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Abstract | Cellular commitment to a specific lineage is controlled by differential silencing of genes, which 
in turn depends on epigenetic processes such as DNA methylation and histone modification. During 
early embryogenesis, the mammalian genome is ‘wiped clean’ of most epigenetic modifications, which 
are progressively re-established during embryonic development. Thus, the epigenome of each mature 
cellular lineage carries the record of its developmental history. The subsequent trajectory and pattern 
of development are also responsive to environmental influences, and such plasticity is likely to have an 
epigenetic basis. epigenetic marks may be transmitted across generations, either directly by persisting 
through meiosis or indirectly through replication in the next generation of the conditions in which the 
epigenetic change occurred. Developmental plasticity evolved to match an organism to its environment, and 
a mismatch between the phenotypic outcome of adaptive plasticity and the current environment increases 
the risk of metabolic and cardiovascular disease. These considerations point to epigenetic processes as a 
key mechanism that underpins the developmental origins of chronic noncommunicable disease. Here, we 
review the evidence that environmental influences during mammalian development lead to stable changes 
in the epigenome that alter the individual’s susceptibility to chronic metabolic and cardiovascular disease, 
and discuss the clinical implications.
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Introduction
early evidence that the fetal environment influences sub-
sequent susceptibility to chronic disorders came from 
experimental studies1 and epidemiological research that 
showed increased rates of cardiovascular disease in his-
torical cohorts that had experienced high infant mor-
tality.2 Further studies revealed an inverse relationship 
between birthweight and susceptibility to hypertension, 
cardiovascular morbidity, insulin resistance, type 2 
diabetes mellitus, hyperlipidemia and obesity.2 these 
observations led to the hypothesis that fetal metabolic 
adjustments in nutritionally adverse circumstances that 
aim to restrict growth and thus safeguard brain develop-
ment may result in an increased risk of chronic disorders 
in later stages of life.3 Yet, some data, such as those from 
survivors of the Dutch ‘Hunger winter’ (a short-term 
famine in 1944–45) indicate that individuals who were 
exposed to adverse conditions in utero need not have low 
birthweight to exhibit adverse effects subsequently.4 this 
observation is consistent with the previous finding of a 
continuous relationship between birthweight and risk of 
cardiovascular disease5 and with recent observations that 
demonstrated stronger correlations between metabolic 
dysfunction and neonatal adiposity, leptin concentra-
tions in the umbilical cord and maternal nutrition than 
with birthweight.6,7 other studies focused on the role of 
excess nutrition and rapid weight gain in infants,8 the 
risk of which is increased after impaired fetal growth. 
whereas most research has involved pathways through 
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learning objectives
Upon completion of this activity, participants should be able to: 
1 identify the window during which the epigenome  

is susceptible to environmental cues in mammals.
2 List growth factors that affect the risk for adult 

cardiovascular and metabolic diseases. 
3 Describe the animal models used to explain the epigenetic 

basis of adult cardiovascular disease.
4 Describe the evidence for periconceptual influences  

on subsequent development in humans.
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which undernutrition during development translates into 
subsequent metabolic disease, children who are exposed 
to hyperglycemia in utero or whose mothers are obese are 
also at increased risk of developing metabolic disorders, 
especially type 2 diabetes mellitus.9

such observations have led to a reappraisal of the ways 
in which three key factors—genome, development and 
environment—influence the adult phenotype, includ-
ing the individual’s susceptibility to disease.10 although 
genome-wide association studies have identified some 
loci that influence interindividual variability in disease 
suscep ibility, the effects of most alleles seem to be small.11 
Different ethnic groups that live in the same geographic 
areas and share similar environmental risks have dif-
ferent profiles of disease markers and prevalence, which 
may suggest a genetic cause for differences in disease 
suscep tibility.12,13 Yet, with some notable exceptions,14 
few  ancestry-specific alleles have been discovered that 
can explain particular pathologies. other explanations of 
both interindividual and ethnic differences in disease risk, 
therefore, need to be considered. of note, high incidences 
of metabolic disease are found in those ethnic groups 
in which the average birthweight is low15 or the rates of 
 gestational diabetes and maternal obesity are high.16

untangling the effects of genes from those of environ-
mentally determined developmental processes is not 
straightforward. organisms possess an evolved ability 
to respond to external signals by adjusting their pheno-
type during development to match their environment. 
this mechanism has been termed developmental plas-
ticity.17 we have discussed elsewhere how environmental 
cues during early life in mammals can lead to adaptive 
and integrated changes that relate to the anticipated 
adult environment, but may also give rise to disease if 
the environ ment changes or the prediction is inaccurate, 
which causes a mismatch between the organism and its 
circumstances.18 importantly, fetal nutrition does not 
equate to maternal food intake, but rather is dependent 
on maternal metabolism, cardiovascular function and, 
particularly, placental function.19

the long-lasting changes in developmental trajectory 
that underpin altered susceptibility to disease may arise, 
at least in part, from epigenetically mediated alterations in 

Key points

Developmental plasticity enables an organism to respond to environmental  ■
cues and adjust its phenotypic development to match its environment

Developmental plasticity is effected, at least in part, by epigenetic changes that  ■
are established in early life and modulate gene expression during development 
and maturity

in mammals, the window during which the epigenome is susceptible   ■
to nutritional cues extends from conception to at least weaning

Mismatch between the early and mature environments may result in  ■
inappropriate patterns of epigenetic changes and gene expression that 
increase subsequent susceptibility to metabolic and cardiovascular diseases

The available evidence suggests that interventions to prevent metabolic and  ■
cardiovascular diseases should focus on the prenatal and early postnatal periods

gene expression. whereas compelling evidence supports 
both the developmental origins of health and disease and 
the underlying epigenetic mechanisms,20 many features 
of the latter remain insufficiently understood. these ele-
ments include the differences among epigenetic mecha-
nisms across species and between patterns of epigenetic 
modifications on paternal and maternal genomes, the 
mechanisms that regulate the establishment, stability and 
flexibility of epigenetic changes, and the precise connec-
tion between an epigenetic change, altered gene expression 
and the resultant phenotype. in this review, we summa-
rize the evidence in support of the theory that environ-
mental influences, especially nutrition and stress, during 
mammalian development lead to permanent changes in 
the epigenome, which in turn increase the risk of chronic 
metabolic and cardio vascular diseases in later stages of 
life. we end by discussing  im plications for prevention 
and treatment.

