin release (Waterland and
Garza, 2002). In a similar model, Plagemann et al. (2009) demon-
strated hypermethylation of the hypothalamic POMC and insulin
receptor (Plagemann et al., 2010) promoter regions, which cor-
related with blood glucose concentrations. Hypomethylation of
pancreatic il13ra2, a gene involved in Jak-Stat signaling is reported
alongside beta-cell dysfunction in female offspring of in a model
of paternal obesity (Ng et al., 2010). microRNAs (miRNA) have
also been implicated in developmental programming. Analysis
of hepatic miRNA levels showed differential expression of sev-
eral miRNAs whose predicted targets were proteins important
for epigenetic regulation in offspring of HFD fed dams such
as methylCpG binding domain proteins (Zhang et al.,, 2009).
Although epigenetic changes have been implicated in animal mod-
els, there is little direct evidence relating this to humans. One

study has, however, correlated epigenetic RXRA (retinoid X recep-
tor alpha — induces transcription of PPARs) promoter methylation
with increased adiposity in children of mothers with lower carbo-
hydrate intake in two independent cohorts (Godfrey et al., 2011).
Although this fails to confirm a causal relationship, it may provide
an objective marker in identifying children at risk of obesity.

Data is also emerging on the transgenerational effects of obesity
and diet with studies reporting maternal HFD influencing body
length and insulin sensitivity in second (Dunn and Bale, 2009)
and third generation mice (Dunn and Bale, 2011). The observed
transmission to the third generation mice solely via the paternal
lineage supports the role of a germ-line based model of epigenetic
programming, possibly involving editing of imprinted genes. A
model of transgenerational programming in response to paternal
low-protein diet has reported differences in sperm gene expression,
including those of transcription factors and chromatin regulators.
This shows that the sperm epigenome is regulated by dietary con-
ditions, which may result in altered offspring physiology (Carone
et al., 2010). Taken together, these suggest maternal nutrition is
able to influence future generations through stable programming
of germ cells as a means of ensuring offspring receive important
adaptive information. It would also help explain the population
wide increase in obesity prevalence through generations, however
the mechanisms behind this remain to be explored.

FUTURE DIRECTIONS AND POSSIBLE INTERVENTIONS

Once obesity has onset, the higher body weight is defended as the
new “set point,” resistant to permanent reduction via therapy in
many individuals (Levin, 2006). Although bariatric surgery is able
to ameliorate the situation, it is an extreme form of intervention
and is not possible to sustain for all obese patients population
wide. Therefore, it is vital that we gain better insights into the
mechanisms promoting the development of obesity, in order to
develop prevention strategies.

The perinatal environment is evidently an important determi-
nant in programming an individuals metabolic system and the
use of animal models have been extremely useful for eliciting the
possible contributory factors and underlying mechanisms. A vari-
ety of perturbations in both the pre and postnatal environment
alter feeding behavior and metabolism in the offspring. Teasing
out the relative contributions of the fetal and postnatal periods
will be important in considering interventional strategies, as post-
natal intervention is likely to prove an easier avenue due to direct
access to the offspring. The entwined relationship between the
factors makes this difficult but it can be done through develop-
ing standardized experimental models in which a clear separation
can be made between: the individual effects of gestation, lactation,
and weaning; the relative effects of maternal or neonatal dietary
components and mechanistic triggers. From the available models,
it seems the gestational period is sufficient to program changes
during fetal development, and that continual insult post-birth
exacerbates the phenotype.

Promising possible interventional strategies are emerging from
animal studies. Dietary restriction prior to pregnancy is able to
ameliorate the effects of maternal obesity on offspring program-
ming (Rattanatray et al., 2010; Zambrano et al., 2010). Weight
loss in obese women prior to pregnancy has also demonstrated
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improved offspring metabolic phenotype (Kral et al., 2006; Smith
et al., 2009). Further, during pregnancy, mild gestational food
restriction or switching to control diet of dams on HFD is able
to reverse the programming effects and even protect against
HFD post-weaning (Gallou-Kabani et al., 2007; Giraudo et al,,
2010).Therefore, weight-loss strategies or simple dietary changes
to improve the metabolic milieu in mothers prior to pregnancy are
likely to positively impact offspring phenotype. Thus, increasing
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