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Abstract: The incidence of obesity and overweight has almost doubled in Western societies 

over the last 2 decades, a trend mirrored in developing nations transitioning to first-world 

economies. Obesity is strongly associated with the comorbidities of type 2 diabetes, hyperten-

sion, and heart disease and represents an enormous burden to health care systems. Of even 

more concern is the increase of around 40% in the prevalence of childhood obesity and type 2 

diabetes over the last 20 years. Metabolic disease results from complex interactions of many 

factors, including genetic, physiologic, behavioral, and environmental influences. The recent 

rate at which these diseases have increased suggests that environmental, eg, epigenetic, and 

behavioral influences, rather than genetic causes, are fuelling the present epidemic. In this 

context, the developmental origins of health and disease hypothesis has highlighted the link 

between periconceptual, fetal, and early infant phases of life and the subsequent development 

of adult obesity and related metabolic disorders. Both maternal undernutrition (global and tar-

geted) and maternal obesity elicit an obese offspring phenotype. This review will examine the 

role of altered maternal nutrition on obesity risk in offspring, the interactions with the postnatal 

nutritional environment, the possible strategies for intervention, and the role of epigenetics in 

the disease process.

Keywords: developmental programming, obesity, metabolic syndrome, type 2 diabetes, devel-

opmental plasticity, critical windows

Introduction
Obesity is a serious health issue in the developed world and is becoming an increas-

ing problem in those societies transitioning to first-world economies and lifestyles. 

It is a widely held view that the development of an obesogenic environment, due 

to ease of access to highly calorific food and reduced energy expenditure in work 

and leisure activities, is the primary cause of obesity in the general population. The 

globalization of agriculture and food processing has changed the food availability 

worldwide: the last 30 years have seen a 10-fold increase in the number of people 

with access to high-caloric diets.1,2 Together with reductions in the physical demands 

of work and increased mechanization, which have increased the propensity to a sed-

entary lifestyle,2 these changes have brought about a significant increase in the global 

incidence of obesity.

Multiple systems regulate energy homeostasis, and there is strong evidence for a 

genetic component to human obesity with the identification of a number of associated 

genes.3 However, genetics alone cannot account for the dramatic and rapid increase 
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in the prevalence of obesity in recent years. In this regard, 

epidemiological and experimental studies have highlighted a 

strong relationship between critical periods of development 

(conception, fetal, and early infant phases of life) and the 

subsequent development of adult obesity.4–6 There is now 

considerable epidemiological and experimental evidence 

indicating that environmental signals, including nutrition, 

operating during these critical windows affect subsequent 

development leading to pathophysiologies such as obesity 

and insulin resistance. These signals induce highly integrated 

responses in endocrine-related homeostasis, resulting in 

persistent changes to the developmental trajectory producing 

an altered adult phenotype. This phenomenon has been 

termed developmental programming, whereby early-life 

events trigger processes that prepare the individual for par-

ticular circumstances that are anticipated in the postnatal 

environment.7 Recently, Gluckman et al have proposed that 

developmental adaptations in response to environmental 

cues may not have immediate advantages for the individual’s 

survival or fitness but may confer advantage at some later 

time.8 With this in mind, they proposed the predictive adap-

tive responses (PARs) framework that suggests that the fetus 

is able to predict its future environment from cues (nutritional 

and endocrine) provided by the mother and adjusts its devel-

opmental trajectory accordingly to best match its physiology 

to that environment.8,9 These responses do not confer immedi-

ate advantages for the fetus but provide a fitness advantage 

in later environments; the nature of which is predicted on 

the basis of the developmental conditions. As the phenotype 

develops, the nature of this advantage might alter at different 

points across the life course.9

But within this framework, PARs are adaptive only when 

the postdevelopmental environment is predicted correctly. If 

the postnatal environment differs dramatically from the pre-

natal one, there is a mismatch between these environments, 

and the organism has a phenotype that is not appropriate for 

the actual environment. Here, Gluckman et al10 hypothesize 

that disease risk is, therefore, a result of the degree of match 

or mismatch between the environment predicted by the organ-

ism during a critical period of developmental plasticity and 

the actual environment in which the organism lives during 

postnatal life.

