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Abstract
Increasing evidence indicates that early metabolic programming contributes to escalating obesity
rates in children and adults. Metabolic imprinting is involved in the establishment of set points for
physiologic and metabolic responses in adulthood. Evidence from epidemiological studies and
animal models indicate that maternal health and nutritional status during gestation and lactation
have long-term effects on central and peripheral systems that regulate energy balance in the
developing offspring. Perinatal nutrition also impacts susceptibility to developing metabolic
disorders and plays a role in programming body weight set points. The states of maternal energy
status and health that are implicated in predisposing offspring to increased risk of developing
obesity include maternal overnutrition, diabetes, and undernutrition. This chapter discusses the
evidence from epidemiologic studies and animal models that each of these states of maternal
energy status results in metabolic imprinting of obesity in offspring. Also, the potential molecular
mediators of metabolic imprinting of obesity by maternal energy status including glucose, insulin,
leptin, inflammatory cytokines and epigenetic mechanisms will be discussed.

INTRODUCTION
Obesity epidemic

The increasing prevalence of obesity has large implications for the health of the human
population as obesity increases the risk of developing a number of serious diseases (1). The
escalating incidence of obesity is due not only to environmental changes such as increased
availability of high density food and decreased need for physical exertion, but mounting
evidence in humans and animal models indicate that early programming events play an
important role. Maternal health and nutritional status during gestation and lactation have
long-term effects on central and peripheral systems that regulate energy balance in offspring.

Metabolic Imprinting
Individuals best suited to their environment are most likely to reproduce and pass on their
genes. A critical factor impacting survival is the type and availability of food sources.
Survival is optimized if energy balance regulation is programmed to most efficiently use
available metabolic fuels. Metabolic imprinting is the process by which a stimulus or insult
occurring during a critical period of development has a long-term effect on the physiologic
and metabolic responses of the offspring. During development, mammals are exposed to two
environments: the in utero environment and the postnatal environment. Maternal diet, body
composition, and energy stores have major influences on both environments. Perinatal
nutrition also has long lasting effects on energy balance regulation, influences susceptibility
to developing metabolic disorders (2, 3) and plays a role in programming body weight set
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points (4, 5). The states of maternal energy status and health implicated in predisposing
offspring to obesity include maternal overnutrition, diabetes, and undernutrition. The current
research on each of these states will be discussed in the preceding sections. It is not within
the scope of this chapter to cover all of the literature, thus seminal pieces of work that
represent the field will be highlighted.

MATERNAL UNDERNUTRITION
Evidence from Epidemiological Studies

The consequences of maternal undernutrition on offspring energy balance regulation were
first examined in humans that experienced the Dutch famine during gestation. Investigating
this population Ravelli et al. discovered that famine during different period of gestation led
to differential risks of various metabolic disorders (6, 7). The idea that undernourishment
during gestation affects later risk for obesity and metabolic disorders is supported by the
findings of David Barker and colleagues who found an association between low birth
weight, an indirect measure of the fetal environment, and increased risk of developing
cardiovascular disease (8), stroke, hypertension, and diabetes mellitus (9). These findings
lead to the development of the “Fetal Origins hypothesis” which postulates that the body’s
structure, physiology and metabolism are programmed during embryonic and fetal life and
the ‘thrifty phenotype hypothesis” which suggests that undernourishment during
development causes an adaptive response that programs offspring to prioritize organ growth
and increases metabolic efficiency in preparation for an environment with sparse resources.
Programming becomes detrimental when postnatal nutrition is more plentiful than prenatal
nutrition as offspring exhibit rapid catch up growth and obesity (10).