Epigenetic mechanisms in development
the term epigenetics is used in this review to refer to 
molecular mechanisms that establish and maintain mito-
tically stable patterns of gene expression, but that do not 
alter the genomic Dna sequence. epigenetic mechanisms 
enable developing organisms to produce disparate—and 
stable—cellular phenotypes from the same genotype; this 
use of the term echoes its original use by waddington in 
reference to developmental pathways.21 epigenetic modi-
fications to chromatin, described in detail elsewhere,22–26 
include 5' methylation of the cytosine residue in CpG 
dinucleotides of Dna, covalent modifications (including 
methylation, acetylation, phosphorylation and ubiquiti-
na tion) of histones, the proteins that package Dna into 
chromatin, and the gene-regulating and ch romatin-
organizing activities of noncoding rnas. these epi-
genetic modifications change the binding of transcription 
activators and repressors to specific gene promoters, 
and/or alter the large-scale conformation and function 
of chromatin itself, which modulates gene expression 
(Figure 1). the best- studied examples of developmental 
epigenetic processes in mammals include X-chromosome 
inactivation in females and parent- specific expression of 
imprinted genes.27,28 in general, Dna methylation seems 
to be involved in long-term silencing of gene expression, 
whereas histone modifications have a short-term and 
flexible effect, but substantial crosstalk exists between 
these different mechanisms.22,29

epigenetic processes probably first evolved to silence 
retroviral invasion of the genome and then were co-opted 
to regulate tissue differentiation as metazoans devel-
oped.30 Developmentally plastic responses, which are 
found in a wide range of metazoans,31 and imprinting, 
which has a recent evolutionary origin as it is restricted 
to mammals and flowering plants,32 may represent further 
extensions of these processes. these regulatory mecha-
nisms have different phylogenies, although they share 
common epigenetic effectors, and may operate at different 
times during development and differ in their sensitivity to 
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environmental stimuli; care is, therefore, required when 
we extrapolate from one set of  phe nomena to another.

the early postconceptional period is a critical window 
for the establishment of Dna methylation patterns. 
in mammals, the methylation profile of the genome 
is reprogrammed during gametogenesis and in early 
embryo genesis.29 after fertilization, rapid demethylation 
of the entire paternal genome occurs, except in paternally 
imprinted genes, heterochromatin around centromeres 
and some repetitive elements.33 of the three Dna methyl-
transferases (Dnmts), Dnmt 1 is responsible for main-
taining patterns of methylation, whereas Dnmt 3a and 
Dnmt 3b seem to be required for de novo methylation.28 By 
contrast, the maternal genome undergoes a relatively slow 
demethylation.28 levels of methylation are lowest at the 
morula stage, before lineage-specific de novo methylation 
begins at the blastocyst stage. methylation is more pro-
nounced in the inner cell mass (which gives rise to somatic 
tissues) than in the trophoectoderm (the future placenta). 
For example, methylation of the promoter region of tran-
scription factor elf5 is critical for cellular commitment to 
the embryonic stem-cell lineage, rather than to the tropho-
blast lineage.34 at a later stage of develop ment, organisms 
show tissue-specific  patterns of both Dna methylation35,36 
and histone modification.37,38

During gametogenesis, primordial germ cells lose Dna 
methylation before their migration to the genital ridge, 
after which new patterns of methylation are established 
(before birth in the male germ line and after birth in the 
female line).33,39 this differential timing of remethyla tion 
during gametogenesis may have implications for studies 
of transgenerational transmission of epigenetic modifica-
tions (see below) in terms of the critical periods during 
which the developing progeny’s gametes (F1 generation) 
are vulnerable to nutritional or other influences that were 
imposed on the maternal (F0) generation.

Environmental influences 
Metastable epialleles in mice
the fact that epigenetic modifications might be sensitive to 
environmental stimuli is demonstrated by studies of meta-
stable epialleles in mouse strains. these alleles have arisen 
because of retrotransposon insertions into the genome at 
points that affect the phenotype: epigenetic modification, 
and therefore expression, of the alleles can be affected 
by the developmental environment. in the agouti viable 
yellow (avY) mouse, hypomethylation of the agouti gene 
promoter results in increased gene expression; hence, 
the mouse develops a yellow coat color as well as obesity, 
as the agouti gene product interferes with regulation of 
body weight at the level of the hypo thalamus. Conversely, 
hyper methylation decreases expression of agouti and 
results in mice with normal weight and brown coat color. 
in this strain of mice, maternal deficiency of methyl 
donors and cofactors (such as folate) results in agouti pro-
moter hypo methylation, increased prevalence of obesity, 
and cancer, and yellow coat color in the offspring.40 By 
contrast, maternal feeding of the soy isoflavone genistein 

leads to promoter hyper methylation, decreased preva-
lence of obesity and brown coat color in the offspring.41 
similar effects of the mother’s nutrition on the offspring’s 
epigenome are also apparent in the imprinted axin-fused 
mouse model, in which ample maternal intake of methyl 
donors before and during pregnancy results in increased 
Dna methy lation of the axin-fused gene promoter, which 
manifests as reduced kinking of the tail.42 Promoter hyper-
methylation of this gene specifically affects the tail, which 
indicates that hypermethylation occurs midgestation and 
that epigenome plasticity is not limited to the early stages 
of embryonic development.

other developmental models
increasing evidence suggests that changes in the epi-
genome caused by early environmental cues are associated 
with increased susceptibility to metabolic disease later in 
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Figure 1 | epigenetic modulation of gene expression. when CpG dinucleotides in 
the gene promoter are unmethylated, transcription factors and rNA polymerase 
can bind to their specific nucleotide sequences and transcription of coding 
sequences (exons) occurs. Methylation of CpGs by DNA methyltransferases leads 
to the binding of methyl-CpG binding protein 2, which in turn recruits the histone-
modifying enzymes histone deacetylase and histone methyltransferase to form a 
complex that is bound to the promoter. This complex deacetylates histones and 
catalyzes methylation of specific lysine residues. These modifications cause the 
chromatin strand to adopt a ‘tight’ conformation, which prevents access of 
transcription factors and rNA polymerases to the DNA and results in the silencing 
of transcription. Abbreviations: HDAC, histone deacetylase; HMT, histone 
methyltransferase; MeCP2, methyl-CpG binding protein 2; P, promoter; 
Pol, rNA polymerase; TF, transcription factor.
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life. most of this evidence arises from animal models, but 
some early supportive evidence has also emerged from 
studies in humans. importantly, however, evidence for 
a direct causal relationship between epi genetic changes, 
gene expression and observable phenotype comes from 
studies of cultured cells, in which epigenetic status can 
be manipulated by knockout of components of the epi-
genetic machinery, or by pharmaco logical inhibition of 
Dna methylation or histone deacetylation, which lead 
to changes in gene expression and cell behavior that can 
be observed.34,43,44 at present, epigenetic research on the 
developmental origins of various diseases is largely per-
formed in animal models and a few retrospective human 
studies, which allow only inferential conclusions to be 
reached from the observed associations.