In light of the rapid transitioning of some populations 

from a traditional society and culture to one of relative afflu-

ence where improvements in economic circumstances and 

nutrition have occurred relatively rapidly, there may occur 

a mismatch between the fetus’ prediction of the postnatal 

environment and the subsequent reality, which may contribute 

to the increasing incidence of obesity and related metabolic 

disease in later life.10,11

Epidemiological evidence
There is no doubt that events occurring much earlier than 

childhood influence weight gain, adiposity, and metabolic 

function during childhood and beyond.12 Using epidemiologi-

cal data, Barker et al13,14 were the first to describe a significant 

association between events occurring before birth and later-life 

disease risk, including hypertension and type 2 diabetes. Barker 

and colleagues demonstrated a relationship between low birth 

weight and an increased risk of subsequent hypertension, 

obesity, insulin resistance, and dyslipidemia.14–16 Within these 

observations, birth weight was used as a marker of early-life 

adversity, and we can now speculate that low birth weight 

may be used as a surrogate for developmental adaptations to 

prenatal cues. From these initial observations, the importance 

of maternal nutrition and, in particular, the effect of poor nutri-

tion on birth weight (and indeed fetal adaptations) and the 

development of adult disease were addressed using historical 

cohorts that have undergone adversity (famine and war) during 

pregnancy. In particular, follow-up studies of survivors of 

the Dutch Winter Hunger4,17–19 have shown that the timing of 

adversity is a major determinant in phenotypic outcome. Fam-

ine exposure restricted to the last trimester of pregnancy and 

the first months of life, resulting in significantly lower obesity 

rates in adult offspring.4,17 However, if famine occurred in the 

first half of pregnancy, offspring were significantly more obese 

than nonexposed counterparts.4,17 The relationship between 

prenatal famine exposure and later-life obesity, however, 

does not demonstrate causation, and in fact, other reports of 

prenatal famine exposure have yielded contradictory results. 

Retrospective studies investigating offspring exposed to famine 

during the siege of Leningrad did not show any relationship 

between birth weight and adult metabolic sequelae.20 However, 

intriguingly, the disparity between the Dutch and the Leningrad 

studies may be explained using the PARs framework. After 

the Dutch Winter Hunger, nutrition was plentiful, and thus, in 

some cases, offspring would have been “starved” during fetal 

life and well nourished in postnatal life; this may represent a 

circumstance that Gluckman et al may consider a mismatch 

between the actual and the predicted environments. Conversely, 

in the Leningrad cohort, nutritional status was poor both before 

and after the period of famine, and thus one can speculate that 

any fetal adaptations may have been appropriate for predicted 

postnatal environment.
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Subsequent to papers by Barker et  al13–15,21 describing 

associations between poor fetal growth and disease risk later 

in life, reports emerged that an interaction exists between 

embryonic or fetal and postnatal (childhood) events thereby 

amplifying disease risk.22 Human studies have provided evi-

dence that restricted intrauterine growth followed by acceler-

ated (or catch-up) growth may potentially be beneficial in the 

short-term but have adverse effects on subsequent metabolic 

function,23–25 blood pressure, and cardiovascular function.22,26 

In historically undernourished but recently urbanized popula-

tions, such as in parts of India, where individuals of low birth 

weight are exposed to a high-fat Western diet, the incidence 

of obesity and type 2 diabetes is reaching epidemic propor-

tions.27 Yajnik also showed that although Indian babies are 

born of low birth weight, they exhibit relatively increased 

visceral adiposity.27 This is consistent with other studies of 

small babies, showing disproportionate abdominal fat mass 

during adult life, despite a low body mass index (BMI).23,28 

Interestingly, Parsons et al29 found that babies with a lower 

birth weight, who then exhibited catch-up growth to achieve 

a greater proportion of their adult height by age 7, had a risk 

of obesity comparable to that for babies with higher birth 

weights. Eriksson et al30 also demonstrated that ponderal index 

at birth was a reliable good predictor of later obesity and also 

found that an early adiposity rebound in babies born of low 

birth weight was associated with obesity in adult life.

Maternal obesity and overweight
Although prenatal growth restriction has clearly demonstrated 

influences on long-term adiposity, it is important to recog-

nize that the relationship between birth weight and later-life 

pathophysiology is not linear. Large for gestational age babies 

are at risk of obesity and diabetes, associations that have been 

supported by a number of studies investigating the long-term 

effects of maternal hyperglycemia (diabetes or gestational 

diabetes).31–34 Although undernutrition remains a global crisis 

in many developing countries, worldwide, there is an increasing 

focus on the role of maternal obesity in determining health risk 

in offspring. Together with reductions in the physical demands 

of work and increased mechanization,2 these changes have 

brought about a significant increase in the global incidence of 

obesity. In developed countries, 15%–20% of women between 

the ages of 25 and 55 years are obese2 and, therefore, have 

increased risks of infertility and cardiovascular and metabolic 

disease. Now, more than ever, women are heavier, entering preg-

nancy overweight, and gaining excess weight during pregnancy. 