Animal Models of Maternal Undernutrition
Prenatal undernutrition has been extensively modeled in rodents by restricting the amount of
calories received by the mother during different stages of gestation. Results vary depending
on the timing, length and magnitude of the food restriction. Studies by Jones and colleagues
which restricted food by 50% during the first two trimesters of pregnancy find that male (but
not female) offspring develop hyperphagia and delayed-onset obesity when maintained on
either a control or a high fat diet (HFD) (11, 12). Offspring that experience severe dietary
restriction (30% of ad libitum consumption) throughout gestation exhibit adult-onset
obesity, hyperinsulinemia, and hyperleptinemia associated with hyperphagia and
hypoactivity (2, 13). However, even a mild 30% food restriction during pregnancy leads to
reduced birth weight, catch up growth and hypersensitivity to HFD-induced obesity (5).
While the mechanisms leading to long-term reprogramming are poorly understood, leptin
has been identified as a key factor. Undernourished offspring exhibit premature onset of the
neonatal leptin surge (5) and when the leptin surge was artificially induced prematurely in
control offspring they also exhibited hypersensitivity to HFD-induced obesity. Therefore,
both the magnitude and timing of the leptin surge appears to be important for the
development of metabolic systems. This will be further discussed by Bouret in Chapter 8.

Rodent models have many advantages such as short gestation and the ability to manipulate
genetics. However, the critical periods for development of energy balance regulatory
systems are different between rodents and humans. In rodents, the neural pathways
regulating energy balance are immature at birth and are not fully developed until the third
postnatal week (mice) (14). In contrast, in humans, nonhuman primates, pigs, and sheep
hypothalamic feeding circuits develop primarily prenatally (15). Thus, models of maternal
undernutrition in which the development of energy balance regulation occurs prenatally are
particularly relevant. Nathanielsz and colleagues developed a nonhuman primate model of
maternal undernutrition in which pregnant females are fed 70% of ad libitum consumption
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from early to mid gestation (16). In this model, undernourished mothers have fetal offspring
with normal body weight, but decreased hip circumference and perturbations in kidney and
liver development (16). Future studies examining the phenotype of juvenile and adult
offspring are critical to understanding the effects of maternal undernutrition on obesity
susceptibility in primates.

MATERNAL OVERNUTRITION
Evidence from Epidemiological Studies

As modern man experiences an environment in which food scarcity is rare and energy dense
foods are readily available, the most common perturbation of maternal nutritional status in
developed countries is maternal obesity and overnutrition. Currently, over one third of
pregnant American women are obese (17) and the majority consume an excess amount of
food and fat (18). Epidemiological studies show that maternal obesity increases the
incidence of obesity and metabolic syndrome in children (19). The effect of maternal obesity
on offspring susceptibility to obesity is independent of gestational diabetes as obese women
with normal blood glucose have heavier babies with increased adiposity (20). It is clear that
higher birth weight and weight gain during early postnatal life greatly increases the risk of
becoming an obese adult (19). Several animal models are used to study the effects of
overnutrition during gestation and the early postnatal period on the developing offspring.

Animal Models of Maternal Overnutrition
Promoting obesity by feeding animals a HFD is a common model of maternal overnutrition.
Interpretation of these studies is complicated as the duration of exposure (acute vs. chronic)
and composition of diets vary across studies. At weaning, pups from rats fed a HFD during
pregnancy and lactation are heavier, fatter, hyperglycemic and have increased hepatic lipid
content than pups from control mothers (21). In a mouse model of chronic maternal
overnutrition offspring are hyperphagic, have reduced locomotion and increased adiposity
(22). Another group demonstrated that rats feed a highly palatable processed junk food diet
during gestation, lactation and/or post-weaning become heavier and display an increased
preference for fatty, sugary and salty foods (23). Although the majority of studies find that
offspring from HFD fed mothers are overweight, several studies report that maternal HFD
consumption produces lighter offspring, potentially due to impaired lactation in obese
mothers (24). Differences in the duration of HFD consumption (i.e. chronically or only
during gestation and lactation) and fatty acid composition of the diets are hypothesized to
explain differences in offspring phenotype (24).