animal models of the developmental origins of disease 
have attempted to mimic human pathology by alterations 
in maternal nutrition (energy or protein intake) during 
pregnancy and weaning, by impairment of placental 
perfusion, or by administration of gluco corticoids to the 
mother. these interventions were followed by examina-
tion of probable effector systems in the offspring, such as 
the hypothalamic–pituitary–adrenal axis, the pancreas or 
some parts of the cardiovascular system, and measure ment 
of the activity of relevant metabolic pathways as well as 
changes in gene expression and epigenetic modifications.

Feeding a low-protein diet to pregnant rats causes 
hypertension and endothelial dysfunction in the offspring. 
these alterations are accompanied by metabolic and gene-
expression changes, including overexpression of the hepatic 
gluco corticoid and PParα receptors, and epigenetic 
changes that facilitate transcription of these receptors: for 
the glucocorticoid receptor, these changes include histone 
modifications, promoter hypo methylation and reduced 
expression of Dnmt1.45 Promoter hypo methylation of 
PParα is associated with reduced methy lation of indivi-
dual CpG dinucleotides.46 in a similar model of a low-
protein maternal diet, increased expression of the type 1B 
adrenal angiotensin receptor in the offspring from the first 
week of life was accompanied by hypo methylation of the 
proximal promoter of the gene encoding this receptor.47 
in another model that addressed the etiology of hyper-
tension, uteroplacental insufficiency caused increased 
p53 expression in the kidneys, in associ ation with reduced 
methylation of its promoter and reduced Dnmt-1 activity ; 
the investi gators concluded that increased expression  
of the gene that encodes p53 increased renal apoptosis and 
reduced the number of glomeruli.48

uteroplacental insufficiency was also used to gener-
ate a rodent model of pancreatic β-cell dysfunction that 
develops diabetes in adulthood. the molecular lesion 
that underlies this pathology is underexpression of the 
 pancreas-specific transcription factor encoded by Pdx1, 
and the study traced the ontogeny of the underlying 
epigenetic changes. neonatal (and reversible) histone 
modifications that reduce Pdx1 expression were followed  
in adulthood, after the animals developed diabetes, by 
methylation of the CpG island in the Pdx1 promoter 

and permanent gene silencing.43 neonatal changes in 
hepatic gene expression following uteroplacental insuf-
ficiency in rats also correlate with changes in the binding 
of acetylated histone H3 to the respective promoters.49 
Histone modifications were also proposed to be respon-
sible for decreased expression of Glut4 (a membrane 
glyco protein that facilitates glucose transport, and is 
involved in the develop ment of glucose intolerance) in 
rat pups whose dams were fed 50% of their normal daily 
food intake through midpregnancy to lactation. these 
changes, which persisted into adulthood, were proposed 
to be adaptive and to arise in response to the decreased 
production of pancreatic insulin.50 in a model that is 
perhaps more relevant to the current nutritional situa-
tion in high-income countries, a maternal high-fat diet in 
primates leads to impaired lipid metabolism in the fetus 
in association with increased histone H3 acetylation and 
decreased histone deacetylase activity (both of which 
indicate increased transcription), together with increased 
expression of several relevant genes.51

as described above, manipulation of nutrition, particu-
larly with respect to supply of one-carbon substrates that 
act as methyl-group donors and the associated cofactors, 
can affect epigenetic modifications to chromatin and the 
subsequent phenotype. two studies, one experimental 
and one epidemiological, are of interest in this respect. 
in sheep, periconceptional restriction of maternal folate, 
vitamin B12 and methionine intake leads to widespread 
changes in the fetal epigenome and to offspring that, in 
spite of similar birthweights to those of control animals, 
become fatter and more resistant to insulin and have 
higher blood pressure by adult age.52 in humans, mater-
nal levels of serum folate during pregnancy positively 
correlate with the offspring’s adiposity and insulin resis-
tance at 6 years of age, whereas levels of serum vitamin B12 
negatively correlate with insulin resistance. the greatest  
degree of insulin resistance was observed in children 
whose mothers were both folate-replete and vitamin  
B12-deficient during pregnancy.53

Epigenetic changes in metabolic disease
epigenetic processes are involved in some of the imme diate 
manifestations of chronic noncommunicable diseases. For 
example, decreased histone H3 methylation (an epigenetic 
mark associated with repression of transcription), together 
with increased expression of proinflam matory genes, has 
been proposed to underlie the sustained proinflammatory 
phenotype of vascular smooth muscle cells that is seen in 
diabetic animals even after normalization of glycemia.54 
similarly, transient hyperglycemia causes persistent 
expression of proatherogenic genes, which is underpinned 
by specific changes in histone H3 methylation in vascular 
endothelial cells.55

in the skeletal muscle of people who carry a single 
nucleo tide polymorphism that creates a CpG site in 
the promoter of the respiratory-chain component gene 
NDUFB6, Dna methylation of this site negatively 
correlates  with gene expression and insulin sensitivity. 
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in elderly people who carry this polymorphism, Dna 
methylation is increased, and thus insulin sensitivity is 
decreased.56 similar relationships between age, Dna 
methylation of promoters, protein expression, glucose 
metabolism and diabetogenic potential have been reported 
for another respiratory-chain component gene, COX7A1, 
in humans57 and for hepatic glucokinase in rats.58