In developed societies, caloric and/or fat consumptions are 

generally excessive; therefore, unremarkably, maternal obesity 

is now a common pregnancy complication.35,36 Maternal obesity 

is associated with obstetric complications, including fetal and 

neonatal death and poor lactation outcomes, and is the most 

significant predictor of childhood obesity37 and metabolic syn-

drome in offspring.38 The underlying mechanisms are unclear, 

but reports suggest that adiposity and insulin resistance in 

children of obese mothers are already present during fetal life, 

and high maternal weight has been associated with abnormal 

fetoplacental function.39 In a recent study, obese (BMI . 30 kg/

m2) and lean (BMI  ,  25  kg/m2) mothers with singleton 

pregnancies were evaluated at elective cesarean delivery for 

measure of maternal and fetal insulin resistance.37 Fetuses of 

obese mothers had higher percentage of body fat, homeostasis 

model assessment of insulin resistance (Figure 1), and increased 

cord leptin than fetuses of lean women. These findings support 

the hypothesis that the metabolic compromise in offspring of 

obese mothers is present as early as fetal life.

Importantly, these effects may be self-perpetuating, as 

offspring of obese mothers are themselves prone to obesity, 

giving rise to transgenerational effects.40,41 Recent work dem-

onstrates that children born to women who gained excessive 

weight in pregnancy had a greater fat mass during infancy 

compared with those with appropriate weight gain, and in 

this cohort, greater pregnancy weight gain was also weakly 

associated with fat mass at 6 years of age.42

Evidence from animal models
Animal models have been extensively used to study the basic 

physiological principles of developmental programming and 
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Figure 1 Homeostasis model assessment of insulin resistance (HOMA-IR) index 
in fetuses of lean (body mass index [BMI]  ,25  kg/m2, open bars) and obese 
(BMI . 30 kg/m2, gray bars) mothers. 
*P , 0.003 and **P , 0.001 vs lean.
Note: From data of Catalano et al 2009.146
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are essential to the search of the mechanistic links between 

prenatal and postnatal influences and obesity risk in later 

life. Although epidemiological data suggest that develop-

mental programming occurs within the normal range of 

birth size,43,44 most experimental work has tended to focus on 

significant restriction of fetal growth in the assumption that 

the nature of the insults that impair fetal growth are likely to 

be those that trigger developmental programming. Several 

approaches have been developed to induce early growth 

restriction in animals in an attempt to elucidate its relation-

ship with adult-onset disease and provide a framework for 

investigating the underlying mechanisms. In the rat, obesity 

and metabolic disorders have been induced in offspring by 

maternal global undernutrition,45–50 a low-protein diet,51–53 

maternal uterine artery ligation,54–56 maternal dexamethasone 

(DEX) treatment,57 maternal anemia,58 or prenatal cytokine 

exposure.59 In this context, it is important to consider that 

intrauterine growth restriction (IUGR) is not causal in 

developmental programming but is merely a surrogate for 

compromised fetal development and well-being.

Maternal undernutrition
The early work of Barker and colleagues highlighted the 

role of fetal nutrition as a primary factor involved in the 

developmental origins of adult disease.13,21,60 In the laboratory, 

fetal undernutrition can most commonly be achieved through 

maternal dietary restriction during pregnancy. At present, 

rodent models investigating the mechanistic links between 

maternal undernutrition and adult disease generally utilize 

1 of 2 dietary protocols: global undernutrition or isocaloric 

low-protein diets. The maternal low-protein (MLP) diet dur-

ing pregnancy and lactation is one of the most extensively 

utilized models of nutritional programming.61–66 This model 

involves ad libitum feeding to pregnant rats, a low-protein diet 

containing 5%–8% (w/w) protein (casein), generally a little 

under half the protein content but equivalent in energy of a 

control diet containing 18%–20% (w/w) protein.67 Offspring 

from protein-restricted mothers are approximately 15%–20% 

lighter at birth.63 Maintenance of a MLP diet during lacta-

tion enhances this weight difference and permanently limits 

later growth. If MLP offspring are cross-fostered to mothers 

fed a control diet, they exhibit rapid catch-up growth.63 This 

catch-up growth appears to have a detrimental effect on life 

span, resulting in premature death, which is associated with 

accelerated loss of kidney telomeric DNA.68

Offspring of protein-restricted mothers demonstrate 

both central and peripheral insulin resistance, and altera-

tions in insulin action and activity are tissue dependant.69 

MLP offspring demonstrate altered insulin sensitivity in 

adipocytes, demonstrating changes in the activation of insu-

lin receptor substrate-1 associated phosphoinositol 3-kinase 

(PI3K) activity.70 Alterations in expression of PI3K subunit 

suggests that adipocytes of protein-restricted offspring may 

be resistant to antilipolytic effects of insulin.70

Global undernutrition is another widely used approach to 

induce nutritional programming of obesity. Various models 

have been developed with different levels of undernutrition 

during different periods of pregnancy. Moderate nutritional 

restriction (to 70% of normal ad libitum intake) in the first 

18 days of pregnancy in the rat resulted in offspring with 

significant IUGR that catch up in body weight to that of 

controls by postnatal day 20.71 These abnormalities increase 

with age and was most pronounced in male offspring.

