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PEDIATRIC REVIEW
Epigenetic changes in early life and future risk
of obesity
KA Lillycrop1 and GC Burdge2
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The rapid increase in incidence of obesity over the past two decades cannot be explained solely by genetic and adult lifestyle
factors. There is now considerable evidence that the fetal and early postnatal environments also strongly influence the risk of
developing obesity in later life. Initially, human studies showed that low birth weight was associated with an increased risk of
obesity but increasingly there is evidence that overnutrition in the early life can also increase susceptibility to future obesity.
These findings have now been replicated in animal models, which have shown that both maternal under- and overnutrition can
induce persistent changes in gene expression and metabolism. The mechanism by which the maternal nutritional environment
induces such changes is beginning to be understood and involves the altered epigenetic regulation of specific genes. In this
review, we discuss the recent evidence that shows that early-life environment can induce altered epigenetic regulation leading
to the induction of an altered phenotype. The demonstration of a role for altered epigenetic regulation of genes in the
developmental induction of obesity opens the possibility that interventions, either through nutrition or specific drugs, may
modify long-term obesity risk and combat this rapid rise in obesity.
International Journal of Obesity (2011) 35, 72–83; doi:10.1038/ijo.2010.122; published online 15 June 2010
Keywords: DNA methylation; fetal development; cardio-metabolic disease; folate

Introduction
The incidence of obesity has risen sharply over the past 20
years and has now reached epidemic proportions, with more
than 1 billion adults overweight and 300 million adults
clinically obese worldwide.1 This increase in obesity is not
limited to industrialized nations but is also increasingly seen
in developing nations. Obesity is known to be a major risk
factor for a number of chronic non-communicable diseases
such as type 2 diabetes, hypertension, cardiovascular disease
(CVD), osteoarthritis and certain forms of cancer, including
breast, colon and prostate cancers, and thus poses a major
public health problem. Although it is well established that
the risk of an individual developing obesity is dependent on
the interaction between their genotype and lifestyle factors
such as an energy-rich diet and sedentary behaviour, the
increase in obesity over the past two decades has occurred
too rapidly to be explained solely by such factors. There is
now substantial evidence that the fetal and early postnatal
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environments strongly influence the risk of developing
obesity and that altered epigenetic regulation of specific
genes is central to this process. This review will focus on
the role of altered epigenetic processes in developmental
induction of obesity and how these processes may make a
significance contribution to the obesity epidemic.

The developmental origins of human metabolic
disease
It has been known for almost 100 years that the environment in which the embryo and fetus develops can induce
variations in the phenotype of the offspring without
changing the genome. This is illustrated by experiments
such as those described by Stockard,2 which show that
modest environmental constraint during specific periods
in the development of the embryo can induce dramatic
changes in the phenotype of the offspring. For example,
lowering the oxygen tension of water surrounding gastrulating trout embryos induces conjoined fry. There are also a
number of well-documented examples from natural history
that show variation in the phenotype of the offspring in
response to changes in the maternal environment during
pregnancy.3–5 It is, therefore, unsurprising that the quality of
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the developmental environment to which humans embryos
are exposed is able to induce lifelong changes in the
phenotype of the children both in terms of morphology6,7
and metabolism. Gross morphological variation in response
to the early-life environment is relatively rare. However,
variation in the quality of the intrauterine environment, for
example, the availability of nutrients and oxygen, and
exposure of hormones, has been demonstrated repeatedly
as a causal factor in differential risk of metabolic disease.
The association between the quality of the early-life
environment and subsequent risk of cardio-metabolic disease has been described in a series of epidemiological studies
by David Barker and Osmond8 in the United Kingdom.
They found a strong geographical relationship between
infant mortality and risk of CVD disease 50–60 years later.
Subsequent retrospective studies in cohorts across the globe
in developed and developing nations, including the United
Kingdom, North America, India and China,9 have shown
consistently that lower birth weight within the normal range
for a particular population is associated with an increased
risk in later life of CVD and the metabolic syndrome
(hypertension, insulin resistance, type 2 diabetes, dyslipidaemia and obesity).8–10 At the highest birth weight, the risk
of disease again increased, resulting in a U- or J-shaped
relationship between birth weight and later disease risk.11,12
It should be noted that birth weight is a proxy marker of the
degree on constraint of the intrauterine environment rather
than the mechanism by which the phenotype of the child is
induced.13 However, a female who is born small and remains
small throughout life may constrain the growth and
development of her child during pregnancy.
The timing of the nutritional constraint during pregnancy
is important in determining the future risk of disease. Studies
of individuals exposed to famine in utero, which occurred in
the Netherlands during the winter of 1944, show that
the risk of obesity and its associated conditions is related to
the timing of nutrient constraint. Individuals whose mothers
were exposed to famine periconceptually and in the
first trimester of pregnancy did not have reduced birth
weights compared with unexposed individuals, but as adults,
exhibited increased risk of obesity and CVD. Individuals
whose mothers were exposed in the later stages of gestation
had reduced birth weights and showed an increased
incidence of insulin resistance and hypertension.14 These
findings are in agreement with those of Stockard2 who
showed that induction of cycolpia or two-headed trout by
variations in the temperature or oxygen concentration in the
water only occurred during the first 24 h after fertilization.
Prenatal or postnatal undernutrition in sheep has also been
shown to induce distinct changes in growth and vascular
function.15 One implication of these studies is that the
mechanism that underlies the induction of an altered
phenotype must exhibit differential activity as development
proceeds.
In humans, weight gain up to 25 weeks gestation is
primarily due to linear growth. Accumulation of body fat