Window of epigenetic lability
the importance of the periconceptional period in later 
metabolic dysfunction is illustrated by retrospective 
studies in humans who were prenatally exposed to famine 
during the Dutch Hunger winter. although those who 
were exposed to famine periconceptionally and in the first 
trimester of pregnancy did not have lower birthweights 
than unexposed individuals, as adults they experienced 
a high prevalence of obesity and coronary heart disease, 
whereas individuals who were exposed in later stages of 
gestation had reduced birthweight and experienced a dif-
ferent constellation of metabolic dysfunction, including 
insulin resistance and hypertension.4 individuals who were 
exposed during the periconceptional period also showed 
decreased methylation of specific CpG dinucleotides in the 
imprinted gene for IGF2 when measured nearly 60 years 
after, which indicates that early-life nutrition can cause 
persistent changes in the human epigenome.59

some evidence that supports the importance of the 
peri conceptional period for subsequent development 
also comes from studies in children who were conceived 
by assisted reproductive technologies.60 this population 
has an increased incidence of imprinting disorders, of 
which the best known is Beckwith–wiedemann syn-
drome (Bws), characterized by asymmetrical somatic 
overgrowth and increased susceptibility to develop mental 
tumors. the imprinting defect in Bws involves a gene 
cluster on chromosome 11p that contains several growth-
related genes, including the paternally expressed IGF2 
and the maternally expressed gene CDKN1C, a nega-
tive regulator of cell proliferation and a putative tumor-
suppressor gene. these findings underline the need for 
careful control of the environmental conditions for oocyte 
maturation and embryo culture.

some genes, for example IGF2, also show postnatal epi-
genetic lability. Postweaning mice fed a diet that is defi-
cient in methyl donors have permanent loss of imprinting 
and dysregulation of expression of this gene.61 in rats, 
different patterns of maternal attention in the immedi-
ate postnatal period result in differential methylation of 
the promoters of the nonimprinted gluco corticoid and 
estrogen receptors in some brain regions.62,63

malleability of epigenetic modifications to environ-
mental influences has also been established by twin 
studies in humans. although monozygotic twins have  
an identical genotype, they are usually not phenotypically 
identical: a commonly observed feature is discordance 
in the frequency or onset of diseases. these differences 
may, at least in part, be a manifestation of epigenetic 
changes that occur over their lifetimes. many studies on 
monozygotic twins have reported an association between 
epigenetic differences and discordance in diseases, such 
as Bws64 and bipolar disorder.65 Patterns of global and 
locus-specific Dna methylation are similar in 3-year-
old mono zygotic twin pairs, but substantially different in 
50-year-old twin pairs.66 this difference means a fourfold 
increase in differen tially expressed genes in the adult twin 
pairs. the influence of age has also been demonstrated 
with COX7A1, which encodes a component of the mito-
chondrial oxidative phosphorylation cascade. elderly 
adult twins showed much higher methylation of the 
promoter of COX7A1 than did young adult twins, and 
the investi gators related the correspondingly low gene 
expression  to metabolic  dysfunction in increased age.57

Inheritance of epigenetic marks
Changes in the epigenome during development may be 
passed on to subsequent generations. evidence from 
rodent studies shows that nutritional and endocrino-
logical interventions in pregnant animals (F0) result in 
pheno typic and/or epigenetic changes that persist for at 
least two generations (F1 and F2).

67–70 whether this persis-
tence represents true transgenerational transmission, or 
simply changes in the germ cells of the F1 generation that 
were exposed to nutritional and/or endocrinological 
interventions in utero, remains unclear. transgenerational 

Gametogenesis Conception Birth Weaning Growth Maturation Reproduction Aging

Epigenetic events
during development

Enviromental 
cues that affect 
the epigenome

■ Endocrine disruptors
■ Nutrition?

■ Nutrition
■ IVF conditions

■ Uteroplacental insufficiency
■ Nutrition
■ Maternal stress?

■ Nutrition
■ Maternal behavior

Establishment of
imprinting 

Erasure of parental
methylation (except

imprinting)

Cell lineage-specific
methylation

Some evidence (twin studies)
for ‘epigenetic drift’
in mature organism

Figure 2 | environmental sensitivity of the epigenome throughout life. The top row indicates normal reprogramming of the epigenome during 
gametogenesis, fertilization and development. The bottom row indicates the environmental cues that affect the epigenome and have late-life 
consequences, and the stages of life at which they act. sensitivity of the epigenome to the environment (represented by shading of the arrow)  
is likely to decrease during life as growth slows. Abbreviation: ivF, in vitro fertilization.
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inheritance of environmentally malleable epigenetic 
modifica tions in the well-studied mouse models of meta-
stable epialleles also remains contro versial.71,72 although 
some epidemiological data demonstrate nongenomic 
inheritance of disease risk in humans (such as that 
from the Dutch Hunger winter studies),69,73 our current 
knowledge of the role of epigenetic factors is very limited, 
because delineating the specific contributions of the 
genome versus those of the epigenome of an individual is 
difficult. nevertheless, occasional reports suggest trans-
generational epigenetic inheritance does occur in humans, 
such as the inheritance of a germ-line epimutation in the 
promoter of the mismatch-repair gene MLH1.74

the mechanisms by which epigenetic information 
(whether in terms of environmentally imposed methyla tion 
patterns or genomic imprinting) survives the reprogram-
ming that occurs during embryo genesis and gametogenesis 
remain unresolved. a role for small rnas in spermatozoa 
has been proposed for the non- mendelian inheritance of 
one trait in the mouse, but the wider applicability of this 
mechanism remains uncertain.75 alternatively, as demon-
strated in the studies of epigenetic changes in the brains 
of infant mice that are induced by maternal behaviour,62,63 
the epigenetic modification may not survive gameto-
genesis, but the behavior that induces the change might be 
re-established in each generation. similarly, reduced size 
or function of the uterus during pregnancy may result in 
a uterus of decreased size in female offspring,76 which in 
turn will have small offspring; both generations might have 
similar epi genetic changes without germ-line trans mission 
having occurred.

Conclusions
early-life events cause changes in the epigenome that 
are associated with increased disease susceptibility. the 
available data are now beginning to provide a molecular 
basis for epidemiological and experimental evidence that 
shows that the early period of life is critical in determin-
ing ensuing susceptibility to chronic noncommunicable 
diseases, such as obesity, type 2 diabetes mellitus and 
 cardiovascular dysfunction.