We have developed rodent models of developmental pro-

gramming using global maternal undernutrition throughout 

pregnancy.46,49,50 When dams are fed at 30% of ad libitum 

intake throughout pregnancy, ie, a severe level of undernu-

trition, birth weights and placental weights of offspring are 

25%–30% lower than offspring of control fed mothers. These 

offspring display increased adiposity, hypertension, hyper-

insulinemia, hyperleptinemia, reduced locomotor activity, 

leptin resistance, and hyperphagia in adult life.46,47,72 When 

the degree of undernutrition is more moderate, ie, 50% of ad 

libitum, offspring still display a significant level of obesity 

in postnatal life independent of postnatal diet (Figure 2A). 

Of note, if preweaning catch-up growth in offspring is 

prevented by maintaining the mothers on the restricted diet 

throughout lactation, offspring do not develop an obese 

phenotype (authors’ unpublished observations). This is in 

agreement with outcomes from a previously published MLP 

model where continuation of the low-protein diet in lacta-

tion prevents the development of the metabolic phenotype in 

offspring, once again highlighting the adverse consequences 

of catch-up growth.73

Although maternal macronutrient malnutrition has been 

well studied, the role of maternal micronutrient restriction is 

less well known. From the limited data available, maternal 

micronutrient restriction has been directly associated with 

increased adiposity in offspring. Maternal dietary restriction 

in iron, zinc, calcium, and magnesium, individually or in 

combination, was found to result in increased percent body 

fat and some varying effects on insulin resistance in the 

offspring.74–77 Maternal chromium restriction significantly 

increased body weight and fat percentage, especially central 

adiposity, in both male and female rat offspring.78 Restricted 

vitamin intake during pregnancy has been shown to increase 
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the phenotypic expression of obesity and components of 

the metabolic syndrome in both female and male rats fed 

an obesogenic diet.77 Maternal iron deficiency has also been 

reported to lead to altered lipid metabolism and glucose 

tolerance in offspring although the effects on adiposity are 

less clear.58,79

Maternal nutritional excess
Epidemiological studies have demonstrated that fetal growth 

restriction correlates with adult disease, implying that fetal 

nutritional deprivation is a strong stimulus for developmen-

tal programming.80 Thus, experimental animal models were 

developed using controlled maternal caloric intake or protein 

or macronutrient deficiency. However, in many developed 

societies, maternal and postnatal caloric intake is either suf-

ficient or excessive. Many studies have now modeled mater-

nal nutritional excess using a number of different strategies, 

all resulting in an increase in the incidence of adult obesity, 

although the timing and the magnitude of the phenotype vary 

according to the nutritional insult.81–84 We have recently shown 

that a moderate maternal high-fat diet (45% kcal from fat) 

results in significant obesity in male and female offspring, inde-

pendent of postweaning diet (Figure 2B).84 During pregnancies 

which have been complicated by maternal diabetes, gestational 

diabetes, or impaired glucose tolerance, offspring have been 

shown to be at an enhanced risk of developing obesity.85 

Thus, in keeping with the PAR theoretical framework, in 

response to a given in utero or early postnatal nutritional plane 

(either high or low), cellular processes are invoked to cope with 

the predicted environment. The PAR hypothesis suggests that 

disease manifests only when the actual nutritional environ-

ment diverges from that which was predicted. It is notable that 

there is evidence for the programming of obesity and several 

other features of the metabolic syndrome from both nutrient 

restriction (caloric, protein, and iron) and fat-feeding studies, 

possibly suggestive of a commonality of mechanism.80 Taken 

together, most experimental data derived from nutrition stud-

ies support the contention that the relationship among birth 

weight, metabolic compromise, and disease risk presents in 

a U-shaped curve with a higher prevalence of adult obesity 

occurring in individuals who were on either low or high planes 

of maternal nutrition.84,86–89

Reversibility
Until recently, developmental programming was seen to 

be an irreversible change in developmental trajectory, the 

consequences of which had to be managed, eg, obesity and 

type 2 diabetes. To date, few studies have addressed the 

possibility of reversibility or prevention of the postnatal 

programmed phenotype.