Rodents genetically predisposed to obesity are also used to examine the effects of maternal
obesity. In studies using the obese agouti mouse, wild-type offspring of agouti dams bred to
wild-type males were heavier than offspring from wild-type crosses. However, no difference
in adult weight was found (25). The heterozygous leptin receptor-deficient mouse (db/+) is
used to model maternal obesity as they overeat and have increased weight gain during
pregnancy. Offspring from db/+ females are heavier than controls regardless of genotype
(26). However, this model is complicated by the fact that the mothers also develop
spontaneous gestational diabetes. Barry Levin’s group derived substrains of Sprague Dawley
rats bred to be either resistant or sensitive to diet-induced obesity. This model examines the
interaction between genetics and maternal overnutrition. Diet sensitive rats that consume a
high energy diet, prior to and during pregnancy and lactation, have offspring with increased
adiposity and hyperglycemia when maintained on a control diet and increased weight gain
and leptin levels when consuming a high energy diet as compared to offspring from diet
sensitive mothers that consumed the control diet. In contrast, maternal diet did not affect
weight gain in offspring from diet resistant mothers (27). Indicating that maternal obesity
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enhances obesity susceptibility in offspring with a genetic predisposition for diet-induced
obesity (27).

The consequences of maternal obesity and HFD consumption on offspring energy balance
regulation are being examined in a nonhuman primate model by our group. Surprisingly,
fetal offspring from HFD fed mothers, whether obese with severe insulin resistance or lean
with normal insulin sensitivity display signs of severe lipotoxicity. Juvenile offspring (6
months of age) from HFD fed mothers were heavier and have increased adiposity, leptin
levels and show signs of fatty liver disease (28). Suggesting that in primates, as in rodent
models, maternal overnutrition predisposes offspring to early onset obesity and metabolic
disorders.

The effects of early postnatal overnutrition have been examined in a variety of animal
models. The nutritional state of infant baboons was manipulated by feeding them formula of
varying calorie density. Young adult female baboons overfed as infants were heavier and
had increased adiposity than control fed females. In male baboons, overfeeding prior to
weaning increased adiposity, but did not affect body weight (29). Postnatal overfeeding is
examined in rodents by adjusting the number of pups per litter to create a group of mothers
with small litters where pups receive increased nutrition and a group with large litters where
pups receive reduced nutrition. This paradigm has lead to a number of interesting findings.
Overfeeding during suckling has long-term effects on energy balance regulation as adult rats
raised in small litters have increased body weight, adiposity (30), leptin resistance (31) and
abnormalities in the sensitivity of hypothalamic neurons to several neuropeptide and nutrient
signals (32). Our group has shown that overfed offspring are hypersensitive to a HFD in
adulthood leading to accelerated weight gain and metabolic disorders. This appears to be at
least partially due to long-term defects in hypothalamic leptin sensitivity [Glavas et al.
2009].

Maternal Diabetes
The insulin and leptin resistance associated with pregnancy increase women’s susceptibility
to developing gestational diabetes. Thus, 3-14% of pregnancies are complicated by
gestational diabetes (15). Clinical studies indicate that mothers with diabetes have babies
with increased birth weight, and risk of developing childhood obesity and diabetes mellitus
(33). The type and severity of maternal diabetes influences the offspring’s outcome. Obesity
and impaired glucose tolerance are 2-3 times more frequent in offspring from mothers with
diabetes mellitus than offspring from mothers who developed gestational diabetes (34).
Maternal diabetes also affects offspring during the postnatal period as diabetic mothers have
breast milk with increased insulin levels. Plagemann and colleagues found that infants breast
fed by diabetic mothers had a greater risk of developing obesity and impaired glucose
metabolism than infants from diabetic mothers fed breast milk from non-diabetic women
(35). This finding has important clinical implications and needs to be examined further so
that diabetic mothers can be advised on the optimal source of nutrition for their infants.