Developing organisms seem to have a wide window of 
susceptibility to epigenetic changes (Figure 2). Clearly, 
the periconceptional period is particularly important, as 
shown by the sensitivity to suboptimal nutrition during this 
develop mental stage,52,59,77,78 in which widespread repro-
gramming of the epigenome occurs.33 nutritional con-
straint later in pregnancy4,79 and/or postnatal over nutrition 
that leads to rapid growth,8,79 as well as  maternal–fetal over-
nutrition,80 also cause metabolic dysfunction later in life, 
and epigenetic changes relevant to each of these situations 
have been reported.51,61,81

these observations have a number of clinical and public-
health implications. the growing awareness of the impor-
tance of the periconceptional period, when suboptimal 
nutrition can have long-lasting effects without causing any 
change in birthweight,4,59 underscores the importance of 
healthy nutrition during the prepregnancy period—a time 
when nutrition may be unbalanced, even in women in high-
income countries.82 a related finding, the demonstration 
that the balance of micronutrients that affect one- carbon 
metabolism during pregnancy affects the subsequent meta-
bolic health of the offspring,53 has implications for the 
design of nutritional supplementation programs.

the realization that the early-life environment can cause 
measurable and stable changes in the epigenome that paral-
lel, and may contribute to, subsequent disease suscepti bility 
has two related consequences. First, although genomic 
information has added little to clinical risk factors in the 
prediction of the onset of type 2 dia betes mellitus,83,84 epi-
genomic markers, such as methylation patterns in specific 
gene promoters, may enable the identification of individuals 
who will have increased susceptibility to chronic disease in 
adulthood because of adverse factors in their early environ-
ment. second, identification of such individuals may allow 
the prevention of disease, either by lifestyle modification or 
by active nutritional or pharmacological intervention. our 
work in animal models has demonstrated that the adverse 
effects of impaired early-life nutrition and the associated 
epigenetic changes can be prevented85 or reversed81,86 by 
nutritional interventions (such as folate supplementation) 
or endocrinological interventions (such as neonatal leptin 
administration). maternal overnutrition may contribute to 
transgenerational amplification of obesity in humans;87 in 
the agouti mouse model, such female-line transmission of 
obesity is abrogated by dietary supplementation with sub-
strates and cofactors of Dna methylation.88 the pheno-
typic and epigenetic consequences of intrauterine growth 
retardation for pancreatic development and adult-onset 
diabetes mellitus can be reversed by early treatment with 
a histone deacetylase inhibitor, a drug class that has been 
already well studied in clinical oncological trials.43 such 
observations lay the groundwork for a new approach to 
the prevention of chronic, adult-onset diseases.

Review criteria

For this review we selected full-text papers published in 
english. PubMed and scopus were searched in November 
2008 and again in February 2009 using the terms 
“cardiovascular disease”, “chromatin”, “developmental 
origins of [health and] disease”, “developmental plasticity”, 
“differentiation”, “DNA methylation”, “epigenetics”, 
“epigenome”, “gene expression”, “histone”, “imprinting”, 
“obesity”, “transgenerational” and “type 2 diabetes”.

1. De Prins, F. A. & van Assche, F. A. intrauterine 
growth retardation and development of 
endocrine pancreas in the experimental rat. Biol. 
Neonat. 41, 16–21 (1982).

2. Godfrey, K. The ‘developmental origins’ 
hypothesis: epidemiology. in Developmental 

Origins of Health and Disease (eds 
Gluckman, P. D. & Hanson, M. A.) 6–32 
(Cambridge University Press, Cambridge, 
2006).

3. Hales, C. N. & Barker, D. J. Type 2 
(non-insulin-dependent) diabetes mellitus:  

the thrifty phenotype hypothesis. Diabetologia 
35, 595–601 (1992).

4. Painter, r. C., roseboom, T. J. & Bleker, O. P. 
Prenatal exposure to the Dutch famine and 
disease in later life: an overview. Reprod. Toxicol. 
20, 345–352 (2005).

nrendo_102_JUL09.indd   406 4/6/09   19:19:54

© 2009 Macmillan Publishers Limited. All rights reserved

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight



nature reviews | endocrinology  volume 5 | JulY 2009 | 407

reviews

5. Osmond, C., Barker, D. J., winter, P. D., Fall, C. H. 
& simmonds, s. J. early growth and death from 
cardiovascular disease in women. BMJ 307, 
1519–1524 (1993).

6. Yajnik, C. s. early life origins of insulin resistance 
and type 2 diabetes in india and other Asian 
countries. J. Nutr. 134, 205–210 (2004).

7. Kuzawa, C. w. & Adair, L. s. Lipid profiles in 
adolescent Filipinos: relation to birth weight and 
maternal energy status during pregnancy. Am. J. 
Clin. Nutr. 77, 960–966 (2003).

8. singhal, A. early nutrition and long-term 
cardiovascular health. Nutr. Rev. 64, s44–s49 
(2006).

9. Boney, C. M., verma, A., Tucker, r. & vohr, B. r. 
Metabolic syndrome in childhood: association 
with birth weight, maternal obesity, and 
gestational diabetes mellitus. Pediatrics 115, 
290–296 (2005).

10. Kuzawa, C. w. et al. evolution, developmental 
plasticity, and metabolic disease. in Evolution  
in Health and Disease (eds stearns, s. C. and 
Koella, J. C.) 253–264 (Oxford University Press, 
Oxford, 2007).

11. wellcome Trust Case Control Consortium. 
Genome-wide association study of 14,000 
cases of seven common diseases and 3,000 
shared controls. Nature 447, 661–678 (2007).

12. whincup, P. H. et al. early evidence of ethnic 
differences in cardiovascular risk:  
cross sectional comparison of British south 
Asian and white children. BMJ 324, 635 (2002).

13. McKeigue, P. M. Metabolic consequences of 
obesity and body fat pattern: lessons from 
migrant studies. Ciba Found. Symp. 201, 54–64 
(1996).

14. Dhandapany, P. s. et al. A common MYBPC3 
(cardiac myosin binding protein C) variant 
associated with cardiomyopathies in south Asia. 
Nat. Genet. 41, 187–191 (2009).

15. Yajnik, C. s. et al. Neonatal anthropometry:  
the thin-fat indian baby. The Pune maternal 
nutrition study. Int. J. Obes. Relat. Metab. Disord. 
27, 173–180 (2003).