It has been proposed that deficiencies in the obesity hor-

mone leptin during critical windows of development could 

lead to a hardwiring of obesity.90 In adult mammals, leptin 

acts on the brain to reduce food intake by regulating the 
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Figure 2 Increased adiposity (as quantified by dual-energy x-ray absorptiometry, DEXA) in male offspring fed either a chow or high fat (HF) diet post weaning of A) mothers 
undernourished (UN, 50% of ad libitum) throughout pregnancy or B) mothers fed a HF fat diet throughout pregnancy and lactation (MHF).
P < 0.05 for the effect of maternal diet and postweaning HF diet.
Note: Data are means + SEM. n = minimum 8 per group.
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activity of neurons in the arcuate nucleus of the hypothalamus 

(ARH). Bouret et al91,92 have shown that neural projection 

pathways from the ARH are permanently disrupted in leptin-

deficient (Lepob/Lepob) mice. Treatment of Lepob/Lepob neo-

nates with exogenous leptin rescues the development of ARH 

projections, and leptin promotes neurite outgrowth from ARH 

neurons in vitro. In this regard, data exist demonstrating that 

cord blood leptin concentrations are significantly diminished 

in small for gestational age (SGA) babies, and as children, 

they are hypoleptinemic. These children go on to develop 

obesity and leptin resistance in adult life.93 Whether these 

children have disrupted ARH neural projections is unknown, 

but it may be that perturbations in perinatal nutrition that 

alter leptin levels may have enduring consequences for the 

formation and function of circuits that regulate food intake 

and body weight.91,92,94,95

An early-life modification in circulating leptin levels has 

been developed previously in our laboratory.46 Pups born to 

undernourished mothers are hypoleptinemic at birth and go 

on to develop obesity and metabolic compromise as adults.46 

Daily leptin administration between 3–13 days of neonatal 

life in female rats born to undernourished mothers prevented 

the development of diet-induced obesity and associated meta-

bolic sequelae in adult life (Figure 3)96 and also normalized 

caloric intake, locomotor activity, body weight, fat mass, 

and fasting plasma glucose, insulin, C-peptide, and leptin 

concentrations suggestive of effects that were not restricted 

solely to a central mechanism. These improvements were 

specific to animals born to undernourished mothers; leptin 

had no effect in animals born to control mothers (Figure 3). 

The mechanisms underlying this reversibility are unclear, 

although the first 12 days of neonatal life in the rat are par-

ticularly plastic, and we speculate that the administration of 

leptin during this time reversed the cueing effects of prenatal 

undernutrition.97

The next piece to the puzzle is the question of the neo-

natal leptin surge. Although the surge is well characterized 

in rodents98 and may inform a window of intervention, the 

presence or absence of a leptin surge in human neonates is 

uncertain. It has recently been shown that neonatal leptin 

treatment to growth-retarded piglets can partially reverse the 

IUGR phenotype by correcting growth rate, body composi-

tion, and development of several organs involved in metabolic 

regulation.99 These data are consistent with those found in 

the rat,96 and the translation of findings across animal models 

itself bodes well for defining the role of leptin during this 

critical window of development.

Experiments in the rodent have also shown that admin-

istration of growth hormone (GH) or insulin-like growth 

factor (IGF)-I can resolve several aspects of the metabolic 

phenotype in developmentally programmed offspring. GH 

treatment to hypertensive, obese, and hyperphagic adult 

rats born to calorie-restricted mothers46 normalized systolic 

blood pressure and reduced fat mass.100 However, this treat-

ment was not without consequences, as the characteristic 

hyperinsulinemia found in these offspring was exacerbated 

with treatment due to the diabetogenic actions of GH.100 

Comparably, clinical trials with GH in SGA children have 

shown a normalization in systolic blood pressure, which was 

maintained for the 6-year duration of treatment.101 IGF-I infu-

sion in adult female offspring born to undernourished mothers 

led to a complete normalization of adiposity, appetite, fasting 

plasma insulin, and leptin concentrations.102 Together, these 

studies highlight the role of the somatotropic axis in pro-

grammed metabolic disturbances, although the longer-term 

efficacy of such treatment regimes is not known.