Animal Models of Maternal Diabetes
Animal models of maternal diabetes provide strong evidence that maternal diabetes
increases susceptibility to obesity and diabetes (26, 36). Female rats made diabetic during
pregnancy by continuous glucose infusion produce female offspring with glucose
intolerance and impaired insulin secretion (37). Also, hyperglycemia induced by the
pancreas islet toxin streptozotocin during early pregnancy produces offspring that are
macrosomic at birth and have elevated weight gain during the first ten weeks of life (38).
Studies using genetic models of spontaneous diabetes such as the heterozygous leptin
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receptor-deficient mouse find that female offspring of mothers with gestational diabetes
have increased adiposity and insulin resistance (26).

Molecular Mechanisms Underlying Metabolic Imprinting
It is important to understand the mechanisms by which metabolic imprinting leads to a
particular phenotype and influences susceptibility to obesity and metabolic diseases. The
mediators and signaling pathways that transmit signals from the mother to program the
metabolic phenotype of the developing offspring are not fully elucidated. Hormones such as
leptin and insulin, nutrients such as glucose, free fatty acids, and triglycerides and
inflammatory cytokines are implicated.

Maternal glucose crosses the placenta and is transfer to the fetus. However, as maternal
insulin cannot cross the placenta (19), the fetal pancreas secretes insulin in response to
maternal glucose. Maternal overnutrition and diabetes produce maternal hyperglycemia
which increases fetal insulin secretion (39). Fetal hyperinsulinemia is hypothesized to be
involved in the programming of diabetes and obesity (40). This is supported by studies
showing that insulin administration to rats during the third trimester of pregnancy produces
obese offspring (3, 12). Also, intrahypothalamic administration of insulin to rat pups during
the development of projections from the ARC to the PVH causes increased body weight,
hyperinsulinemia, impaired glucose tolerance, and increased susceptibility to diabetes (41).
As insulin is a neuronal growth factor (40), fetal hyperinsulinemia may cause perturbations
in the development of energy balance regulatory circuitry, increasing susceptibility to
obesity and metabolic diseases.

Leptin is also implicated in programming obesity. Studies in mice show that the postnatal
leptin plays an important role in the development of hypothalamic neuronal connections
(14). In humans, leptin is increased in maternal obesity and diabetes (42, 43) and reduced in
babies with intrauterine growth restriction (44). However, evidence indicates that leptin
levels do not increase until the end of the third trimester of gestation (44), after
hypothalamic development. Studies in nonhuman primates also report that fetal leptin levels
are low to undetectable during important developmental stages and do not increase until late
in the third trimester (45). Thus, while it is clear that leptin is an important neurotrophic
factor in rodents, its role in higher species remains unclear.

Inflammatory cytokines are elevated in obese pregnant women (46) and have been
postulated to be a potential mediator of metabolic imprinting. Using a nonhuman primate
model, our group found that fetuses from mothers consuming a HFD have elevated
circulating and hypothalamic cytokines. As rodent studies show that both AGRP (47) and
POMC (48) neurons in the ARC are directly affected by cytokines, it is postulated that fetal
exposure to increased cytokines directly impacts the development of neurons regulating
energy balance.

A recent area of research is the epigenetic mechanisms of imprinting individual differences
in obesity susceptibility. Epigenetics is the study of changes in gene expression not
involving changes in DNA sequence such as DNA methylation, covalent histone
modifications, packaging of DNA around nucleosomes, folding of chromatin and attachment
of chromatin to the nuclear matrix (49). Epigenetic mechanisms are mediated by perinatal
nutrition, maternal energy status, maternal endocrine status and oxidative stress (49). For
example, maternal calorie restriction is associated with increased methylation of the Hras
gene and maternal protein deficiency is associated with alterations in epigenetic regulation
of the glucocorticoid receptor and peroxisome proliferator activated receptor alpha. Also, in
utero exposure to deficiency/excess of various nutrients causes changes in epigenetic
modifications (49). This data indicates that it is likely that maternal energy status influences
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susceptibility to obesity in the offspring by causing perturbations in epigenetic
modifications. However, further research is needed to determine the effects of maternal
overnutrition, undernutrition and diabetes on epigenetic modifications and to understand the
mechanisms underlying these changes.
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