16. Dabelea, D., Knowler, w. C. & Pettitt, D. J. effect 
of diabetes in pregnancy on offspring: follow-up 
research in the Pima indians. J. Matern. Fetal 
Med. 9, 83–88 (2000).

17. west-eberhard, M. J. Developmental Plasticity 
and Evolution (Oxford University Press, New York, 
2003).

18. Gluckman, P. D., Hanson, M. A. & Beedle, A. s. 
early life events and their consequences for 
later disease: a life history and evolutionary 
perspective. Am. J. Hum. Biol. 19, 1–19 (2007).

19. Gluckman, P. D. & Hanson, M. A. Maternal 
constraint of fetal growth and its consequences. 
Semin. Fetal Neonatal Med. 9, 419–425 (2004).

20. Gluckman, P. D. & Hanson, M. A. Developmental 
Origins of Health and Disease (Cambridge 
University Press, Cambridge, 2006).

21. waddington, C. H. The Strategy of the Genes:  
a Discussion of Some Aspects of Theoretical 
Biology (George Allen & Unwin Ltd, London, 1957).

22. Goldberg, A. D., Allis, C. D. & Bernstein, e. 
epigenetics: a landscape takes shape. Cell 128, 
635–638 (2007).

23. weber, M. et al. Distribution, silencing potential 
and evolutionary impact of promoter DNA 
methylation in the human genome. Nat. Genet. 
39, 457–466 (2007).

24. Meissner, A. et al. Genome-scale DNA 
methylation maps of pluripotent and 
differentiated cells. Nature 454, 766–770 
(2008).

25. Nightingale, K. P., O’Neill, L. P. & Turner, B. M. 
Histone modifications: signalling receptors and 
potential elements of a heritable epigenetic 
code. Curr. Opin. Genet. Dev. 16, 125–136 
(2006).

26. Amaral, P. P. & Mattick, J. s. Noncoding rNA in 
development. Mamm. Genome 19, 454–492 
(2008).

27. Panning, B. X-chromosome inactivation:  
the molecular basis of silencing. J. Biol. 7, 1–4 
(2008).

28. Branco, M. r., Oda, M. & reik, w. safeguarding 
parental identity: Dnmtl maintains imprints 
during epigenetic reprogramming in early 
embryogenesis. Genes Dev. 22, 1567–1571 
(2008).

29. reik, w. stability and flexibility of epigenetic 
gene regulation in mammalian development. 
Nature 447, 425–432 (2007).

30. Matzke, M. A., Mette, M. F. & Matzke, A. J. 
Transgene silencing by the host genome 
defense: implications for the evolution of 
epigenetic control mechanisms in plants and 
vertebrates. Plant Mol. Biol. 43, 401–415 
(2000).

31. schlichting, C. D. Origins of differentiation via 
phenotypic plasticity. Evol. Dev. 5, 98–105 
(2003).

32. renfree, M. B., Ager, e. i., shaw, G. & Pask, A. J. 
Genomic imprinting in marsupial placentation. 
Reproduction 136, 523–531 (2008).

33. Nafee, T. M., Farrell, w. e., Carroll, w. D., 
Fryer, A. A. & ismail, K. M. epigenetic control of 
fetal gene expression. BJOG 115, 158–168 
(2007).

34. Ng, r. K. et al. epigenetic restriction of 
embryonic cell lineage fate by methylation of 
Elf5. Nat. Cell Biol. 10, 1280–1290 (2008).

35. Yagi, s. et al. DNA methylation profile of tissue-
dependent and differentially methylated regions 
(T-DMrs) in mouse promoter regions 
demonstrating tissue-specific gene expression. 
Genome Res. 18, 1969–1978 (2008).

36. song, F. et al. Tissue specific differentially 
methylated regions (TDMr): changes in DNA 
methylation during development. Genomics 93, 
130–139 (2009).

37. shechter, D. et al. Analysis of histones in 
Xenopus laevis. i. A distinct index of enriched 
variants and modifications exists in each cell 
type and is remodeled during developmental 
transitions. J. Biol. Chem. 284, 1064–1074 
(2009).

38. Nicklay, J. J. et al. Analysis of histones in 
Xenopus laevis. ii. Mass spectrometry reveals an 
index of cell-type specific modifications on H3 
and H4. J. Biol. Chem. 284, 1075–1085 (2009).

39. Farthing, C. r. et al. Global mapping of DNA 
methylation in mouse promoters reveals 
epigenetic reprogramming of pluripotency genes. 
PLoS Genet. 4, e1000116 (2008).

40. waterland, r. A. & Jirtle, r. L. early nutrition, 
epigenetic changes at transposons and imprinted 
genes, and enhanced susceptibility to adult 
chronic diseases. Nutrition 20, 63–68 (2004).

41. Dolinoy, D. C., weidman, J. r., waterland, r. A. & 
Jirtle, r. L. Maternal genistein alters coat color 
and protects Avy mouse offspring from obesity by 
modifying the fetal epigenome. Environ. Health 
Perspect. 114, 567–572 (2006).

42. waterland, r. A. et al. Maternal methyl 
supplements increase offspring DNA methylation 
at Axin Fused. Genesis 44, 401–406 (2006).

43. Park, J. H., stoffers, D. A., Nicholls, r. D. & 
simmons, r. A. Development of type 2 diabetes 

following intrauterine growth retardation in rats 
is associated with progressive epigenetic 
silencing of Pdx1. J. Clin. Invest. 118,  
2316–2324 (2008).

44. Lal, G. et al. epigenetic regulation of Foxp3 
expression in regulatory T cells by DNA 
methylation. J. Immunol. 182, 259–273 (2009).

45. Lillycrop, K. A. et al. induction of altered 
epigenetic regulation of the hepatic glucocorticoid 
receptor in the offspring of rats fed a protein-
restricted diet during pregnancy suggests that 
reduced DNA methyltransferase-1 expression is 
involved in impaired DNA methylation and 
changes in histone modifications. Br. J. Nutr. 97, 
1064–1073 (2007).

46. Lillycrop, K. A. et al. Feeding pregnant rats a 
protein-restricted diet persistently alters the 
methylation of specific cytosines in the hepatic 
PPArα promoter of the offspring. Br. J. Nutr. 100, 
278–282 (2008).