Other treatments have been shown to induce improve-

ments in the “programmed” phenotype. Treatment of neonatal 

rats with the glucagon-like peptide (GLP)-1 analog exendin 4 

(Ex-4) has been shown to reverse the adverse consequences 

of fetal growth restriction, and its administration prevented 

the development of diabetes in adulthood.103–105 Ex-4 pre-

vented the progressive reduction in insulin-producing β-cell 
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Figure 3 Diet-induced weight gain (∆, high fat–chow fed) at postnatal day 170 in 
ad libitum fed (AD) and undernourished (UN) animals treated with either saline or 
leptin in the neonatal period. Neonatal leptin given to UN animals normalized diet-
induced weight gain to match that of AD animals. Neonatal leptin had no effect on 
diet-induced weight gain in AD animals. UN saline (•), UN leptin (), AD saline (), 
and AD leptin (). AD saline vs AD leptin NS, UN leptin vs AD saline NS, UN leptin 
vs AD leptin NS; UN saline P , 0.001 vs all other groups.
Note: Copyright © 2005. Modified with permission from The Endocrine Society.
Vickers MH, Gluckman PD, Coveny AH, et  al. Neonatal leptin treatment reverses 
developmental programming. Endocrinology. 2005; 146(10):4211–4216.96

Abbreviation: NS, not significant.
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mass that is usually observed in growth-restricted rats, and 

the expression of pancreatic duodenal homeobox, a critical 

regulator of pancreatic development and islet differentiation, 

was restored to normal levels. Similarly, GLPs are known to 

modify food intake, increase satiety, delay gastric emptying, 

and suppress glucagon release,105,106 and further investiga-

tions into the long-term effects of Ex-4 on adiposity are 

now underway.

Rather than pharmacological therapies, nutritional inter-

ventions have also succeeded in rescuing offspring subjected 

to early-life compromise. Wyrwoll et al107 successfully res-

cued offspring of glucocorticoid-treated pregnant rats with a 

postnatal diet high in omega-3 fatty acids. Pregnant rats were 

treated with DEX from d13 to term, and offspring were cross-

fostered to mothers on either a standard diet or a diet high in 

omega-3 fatty acids and remained on these postweaning diets. 

Maternal DEX treatment reduced birth weight and resulted 

in hyperleptinemia and increased fat mass in offspring by 

6 months of age. These effects were completely ameliorated, 

however, in offspring fed a high omega-3 diet. These results 

demonstrated for the first time that direct manipulation of 

postnatal diet can limit adverse outcomes of developmental 

programming. With regard to maternal obesity, Giraudo et al83 

have shown that even mild food restriction of obese mothers 

during pregnancy may have beneficial effects in reducing 

the risk or degree of obesity in offspring.

Epigenetic mechanisms
The concept of developmental plasticity in the generation 

of biological variation from one genotype has become of 

central interest in the field of developmental programming 

and has driven scientific interest in the clinical significance 

of epigenetic processes, particularly those influenced by the 

external environment.108

Experimental data in rodents and recent observations 

in humans suggest that epigenetic changes in regulatory 

and growth-related genes play a significant role in medi-

ating the pathophysiological phenotypes derived from 

developmental programming.109,110 Epigenetic processes 

lead to heritable changes in gene function by altering DNA 

chemistry independent of sequence and may be responsible 

for tissue-specific gene expression during differentiation, 

and these mechanisms may underlie the processes of devel-

opmental plasticity.111 Examples of epigenetic regulation 

include coordinated changes in the methylation of cytosine 

in cytosine–guanine (CpG) dinucleotides in the promoter 

regions of specific genes and changes in chromatin structure 

through histone modification (eg, acetylation, methylation) 

and posttranscriptional control by microRNA.111 Histone 

modifications in conjunction with DNA methylation regulate 

chromatin structure and gene expression. However, it is still 

debated where early-life and/or environmental factors can 

influence the “histone” code in a manner similar to their 

influence on DNA methylation.112

Adversity during pregnancy or early neonatal life in 

experimental programming models has been shown to result 

in changes in promoter methylation; thus, directly or indi-

rectly affect gene expression in pathways associated with a 

range of physiologic processes.113 In the rat, altered promoter 

methylation and downstream changes in gene expression have 

been shown for the hepatic glucocorticoid receptor (GR) and 

the peroxisome proliferator-activated receptor α (PPAR-

α),53,114 influencing carbohydrate and lipid metabolism.66,115 

Similar epigenetic modifications have been observed in 

p53  in the kidney,116 in angiotensin II type 1b receptor in 

the adrenal gland,117 and in central epigenetic regulation of 

hypothalamic GR,118,119 influencing renal apoptosis, pressor 

responses, and stress responses, respectively.

The phenotypic effects of epigenetic modifications during 

development may not manifest until later in life, especially if 

they affect genes modulating responses to later environmental 

challenges, such as dietary challenges with a high-fat diet. 