is initiated at about 25 weeks of gestation16 and B40% of the
variation in birth weight reflects differences in the magnitude of fat deposition.17 Thus, infants born with a lower
birth weight are likely to have a reduced fat mass. Small
babies who undergo early catch-up growth that is characterized by a greater accumulation of fat mass relative to lean
body mass have an increased risk of becoming obese in later
life compared with those born at higher birth weights.18–20
Early catch-up growth in infants born pre-term, who also
have a reduced fat mass at birth, and who were fed formula
milk also show increased risk of cardio-metabolic disease in
later life,21,22 including obesity.23 A number of studies have
also shown a greater incidence of obesity in adults who were
formula fed as opposed to breast fed during infancy,23,24
although not all studies found this.25 Fat mass is important
for the onset of reproductive function, particularly in
females.26 In an evolutionary context, it is logical that
catch-up growth in children born with a lower birth weight
is characterized by greater adiposity relative to lean body
mass, possibly as a mechanism to reach puberty at a similar
age to peers born at greater weights. Although obesity is a
risk factor for CVD, it has little negative effect in terms of
potential reproductive success and so the trade-off associated
with this strategy in terms of fitness is small.
Overnutrition in early life also increases susceptibility to
future obesity, which may account for the U- or J-shaped
relationships observed between birth weight and risk of
obesity or insulin resistance in later life. Dorner and
Plagemann27 have reported that children of obese women
are more likely to become obese and develop insulin
resistance in later life. Gestational weight gain irrespective
of pre-pregnancy weight is positively associated with obesity
at 3 years old28 and even moderate weight gain between
successive pregnancies has been shown to result in a
significant increase in large for gestational age infants.29
However, maternal weight loss through bariatic surgery
prevents transmission of obesity to children compared with
the offspring of mothers who did not undergo the surgery
and remained obese.30 Maternal gestational diabetes can also
promote the development of obesity and insulin resistance
in offspring. Children born to mothers with gestational
diabetes are frequently macrosomic, the greater the level
of hyperglycaemia in pregnancy producing a greater risk
of childhood obesity.31 Such children also show a greater
gain of body mass by 4 years of age relative to children
of non-diabetic mothers.32 Children who were born large
for gestational age to mothers with gestational diabetes
or obesity also show increased risk of cardio-metabolic
disease.33

Experimental models of the developmental
induction of obesity
Animal models have been used extensively to investigate the
mechanism by which the early-life environment induces
International Journal of Obesity
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persistent alterations in the metabolism and physiology of
the offspring. These studies have generally been performed
using sheep or rodents and have involved feeding either a
low-protein diet, a global dietary restriction or even a highfat or junk food diet through pregnancy and/or lactation.
These offspring to varying extents exhibit characteristics of
humans with cardio-metabolic disease, including obesity,
insulin resistance, hypertension and raised serum cholesterol
levels. Together, these studies support the hypothesis that
nutritional imbalance during prenatal and early postnatal
life can induce long-term metabolic changes and increased
susceptibility to metabolic disease in later life.
The best-studied and most characterized animal model of
nutritional induction of an altered metabolic phenotype is
feeding rats with a protein-restricted (PR) diet from conception throughout pregnancy. In some studies, this nutritional
constraint is continued during lactation. Offspring from PR
dams show a number of features of human cardio-metabolic
disease, including hypertension,34 increased fat deposition
and altered feeding behaviour,35–37 impaired glucose homeostasis, dyslipidaemia,38 vascular dysfunction,35,39 impaired
immunity40 and increased susceptibility to oxidative stress.41
The phenotype of the offspring, however, does vary according to the exact composition of the diet.42 This indicates that
even small variations in maternal diet can affect the risk of
disease in later life.
Some of the alterations in the metabolism and physiology
of the offspring induced by maternal protein restriction have
been shown to be accompanied by stable alterations in
the transcription of genes involved in metabolic regulation
and homeostatic processes.43 These include increased glucocorticoid receptor (GR) expression and reduced expression of
the enzyme, which inactivates corticosteroids, 11b-hydroxysteroid dehydrogenase type II, in the liver, lung, kidney
and brain in the offspring.44 In the liver, increased GR
activity upregulates phosphoenolpyruvate carboxykinase
expression and activity and so increases the capacity for
gluconeogenesis. This may contribute to the induction of
insulin resistance in this model.45
Restricting maternal protein intake during pregnancy and/
or lactation in rats also alters the expression of specific genes
involved in lipid homeostasis. Expression of acetyl-CoA
carboxylase and fatty acid synthase were increased in the
liver of the offspring of rats fed with a PR diet during
pregnancy and lactation.46 The offspring of rats fed with
a PR diet during pregnancy show increased blood triacylglycerol (TAG) and non-esterified fatty acid (NEFA) concentrations.42,47 Peroxisomal proliferator-activated receptor
(PPAR)-a expression was increased in the liver of the
offspring of rats fed with a PR diet during pregnancy and
was accompanied by upregulation of its target gene acyl-CoA
oxidase (AOX), while PPARg1 expression was unchanged.48,49
In contrast, in adipose tissue, the expression of the
PPARg adipose-specific isoform PPARg2 was reduced.48,49 The
different effects of maternal PR diet on PPARg expression
in the liver and adipose tissue may reflect the fact that the
International Journal of Obesity