47. Bogdarina, i. et al. epigenetic modification of the 
renin–angiotensin system in the fetal 
programming of hypertension. Circ. Res. 100, 
520–526 (2007).

48. Pham, T. D. et al. Uteroplacental insufficiency 
increases apoptosis and alters p53 gene 
methylation in the full-term iUGr rat kidney.  
Am. J. Physiol. Regul. Integr. Comp. Physiol. 285, 
r962–r970 (2003).

49. Fu, Q. et al. Uteroplacental insufficiency induces 
site-specific changes in histone H3 covalent 
modification and affects DNA-histone H3 
positioning in day 0 iUGr rat liver. Physiol. 
Genomics 20, 108–116 (2004).

50. raychaudhuri, N., raychaudhuri, s., 
Thamotharan, M. & Devaskar, s. U. Histone 
code modifications repress glucose 
transporter 4 expression in the intrauterine 
growth-restricted offspring. J. Biol. Chem. 283, 
13611–13626 (2008).

51. Aagaard-Tillery, K. M. et al. Developmental 
origins of disease and determinants of 
chromatin structure: maternal diet modifies the 
primate fetal epigenome. J. Mol. Endocrinol. 41, 
91–102 (2008).

52. sinclair, K. D. et al. DNA methylation, insulin 
resistance, and blood pressure in offspring 
determined by maternal periconceptional 
B vitamin and methionine status. Proc. Natl 
Acad. Sci. USA 104, 19351–19356 (2007).

53. Yajnik, C. s. et al. vitamin B12 and folate 
concentrations during pregnancy and insulin 
resistance in the offspring: the Pune maternal 
nutrition study. Diabetologia 51, 29–38 (2008).

54. villeneuve, L. M. et al. epigenetic histone H3 
lysine 9 methylation in metabolic memory and 
inflammatory phenotype of vascular smooth 
muscle cells in diabetes. Proc. Natl Acad. Sci. 
USA 105, 9047–9052 (2008).

55. el Osta, A. et al. Transient high glucose causes 
persistent epigenetic changes and altered gene 
expression during subsequent normoglycemia. 
J. Exp. Med. 205, 2409–2417 (2008).

56. Ling, C. et al. Genetic and epigenetic factors are 
associated with expression of respiratory chain 
component NDUFB6 in human skeletal muscle. 
J. Clin. Invest. 117, 3427–3435 (2007).

57. rönn, T. et al. Age influences DNA methylation 
and gene expression of COX7A1 in human 
skeletal muscle. Diabetologia 51, 1159–1168 
(2008).

58. Jiang, M. H. et al. Hypermethylation of hepatic 
Gck promoter in ageing rats contributes to 
diabetogenic potential. Diabetologia 51,  
1525–1533 (2008).

nrendo_102_JUL09.indd   407 4/6/09   19:19:55

© 2009 Macmillan Publishers Limited. All rights reserved



408 | JULY 2009 | voLUme 5 www.nature.com/nrendo

reviews

59. Heijmans, B. T. et al. Persistent epigenetic 
differences associated with prenatal exposure 
to famine in humans. Proc. Natl Acad. Sci. USA 
105, 17046–17049 (2008).

60. Amor, D. J. & Halliday, J. A review of known 
imprinting syndromes and their association with 
assisted reproduction technologies. Hum. 
Reprod. 23, 2826–2834 (2008).

61. waterland, r. A., Lin, J. r., smith, C. A. & 
Jirtle, r. L. Post-weaning diet affects genomic 
imprinting at the insulin-like growth factor 2 
(Igf2) locus. Hum. Mol. Genet. 15, 705–716 
(2006).

62. weaver, i. C. et al. epigenetic programming by 
maternal behavior. Nat. Neurosci. 7, 847–854 
(2004).

63. Champagne, F. A. & Curley, J. P. Maternal 
regulation of estrogen receptor α methylation. 
Curr. Opin. Pharmacol. 8, 1–5 (2008).

64. weksberg, r. et al. Discordant KCNQ1OT1 
imprinting in sets of monozygotic twins 
discordant for Beckwith–wiedemann syndrome. 
Hum. Mol. Genet. 11, 1317–1325 (2002).

65. rosa, A. et al. Differential methylation of the 
X-chromosome is a possible source of 
discordance for bipolar disorder female 
monozygotic twins. Am. J. Med. Genet. B. 
Neuropsychiatr. Genet. 147, 459–462 (2008).

66. Fraga, M. F. et al. epigenetic differences arise 
during the lifetime of monozygotic twins. Proc. 
Natl Acad. Sci. USA 102, 10604–10609 (2005).

67. Drake, A. J., walker, B. r. & seckl, J. r. 
intergenerational consequences of fetal 
programming by in utero exposure to 
glucocorticoids in rats. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 288, r34–r38 (2005).

68. Burdge, G. C. et al. Dietary protein restriction of 
pregnant rats in the F0 generation induces 
altered methylation of hepatic gene promoters in 
the adult male offspring in the F1 and F2 
generations. Br. J. Nutr. 97, 435–439 (2007).

69. Gluckman, P. D., Hanson, M. A. & Beedle, A. s. 
Non-genomic transgenerational inheritance of 
disease risk. Bioessays 29, 145–154 (2007).

70. Jimenez-Chillaron, J. C. et al. intergenerational 
transmission of glucose intolerance and obesity 

by in utero undernutrition in mice. Diabetes 58, 
460–468 (2009).

71. rakyan, v. K. et al. Transgenerational inheritance 
of epigenetic states at the murine Axin (Fu) 
allele occurs after maternal and paternal 
transmission. Proc. Natl Acad. Sci. USA 100, 
2538–2543 (2003).

72. waterland, r. A., Travisano, M. & Tahiliani, K. G. 
Diet-induced hypermethylation at agouti viable 
yellow is not inherited transgenerationally 
through the female. FASEB J. 21, 3380–3385 
(2007).

73. Painter, r. C. et al. Transgenerational effects of 
prenatal exposure to the Dutch famine on 
neonatal adiposity and health in later life. BJOG 
115, 1243–1249 (2008).

74. Hitchins, M. et al. inheritance of a cancer-
associated MLH1 germ-line epimutation. N. Engl. 
J. Med. 356, 697–705 (2007).

75. rassoulzadegan, M. et al. rNA-mediated non-
mendelian inheritance of an epigenetic change 
in the mouse. Nature 441, 469–474 (2006).