The timing of the developmental windows and the induction 

of epigenetic changes in key physiologic systems is not well 

characterized, but it appears to extend from the periconcep-

tional period120 to postnatal life.118,119 Evidence exists from 

studies in twins for changes in the human epigenome related 

to age and the environment.121,122

Several studies have measured modifications in DNA 

methylation patterns to understand the impact of early-life 

nutrition on the epigenetic regulation of both imprinted and 

nonimprinted genes.109 Imprinted genes may show altered 

expression after perturbations during early development, 

such as if blastocyst culture in vitro is prolonged.123 Imprinted 

genes like Igf2 and H19 have been shown to be modified 

in offspring born to protein-restricted mothers,124 where 

hepatic Igf2 messenger RNA (mRNA) levels were reduced 

in male fetuses but were unassociated with changes in DNA 

methylation. Intriguingly, the effects were restricted to those 

offspring born to mothers that were protein-restricted during 

the preimplantation period, but not throughout gestation,124 

highlighting the need to consider critical developmental 

windows during development.

It is hypothesized that alterations in early-life nutrition 

can influence DNA methylation because one-carbon metabo-

lism is dependent upon dietary methyl donors and cofactors, 
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including folic acid, choline and vitamin B12.109,125 Maternal 

dietary manipulations such as low-protein exposure result 

in aberrant changes in DNA methylation in key genes that 

can be prevented by maternal dietary supplementation with 

cofactors.114 Protein restriction in pregnant rats has been 

shown to induce a significant loss of DNA methylation 

concomitant with increased expression of key hepatic genes, 

including the GR and PPAR-α.114 These epigenetic changes, 

a result of altered DNA methyltransferase (DNMT)-1 mRNA 

levels,53 were prevented with maternal folate supplementa-

tion.114 Intriguingly, other models of early-life adversity, apart 

from nutrition, have also been shown to influence epigenetic 

regulation of gene expression. Meaney and colleagues have 

extensively investigated the role of maternal care during 

neonatal life on epigenetic regulation of gene expression 

patterns in the brains of offspring born to “low-caring” 

mothers. In their studies, they demonstrate that an increased 

level of maternal care in the first week of life alters DNA 

methylation at specific CpGs in the GR gene promoter in the 

hippocampus of the offspring and in turn leads to a phenotype 

similar to that of maternal undernutrition models. Reversal 

of the epigenetic change leads to reversal of the phenotypes. 

Furthermore, Meaney and colleagues showed that alterations 

in offspring behavior may be modified by postnatal environ-

mental enrichment and that these phenotypes can be passed 

from one generation to the next.127–130 These results provide 

the evidence for the role of social conditions beyond the 

postnatal period in altering patterns of maternal care and thus 

offspring phenotype and illustrate the interaction between the 

effects of postnatal and postweaning environments.128,130

Waterland et  al131,132 used mouse models to show 

that some alleles are particularly susceptible to maternal 

nutrition-induced changes in methylation. Supplementary 

nutrition can lead to increasing body weight across several 

generations of offspring and suggests that maternal nutrition 

before and during pregnancy may affect the establishment of 

CpG methylation and the life-long expression of metastable 

epialleles (epigenetically modified alleles) in humans.131 

Prenatal undernutrition has also been shown to induce 

changes in histone H3 and H4 acetylation, consistent with 

facilitated transcription, in the GR gene in the liver.133 From a 

mechanistic standpoint, studies in humans linking epigenetic 

change to metabolic disease risk remain very limited although 

there is some evidence for the inheritance of tissue specific 

DNA methylation patterns.134 Differences in environmental 

exposure lead to different patterns of epigenetic marking in 

the somatic tissues of individuals, as evidenced by studies 

in twins in which DNA methylation and histone acetylation 

patterns diverged more strongly in older twin pairs with more 

marked life history differences.122

It has been shown that the promoter in the leptin gene 

is subject to epigenetic programming, and leptin gene 

expression can be modulated by DNA methylation.135–137 

Yokomori et al showed that methylation of 7 of the CpG sites 

in the leptin gene promoter was associated with adipocyte 

differentiation in 3T3-L1 cells. Here, a methylation-sensitive 

52 kMr nuclear protein was associated with the methylated 

leptin promoter and facilitated the repression of transcrip-

tion in a fashion that is similar to methyl CpG–binding 

protein 2.138 The same laboratory group has also shown that 

both methylation of specific CpG sites and a methylation-

sensitive transcription factor contribute to GLUT4 gene 

regulation during preadipocyte to adipocyte differentiation.139 

In addition, differential DNA methylation was observed in 

promoters of genes involved in glucose metabolism, includ-

ing GLUT4139 and uncoupling protein 2,140 both major targets 

involved in the development of type 2 diabetes.