PPARg isoforms, PPARg1 and PPARg2, expressed in the liver
and adipose tissue, respectively, are generated from different
promoters. If so, this suggests a mechanism by which the
process that induces altered gene expression, and hence
phenotype, may result in different effects on the expression of
the same gene in different tissues. Increased PPARa expression
would be expected to increase TAG clearance. However,
increased hepatic TAG synthesis may result from increased
flux of NEFA from adipose tissue as a result of reduced
expression of PPARg expression48 and insulin resistance45 and
may have exceeded the capacity of fatty acid clearance
pathways regulated by PPARa. Overall, the offspring of dams
fed with a PR diet during pregnancy show impaired lipid
homeostasis.50
Global nutrient restriction to 30% of ad libitum fed
throughout gestation induces a more severe change in
phenotype compared with the maternal PR diet, which is
comparable to intrauterine growth retardation.51 Offspring
born to dams fed with this diet during pregnancy are
significantly smaller at birth than control offspring. They
also exhibit higher systolic blood pressure, hyperinsulinaemia, hyperleptinaemia, hyperphagia, reduced locomotion
and obesity. Although the nutritional constraint in this
model is more severe than that which leads to variation in
risk of cardio-metabolic disease within the normal range
of birth weights, the overall reduction in energy intake
is comparable to that to which pregnant women were
exposed during the Dutch Hunger Winter.52 However, even
modest global nutrient restriction during pregnancy have
been shown to induce alterations in metabolism and the
hypothalamic–pituitary–adrenal axis. In guinea pigs fed with
an 85% of ad libitum diet throughout gestation, alterations in
postnatal cholesterol homeostasis were observed in the male
offspring.53 Long-term changes in gene expression have also
been reported in adult offspring of dams fed with a global
nutrient restriction during pregnancy. Gluckman et al.54
have showed that expression of PPARa and GR are both
downregulated in adult offspring born to dams fed with
a global nutrient-restricted diet of 30% ad libitum during
pregnancy.
Animal studies have also shown a clear interaction
between prenatal and postnatal environments.55,56 Even
modest variations in the diet fed after weaning can exacerbate the effects of maternal undernutrition on the phenotype of the offspring. For example, dyslipidaemia and
impaired glucose homeostasis induced by feeding dams with
a PR diet during pregnancy were exacerbated in adult male
and female rats fed with a diet containing 10% (w/w) fat after
weaning compared with a 4% (w/w) fat post-weaning diet.42

Animal models of overnutrition
A number of animal models of overnutrition during
pregnancy have also been reported. Feeding rats with a diet
high in saturated fats during pregnancy produces offspring
with insulin resistance, abnormal cholesterol metabolism
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not fully mature until postnatal day 16.70 For example,
overfeeding rat pups by rearing them in small litters leads to
an increased food intake in the perinatal period and this was
also associated with a persistent increase in appetite drive in
later life.64–66,70 In rodents, exposure to a diabetic environment before birth or exposure in early postnatal life results in
significant changes in the architecture of the hypothalamus
including a decrease in neuronal density within the
ventromedial hypothalamic nucleus, which is associated
with the inhibition of food intake and pancreatic insulin
secretion, and an increase in neuronal density within the
dorsomedial hypothalamic nucleus, which is involved in
promoting body weight gain and food intake.71 In adult
offspring of gestational diabetic rats, there was also an
increase in neuropeptide Y and galanin neurons in the
arcuate hypothalamic nucleus, suggesting that gestational
maternal diabetes promotes the malformation of the
hypothalamic neurons and the dysregulation of the
appetite-controlling regulatory network, resulting in obesity
and metabolic disturbances in later life.72