76. ibáñez, L., Potau, N., enriquez, G., Marcos, M. v. 
& de Zegher, F. Hypergonadotrophinaemia with 
reduced uterine and ovarian size in women born 
small-for-gestational-age. Hum. Reprod. 18, 
1565–1569 (2003).

77. Kwong, w. Y. et al. imprinted gene expression in 
the rat embryo–fetal axis is altered in response 
to periconceptional maternal low protein diet. 
Reproduction 132, 265–277 (2006).

78. watkins, A. J. et al. Low protein diet fed 
exclusively during mouse oocyte maturation 
leads to behavioural and cardiovascular 
abnormalities in offspring. J. Physiol. 586, 
2231–2244 (2008).

79. vickers, M. H., Breier, B. H., Cutfield, w. s., 
Hofman, P. L. & Gluckman, P. D. Fetal origins of 
hyperphagia, obesity, and hypertension and 
postnatal amplification by hypercaloric nutrition. 
Am. J. Physiol. Endocrinol. Metab. 279, e83–e87 
(2000).

80. schaefer-Graf, U. M. et al. Birth weight and 
parental BMi predict overweight in children from 
mothers with gestational diabetes. Diabetes 
Care 28, 1745–1750 (2005).

81. Gluckman, P. D. et al. Metabolic plasticity  
during mammalian development is directionally 
dependent on early nutritional status. Proc. 
Natl Acad. Sci. USA 104, 12796–12800 
(2007).

82. robinson, s. M. et al. impact of educational 
attainment on the quality of young women’s 
diets. Eur. J. Clin. Nutr. 58, 1174–1180 (2004).

83. Meigs, J. B. et al. Genotype score in addition to 
common risk factors for prediction of type 2 
diabetes. N. Engl. J. Med. 359, 2208–2219 
(2008).

84. Lyssenko, v. et al. Clinical risk factors, DNA 
variants, and the development of type 2 
diabetes. N. Engl. J. Med. 359, 2220–2232 
(2008).

85. Lillycrop, K. A. et al. Dietary protein restriction  
of pregnant rats induces and folic acid 
supplementation prevents epigenetic 
modification of hepatic gene expression in the 
offspring. J. Nutr. 135, 1382–1386 (2005).

86. vickers, M. H. et al. Neonatal leptin treatment 
reverses developmental programming. 
Endocrinology 146, 4211–4216 (2005).

87. Lawlor, D. A. et al. epidemiologic evidence  
for the fetal overnutrition hypothesis: findings 
from the mater-university study of pregnancy 
and its outcomes. Am. J. Epidemiol. 165,  
418–424 (2007).

88. waterland, r. A., Travisano, M., Tahiliani, K. G., 
rached, M. T. & Mirza, s. Methyl donor 
supplementation prevents transgenerational 
amplification of obesity. Int. J. Obes (Lond.) 32, 
1373–1379 (2008).

Acknowledgments
P. D. Gluckman, T. Buklijas, F. M. Low and A. s. Beedle 
are funded by the National research Centre for Growth 
and Development (New Zealand). M. A. Hanson is 
funded by the British Heart Foundation.
Désirée Lie, University of California, irvine, CA, is the 
author of and is solely responsible for the content of 
the learning objectives, questions and answers of the 
Medscape-accredited continuing medical education 
activity associated with this article.

nrendo_102_JUL09.indd   408 4/6/09   19:19:56

© 2009 Macmillan Publishers Limited. All rights reserved


	Epigenetic mechanisms that underpin metabolic and cardiovascular diseases 
	Abstract | Cellular commitment to a specific lineage is controlled by differential silencing of genes, which in turn depends on epigenetic processes such as DNA methylation and histone modification. During early embryogenesis, the mammalian genome is ‘wiped clean’ of most epigenetic modifications, which are progressively re-established during embryonic development. Thus, the epigenome of each mature cellular lineage carries the record of its developmental history. The subsequent trajectory and pattern of development are also responsive to environmental influences, and such plasticity is likely to have an epigenetic basis. Epigenetic marks may be transmitted across generations, either directly by persisting through meiosis or indirectly through replication in the next generation of the conditions in which the epigenetic change occurred. Developmental plasticity evolved to match an organism to its environment, and a mismatch between the phenotypic outcome of adaptive plasticity and the current environment increases the risk of metabolic and cardiovascular disease. These considerations point to epigenetic processes as a key mechanism that underpins the developmental origins of chronic noncommunicable disease. Here, we review the evidence that environmental influences during mammalian development lead to stable changes in the epigenome that alter the individual’s susceptibility to chronic metabolic and cardiovascular disease, and discuss the clinical implications.
	Introduction
	￼ Continuing Medical Education online
	Competing interests
	Key points
	Epigenetic mechanisms in development
	Environmental influences 
	Figure 1 | Epigenetic modulation of gene expression. When CpG dinucleotides in the gene promoter are unmethylated, transcription factors and RNA polymerase can bind to their specific nucleotide sequences and transcription of coding sequences (exons) occurs. Methylation of CpGs by DNA methyltransferases leads to the binding of methyl-CpG binding protein 2, which in turn recruits the histone-modifying enzymes histone deacetylase and histone methyltransferase to form a complex that is bound to the promoter. This complex deacetylates histones and catalyzes methylation of specific lysine residues. These modifications cause the chromatin strand to adopt a ‘tight’ conformation, which prevents access of transcription factors and RNA polymerases to the DNA and results in the silencing of transcription. Abbreviations: HDAC, histone deacetylase; HMT, histone methyltransferase; MeCP2, methyl-CpG binding protein 2; P, promoter; Pol, RNA polymerase; TF, transcription factor.
	Epigenetic changes in metabolic disease
	Window of epigenetic lability
	Inheritance of epigenetic marks
	Figure 2 | Environmental sensitivity of the epigenome throughout life. The top row indicates normal reprogramming of the epigenome during gametogenesis, fertilization and development. The bottom row indicates the environmental cues that affect the epigenome and have late-life consequences, and the stages of life at which they act. Sensitivity of the epigenome to the environment (represented by shading of the arrow) is likely to decrease during life as growth slows. Abbreviation: IVF, in vitro fertilization.
	Review criteria
	Conclusions
	Acknowledgments