Recent reports have begun to highlight the importance 

of other regulatory factors, including SIRT1.141,142 The sir-

tuin family of nicotinamide adenine dinucleotide (NAD+)–

dependent protein deacetylases regulates adipogenesis, 

lipolysis, and hepatic gluconeogenesis among a number of 

other metabolic and regulatory pathways (Holness et al141). 

Maternal nutrition in the rat has been shown to affect the 

expression of SIRT1 in offspring at weaning and has been 

attributed to a prolonged life span,143 possibly through its 

actions on PPAR-α and GR signaling.141 Importantly, SIRT1 

facilitates histone deacetylation and deacetylation of a num-

ber of nonhistone targets, including PPAR-γ coactivator-1 

(PGC-1). PGC-1 plays a critical role in fuel homeostasis, pro-

moting hepatic gluconeogenesis and lipogenesis and function-

ally interacts with PPAR-α and PPAR-γ.141 Clearly, SIRT1 

and other members of the sirtuin family will become the focus 

of intensive investigation in the field of early-life nutritional 

adversity, risk of obesity, and metabolic compromise.

Epigenetic regulators work on the basis that exposure 

to environmental factors during critical periods of develop-

ment permanently alter the structure or function of specific 

metabolic systems. Therefore, developmental epigenetics 

is believed to establish “adaptive phenotypes” to meet the 

demands of the later-life environment.112,144 Implicit in this 

concept is an important process of causality on the cellu-

lar level, regulating growth and tissue differentiation and 

involving chemical changes to the DNA or of associated 

proteins. As the epigenetic processes are potentially revers-

ible, once the mechanistic basis of the disease is understood, 
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intervention and strategies aimed at reversal could be devised 

and implemented. However, there are still many key questions 

to be answered:112 How plastic is the system for intervention 

and reversal? What are the critical windows of development 

at which strategies should be targeted? How many genera-

tions does it take to reverse an epigenetic imprint? Can sur-

rogate markers be used for disease prediction?

Conclusion
Epidemiological studies have described a relationship 

between adverse perinatal factors and the development of 

metabolic disease and obesity in later life (Figure 4). Both 

prospective and retrospective clinical studies and experimen-

tal research have clearly shown that the propensity to develop 

obesity in later life is increased when early-life development 

has been adversely affected. The pathogenesis is not based 

on genetic defects but on altered gene expression as a con-

sequence of an adaptation to environmental changes during 

early-life development. It is clear that lifestyle factors play 

a major role in the development of obesity and metabolic 

compromise; however, little is known about the interaction 

between the prenatal and postnatal nutritional environments 

on either amplification or resolution of the programming 

phenotype depending on the degree of nutritional match or 

mismatch. Thus, experiments aimed at examining the PAR 

hypothesis are required in conjunction with transgenerational 

work to further the developmental programming field.

An understanding of the molecular mechanisms underly-

ing developmental programming is only recently beginning 

to come into light. Investigation of the role of epigenetics in 

modulating postnatal phenotype holds great promise in under-

standing the mechanisms underlying the link between early-

life adversity and postnatal risk of disease and in advancing 

their diagnosis, prevention, and treatment. A collection of 

drugs targeting epigenetic regulation (DNMT inhibitors and 

histone deacetylase inhibitors) already exists at various stages 

of development, and although their effectiveness has yet to be 

maximized, they may show great promise in the treatment of 

complex disease such as the metabolic syndrome.145

The incidence of obesity and metabolic disorders is 

increasing worldwide and likely will contribute to major 

economic, psychological, and social burden. Currently, the 
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Figure 4 Schematic illustration showing the developmental pathways to obesity and metabolic syndrome following adverse early-life events.
Abbreviations: CNS, central nervous system; NAFLD, non-alcoholic fatty liver disease.
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impact of global nutritional environments on health and 

disease risk is poorly understood, but improved insight into 

underlying mechanisms is likely to have a significant impact 

on not only our current understanding of disease risk but 

also our understanding of disease risk in future generations. 

Understanding the impact of early-life events on health 

offers a novel approach to investigate the mechanistic basis 

of obesity and related metabolic disorders, which in human 

populations was believed to predominantly arise from life-

style choices. A recent emerging focus has been on studies 

aimed at reversing the programmed phenotype; such studies 

offer an exciting potential for new advances in our under-

standing of critical determinants and mechanisms for human 

obesity and metabolic disorders.
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