Epigenetic mechanisms in induced risk of obesity
Together, these findings demonstrate that the prenatal
and early postnatal periods have a critical role in the
developmental induction of obesity. There is now however
increasing evidence that epigenetic processes are central to
the mechanism by which the early nutritional environment
can increase susceptibility to obesity in later life (Figure 1).
The term epigenetics literally means on top of genetics and
refers to processes that induce heritable changes in gene
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and raised adult blood pressure, interestingly very similar
outcomes to those observed in offspring born to dams fed
either with a PR or globally restricted diet during gestation.
Feeding an obesogenic diet to female rats before mating and
through lactation has also been shown to lead to maternal
obesity as well as hyperphagia, increased adiposity, decreased
muscle mass, reduced locomoter activity and accelerated
puberty in the offspring.57 Samuelsson et al.58 have also
shown that offspring from pregnant rats fed with a ‘junk
food diet’ of 16% fat and 33% sugar throughout pregnancy
and lactation exhibited higher blood pressure, greater
adiposity and insulin resistance in comparison with control
offspring. There were also persistent alterations in the
expression of PPARg2, 11b-hydroxysteroid dehydrogenase
type I and the b2 and b3 adrenoreceptors in adipose tissue of
the offspring, which may lead to increased adipogenesis and
decrease lipolysis in these rats.
Feeding pregnant mice with a high-fat diet also induces
fatty liver and hepatic inflammation if the offspring were
also fed with a high-fat diet in postnatal life.59 The
mechanism underlying non-alcoholic fatty liver disease
involves dysregulation of hepatic lipid metabolism and
reduced activity of mitochondrial oxidative phosphorylation
complexes. Interestingly, studies by Khan et al.60 have shown
that continued high-fat feeding in postnatal life conferred
protection against endothelial dysfunction, suggesting that
an adaptive mechanism might operate, enabling the fetus to
adjust at least some of its metabolic processes to be better
suited to survive in a high-fat postnatal environment. The
type of fat however may also be important as dams fed with
diets high in essential fatty acids throughout late gestation
and lactation produce offspring that eat less, are leaner and
have improved insulin sensitivity as adults.61 High carbohydrate diets are also protective and produce offspring that
remain lighter in weight.62
There is also evidence that the suckling period is critical in
the developmental induction of obesity. Studies of rats in
cross-fostering experiments show that high-fat feeding in the
suckling period leads to an increase in adiposity, hyperleptinaemia and hypertension in the adult offspring fed with
a normal diet after weaning.63–65 Schmidt et al.66 have also
shown that overfeeding rats during the suckling period by
rearing them in small litters produces hyperphagia and
obesity in adults. In addition, maternal gestational diabetes
has also been shown to produce obesity in the adult
offspring67 and even transient neonatal hyperinsulinaemia
can induce obesity in early adulthood.23 Waterland et al.68
have also shown transgenerational amplification of the
obesity phenotype in agouti viable yellow (Avy) mice
through three generations. There is also growing evidence
that overnutrition during prenatal and/or early postnatal life
alters the maturation of the appetite- and energy-regulating
neural network in the hypothalamus. The effect of overnutrition on hypothalamus function has been observed both
in sheep in which the neural network is relatively mature at
birth as in humans69 and in rodents in which the circuits are

Folic acid intake

Long term changes in gene expression
Altered metabolic capacity

Altered susceptibility to obesity
Figure 1 Alterations in the epigenome induced by nutritional challenges
results in an altered metabolic capacity and altered susceptibility to
developing obesity in later life. The sensitivity of the epigenome to the
environment (represented by the shading) decreases during postnatal life.
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expression without altering the gene sequence. Epigenetic
processes are integral in determining when and where
specific genes are expressed.73 Alterations in the epigenetic
regulation of genes may lead to profound changes in
phenotype. The major epigenetic processes are DNA methylation, histone modification and microRNAs. To date, most
studies on the effect of early-life nutrition on the epigenetic
regulation of genes have focussed on DNA methylation.
Epigenetic mechanisms and gene regulation. Methylation at
the 50 position of cytosine in DNA within a CpG (cytosine
and guanine nucleotides linked by phosphate) dinucleotide
(the p denotes the intervening phosphate group) is a
common modification in mammalian genomes and constitutes a stable epigenetic mark that is transmitted through
DNA replication and cell division.74 Methylation of CpG
dinucleotides de novo is catalysed by DNA methyltransferases
(Dnmts) 3a and 3b, and is maintained through mitosis by
gene-specific methylation of hemimethylated DNA by
Dnmt1.75 CpG dinucleotides are not randomly distributed
throughout the genome but are clustered at the 50 ends of
genes/promoters in regions known as CpG islands. Hypermethylation of these CpG islands is associated with
transcriptional repression, whereas hypomethylation of
CpG islands is associated with transcriptional activation.76
DNA methylation can induce transcriptional silencing by
blocking the binding of transcription factors and/or through
promoting the binding of the methyl CpG-binding protein
(MeCP2).75 The latter binds to methylated cytosines and,
in turn, recruits histone-modifying complexes to the DNA.
MeCP2 recruits both histone deacetylases (HDACs), which
remove acetyl groups from the histones, a signal of
trasncriptionally active chromatin,77–79 and histone methyl
transferases such as Suv39H1,80 which methylates lysine 9
on H3, resulting in a closed chromatin structure and
transcriptional silencing. Recent studies have however
shown that Dnmt1 is recruited by a number of histonemodifying enzymes such as HDAC1 and HDAC2, and the
histone methyl transferases SUV39 and EZH2,81–83 suggesting that chromatin structure may also determine DNA
methylation status and that there is a reciprocal relationship
between these two processes.
DNA methylation is important for asymmetrical silencing
of imprinted genes,84 X-chromosome inactivation and
silencing of retrotransposons.85,86 DNA methylation is also
critical for cell differentiation by silencing the expression of
specific genes during the development and differentiation
of individual tissues.74 Methylation of CpGs is largely
established during embryogenesis or in early postnatal
life. Following fertilization, maternal and paternal genomes
undergo extensive demethylation followed by global methylation de novo just before blastocyst implantation87 during
which 70% of CpGs are methylated, mainly in repressive
heterochromatin regions and in repetitive sequences such
as retrotransposable elements.87 Lineage-specific methylation of tissue-specific genes occurs throughout prenatal
International Journal of Obesity

development and early postnatal life and determines
developmental fates of differentiating cells. For example,
Oct-4 is permanently silenced by hypermethylation around
E6.5 in the mouse,88 whereas HoxA5 and HoxB5 are
not methylated and silenced until early postnatal life.89
In contrast, phosphoenolpyruvate carboxykinase and
d-crystallin-2 are methylated in early embryos, but undergo
progressive
demethylation
during
development.90,91
Epigenetic marks are essentially maintained throughout
life. However, environmental perturbations during periods
when methylation patterns are induced may impair the
programme of gene silencing or activation with potential
long-term adverse consequences.
Early-life environment and altered epigenetic regulation. Two
non-nutritional models have shown that the prenatal and
neonatal environments modify the epigenetic regulation of
specific genes. In an elegant study of the effect of maternal
behaviour during suckling on the development of stress
response in the offspring, Weaver et al.92 showed that pups
raised by rat dams that showed poorer nurturing had an
increased stress response. The effect was due to hypermethylation of specific CpG dinucleotides within the promoter
of the GR gene in the hippocampus of the offspring.
These changes were reversed in adult brain by intracranial
administration of the HDAC inhibitor, trichostatin A, and
93
L-methionine. Others have shown that ligation of a uterine
artery in the rat decreases p53 expression in the kidney of the
offspring, associated with increased apoptosis and reduced
nephron number.94
Studies on isolated embryos first supported the hypothesis that variations in nutrient availability can alter the
epigenome. Mouse embryos cultured in Whitten’s medium
without amino acids showed biallelic expression of the
imprinted H19 gene, whereas those cultured in medium
containing amino acids showed monoallelic expression.95
Differential methylation of the insulin-like growth factor-2
(IGF-2) and H19 genes also occurred when embryos were
cultured with or without fetal calf serum.96 In humans,
assisted reproductive technologies using in vitro fertilization
and intracytoplasmic sperm injection are associated with
increased risk of Angelman’s syndrome97 and Beckwith–
Weidemann syndrome,98 which are caused by decreased
methylation of the regulatory regions of the UBE3A, and H19
and IGF-2 genes.97,98 Alterations in the epigenetic regulation
of imprinted genes produce dramatic alterations in the
phenotype of the offspring, including structural abnormalities in the skeleton and other tissues, and metabolic defects
that are evident at birth. Such changes are in marked
contrast to the effects induced by maternal nutritional
imbalance during pregnancy associated with increased
susceptibility to obesity, which are not associated with gross
structural abnormalities.
Maternal diet and altered DNA methylation. Differences in
the maternal intake of nutrients have been shown to alter
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Table 1 Examples of genes involved in metabolic, vascular or endocrine function whose methylation status is altered by changes in diet either during prenatal or
early postnatal life
Gene

Methylation

Species

Nutritional challenge

Tissue analysed

Age of offspring at the
time of measurement

Reference

Agouti gene

Increased

Mouse

Waterland and Jirtle85

Decreased
Decreased
Decreased
Increased
Increased
Increased
Increased

Rat
Rat
Rat
Rat
Rat
Rat
Rat

Tail, liver, kidney,
brain
Liver
Liver
Adrenal
Liver
Liver
Hypothalamus
Liver

Adult

Glucocorticoid receptor
PPAR-a
Angiotensin receptor 1b
Glucocorticoid receptor
PPAR-a
Proopiomelanocortin
Glucocortociod receptor

Juvenile adult
Juvenile adult
Adult
Adult
Adult
Adult

Lillycrop et al.49
Lillycrop et al.49
Bogdarina et al.103
Gluckman et al.54
Gluckman et al.54
Plagemann et al.106
Burdge et al.117

PPAR-a

Increased

Rat

Liver

Adult

Burdge et al.117

Insulin receptor

Decreased

Rat

Adipose

Adult

Burdge et al.117

Insulin-like growth factor II
Interleukin 10
Leptin
ATP-binding cassette A1
Guanine nucleotide binding
protein
Maternally expressed 3

Decreased
Increased
Increased
Increased
Increased

Human
Human
Human
Human
Human

Maternal methyl
donor
Maternal PR
Maternal PR
Maternal PR
Maternal UN
Maternal UN
Overnutrition/suckling
Pubertal folic acid
supplementation
Pubertal folic acid
supplementation
Pubertal folic acid
supplementation
Maternal UN
Maternal UN
Maternal UN
Maternal UN
Maternal UN

Whole
Whole
Whole
Whole
Whole

blood
blood
blood
blood
blood

Adult
Adult
Adult
Adult
Adult

Heijmans et al.104
Tobi et al.105
Tobi et al.105
Tobi et al.105
Tobi et al.105

Increased

Human

Maternal UN

Whole blood

Adult

Tobi et al.105

Abbreviations: PPAR-a, peroxisomal proliferator-activated receptor-a; PR, protein restricted; UN, undernutrition. For rats: juvenile, offspring o40 days postnatal;
adult, offspring 440 days postnatal.

the methylation of non-imprinted genes resulting in subtler
effects on fetal and offspring development. A summary of
genes involved in metabolic, vascular or endocrine function
whose methylation status is altered by changes in diet either
during prenatal or early postnatal life is shown in Table 1.
Variations in the maternal diet of nutrients involved in onecarbon metabolism during pregnancy in the agouti mouse
have been shown to induce differences in the coat colour of
the offspring. In agouti mice Avy, there is an insertion of an
intracisternal A particle (IAP) retrotransposon in the 50 end
of the Agouti gene, which acts as a cryptic promoter directing
expression of the agouti gene that encodes a paracrine
signalling molecule that induces melanocytes to produce
pheomelanin, a yellow pigment instead of the black or
brown pigment eumelanin. The methylation status of the
IAP element produces as range of coat colours between
yellow (unmethylated) and pseudo-agouti (methylated).85,99
Supplementation of the maternal diet with methyl donors
such as betaine, choline, folic acid and vitamin B12 shifted
the distribution of coat colour of the offspring from yellow
(agouti) to brown (pseudo-agouti).99 This shift is due to
increased methylation of the IAP element.85 Thus, maternal
intake of nutrients involved in one-carbon metabolism can
induce graded changes to DNA methylation and gene
expression in the offspring, which persist into adulthood.
Feeding pregnant rats with a PR diet induced hypomethylation of the GR and PPARa promoters in the livers of juvenile
and adult offspring, which were associated with increased
GR and PPARa mRNA expression and an increased expression of their target genes, namely, phosphoenolpyruvate

carboxykinase and AOX.49,100 This was the first evidence that
moderate changes in macronutrient intake during pregnancy
can alter the epigenome. This was associated with an increase
in histone modifications at the GR promoter, which facilitate
transcription, acetylation of histones H3 and H4, and
methylation of histone H3 at lysine K4, whereas those that
suppress gene expression were reduced or unchanged.101
Altered methylation status of the liver PPARa promoter was
due to hypomethylation of four specific CpG dinucleotides,
two of which predicted the level of the mRNA transcript, in
juvenile offspring and this persisted in adults.102 As the
altered CpGs corresponded to transcription factor-binding
sites, this suggests a mechanism by which changes in the
epigenetic regulation of genes established during development determines changes in the transcriptional response
to specific stimuli, and thus the capacity of the tissue to
respond to metabolic challenge. The angiotensin receptor 1b
promoter is also hypomethylated in adrenal glands from
PR offspring.103
Maternal global undernutrition also induces a phenotype
that resembles human metabolic syndrome in the offspring.
In contrast to the effect of the maternal PR diet, adult female
offspring of dams, which experienced 70% reduction in total
nutrient intake during pregnancy, showed hypermethylation
and decreased expression of the GR and PPARa promoters in
their liver.54 Thus, the effects of maternal nutrition on the
epigenome of the offspring depends on the nature of the
maternal nutrient challenge.
In humans, Heijmans et al.104 has reported hypomethylation of the imprinted IGF-2 gene in genomic DNA isolated
International Journal of Obesity
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from whole blood from individuals who were exposed to
famine in utero during the Dutch Hunger Winter compared
with unexposed same-sex siblings. The same group also
found that105 IGF-2 was hypomethylated in individuals
whose mothers were periconceptually exposed to famine,
whereas interleukin-10, leptin, ATP-binding cassette
A1, guanine nucleotide-binding protein and maternally
expressed 3 (meg3) were hypermethylated.105
There is also recent evidence that an overrich early
nutritional environment can alter the epigenetic regulation
of genes and that this change in gene methylation may
have a role in the altered metabolic phenotype of the
offspring. Plagemann et al.106 showed that neonatal overfeeding induced by raising rat pups in small litters induces
the hypermethylation of two CpG dinucleotides within the
pro-opiomelanocortin (POMC) promoter, which are essential
for POMC induction by leptin and insulin. Consequently,
POMC expression is not upregulated in these rats despite
hyperinsulinaemia and hyperleptinaemia. This clearly shows
that overfeeding during early postnatal life when the neural
network within the hypothalamus is still developing can
alter the methylation of POMC, a gene critical for body
weight regulation resulting in alterations in appetite and
energy homeostasis and an increased prevalence of obesity
in later life.
Mechanisms for induced changes in the epigenome. Methylation of CpG dinucleotides de novo is catalysed by Dnmts 3a
and 3b, and is maintained through mitosis by gene-specific
methylation of hemimethylated DNA by Dnmt1.74 Although
DNA methylation is considered as a stable epigenetic
mark, a number of DNA demethylases have been proposed,
including MBD2b,107 MBD4,108 the DNA repair endonucleases XPG (Gadd45a)109 and a G/T mismatch repair DNA
glycosylase.110 Although the evidence that they fulfill this
role is at present very limited, there is clear evidence that

demethylase activity exists in cells during development.
Active demethylation of paternal genomic DNA in the
zygote on fertilization,87 of the synaptic plasticity gene
reelin in the hippocampus on contextual fear conditioning111 and of interferon-g on antigen exposure of memory
CD8 T cells has been observed.112 Syzf has also proposed
that the methylation status of CpGs in post-mitotic cells may
represent an equilibrium state dependent on the relative
activities of Dnmt1 and demethylases.113 Thus, environmental exposures that alter the activity of the Dnmts and/or
demethylases provides a possible mechanism by which a
change in methylation could occur and, in turn, the level of
transcriptional activation of a gene (Figure 2).
Pregnant rats fed with a PR diet show increased blood
homocysteine (Hcyst) concentration in early gestation,114
and as Dnmt1 expression is negatively regulated by Hcyst
and increased by folic acid, modulation of Dnmt1 expression
by differences in one-carbon metabolism may provide a link
between maternal diet and epigenetic regulation of gene
expression in the fetus. This is supported by the finding that
feeding a PR diet to rats during pregnancy induced a
reduction in Dnmt1 expression and in binding of Dnmt1
at the GR promoter.101 However, the expression of Dnmt3a,
Dnmt3b and MBD2, and the binding of Dnmt3a at the GR
promoter were unaltered.101 This suggests that hypomethylation of the GR promoter in the liver of the offspring, and
probably other genes including PPARa, is induced by the
maternal diet as a result of lower capacity to maintain
patterns of cytosine methylation during mitosis. Although a
reduction in Dnmt1 might be expected to result in global
demethylation, loss of Dnmt1 has been shown to result in
only a subset of genes being demethylated.115 This indicates
that Dnmt1 is targeted to specific genes, and there are now a
number of reports that have shown that Dnmt1 interacts
with a number of histone-modifying enzymes and is targeted
to specific DNA sites.81–83 Interestingly, hyperglycaemia and
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Figure 2 Epigenetic programming by early-life nutrition. Nutrition in early life determines the balance between gene methylation and demethylation. HDACs,
HMTs and Dnmts promote histone deactylation, histone K9 and DNA methylation, resulting in a closed chromatin structure and gene silencing. Histone acetyl
transferases (HATs) and DNA demethylases induce histone acetylation and DNA demethylation resulting in an open chromatin structure and gene transcription.
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hyperinsulinaemia have been reported to enhance Hcyst
remethylation, leading to increased intracellular concentrations of S-adenosylmethionine and enhanced DNA methyl
transferase activity,116 supporting the findings from previous
undernutrition studies that the methylation balance and
regulation of DNA methyl transferases are sensitive to
nutritional environmental cues.
Prevention and reversal of an altered phenotype and
epigenotype. A number of studies have shown that despite
the apparent stability of methylation marks, alterations
in DNA methylation induced by maternal diet can be
prevented and even reversed by interventions even in
postnatal life. Supplementation of the maternal PR diet with
folic acid prevents hypertension, vascular dysfunction and
dyslipidaemia in the adult offspring.42 Increasing the folic
acid content of the PR diet also prevented the hypomethylation of the PPARa and GR promoters and restored the levels
of GR and PPAR expression to levels seen in control offspring.
Folic acid supplementation of PR diet during pregnancy also
upregulated Dnmt1 expression.49 This suggests that impaired
one-carbon metabolism has a central role in the induction of
the altered epigenetic regulation of GR and PPARa and in the
induction of an altered phenotype by maternal protein
restriction. Interestingly, detailed analysis of the PPARa
promoter showed that although increased maternal folic acid
intake prevented hypomethylation of the majority of CpG
dinucleotides induced by the PR diet alone, two CpGs were
hypermethylated.102 Thus, increasing maternal folic acid
intake does not simply prevent the effects of the PR diet,
but may induce subtle changes in gene regulation. Burdge
et al.117 have also shown that folate supplementation during
the juvenile–pubertal period altered both the phenotype
and epigenotype induced by a maternal PR diet. These
results showed that in contrast to supplementation of the
maternal PR diet with folic acid, supplementation during
the juvenile–pubertal period induced impaired lipid homeostasis, including downregulation of hepatic fatty acid
b-oxidation, hepatosteatosis and increased weight gain
irrespective of the maternal diet. This was associated with
altered methylation of specific genes, including hypermethylation of PPARa in the liver and hypomethylation of the
insulin receptor in adipose tissue. These findings suggest that
the period between weaning and adulthood in rats represents
a period of increased epigenetic plasticity, and it may be
possible to reverse the adverse effect of prenatal nutrition by
nutritional interventions before adulthood, the design of any
supplementation regimen for use in humans would need to
include careful consideration of the timing and magnitude of
the intervention.
Supplementation of the maternal diet with methyl donors
also prevented the transgenerational amplification of obesity
observed in Avy mice.68 The effect of methyl supplementation on body weight was independent of epigenetic changes
at the Avy locus, suggesting that maternal obesity may alter
the epigenetic regulation at other sites within the genome

and that methyl donor supplementation during pregnancy
can block such epigenetic dysregulation and the propensity
to become obese in later life. Altered epigenetic gene
regulation may therefore be a key mechanism not only by
which the fetus makes adaptations to its metabolism and
physiology in response to variations in maternal diet, but
may also be part of the mechanism by which maternal
obesity can influence the metabolic capacity of the offspring.
Treatment with leptin between postnatal days 3 and 13
of neonatal rats born to dams that experienced 70% global
reduction in food intake during pregnancy normalized
caloric intake, locomotor activity, body weight, fat mass
and fasting plasma glucose, insulin and leptin concentrations in adult offspring, in contrast to saline-treated
offspring of undernourished dams that developed all
these features on a high-fat diet.118 This again shows
that developmental metabolic programming is potentially
reversible by an intervention late in the phase of developmental plasticity. The ability of leptin to reverse these
metabolic effects has been suggested to occur as a result of
leptin administration giving a false developmental cue,
signalling adiposity to the pups that were actually thin
and thus therefore setting their metabolic phenotype
to be more appropriate to a high-nutrition environment.
Strikingly the corrective effects of leptin were parallel
by effects on methylation and expression of PPARa and
GR.54 This suggests that neonatal leptin intervention may
exert its corrective adaptive effects through epigenetic
mechanisms.

Conclusions
There is now substantial evidence that early nutritional
environmental of the fetus and/or infant can influence
susceptibility to obesity in later life and that epigenetic
processes have a key role in this pathway. Altered epigenetic
regulation has been shown to be induced by both maternal
under- and overnutrition within genes that control lipid
and carbohydrate metabolism and within genes involved
in the central appetite–energy balance neural network.
In many cases, the epigenetic status of the same genes
is altered both by maternal under- and overnutrition,
although the direction of the epigenetic change is different.
Although our understanding of how these nutritional cues
induce the altered epigenetic regulation of genes is only just
beginning, these findings do suggest that the current rapid
increase in incidence of obesity may be, in part, explained by
fetal and early-life events, which, through epigenetic
mechanisms, result in lifelong changes in the metabolism
of the offspring. However, despite the apparent stability of
these epigenetic marks induced by early nutritional challenges, there is clear evidence that these marks are reversible,
and this therefore opens the possibilities that nutritional
or pharmacological intervention may combat this rapid rise
in obesity.
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