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Abstract
People who were small at birth and had poor infant growth have an increased risk of adult
cardiovascular disease, osteoporosis and type 2 diabetes, particularly if their restricted early
growth is followed by increased childhood weight gain. These relations extend across the normal
range of birth size in a graded manner, so reduced size is not a prerequisite. In addition larger birth
size is associated with risks of obesity and type 2 diabetes. The associations appear to reflect
developmental plastic responses made by the fetus and infant based on cues about the
environment, influenced by maternal characteristics including diet, body composition, stress and
exercise levels. These responses involve epigenetic processes which modify the offspring’s
phenotype. Vulnerability to ill-health results if the environment in infancy, childhood and later life
is mismatched to the phenotype induced in development, informed by the developmental cues.
This mismatch may arise through unbalanced diet or body composition of the mother, or change in
lifestyle factors between generations. These insights offer new possibilities for early diagnosis and
prevention of chronic disease.
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Epidemiological observations
Non-communicable diseases (NCD), including diabetes, cardiovascular disease and the
metabolic syndrome, account for 60% of all deaths globally. In low to middle income
countries, NCD are becoming particularly important: a rapid increase in their prevalence has
been observed as these countries undergo socio-economic improvement.1 Whilst the
increase in NCD arises in part through adopting a western lifestyle, there is growing
recognition of the role played by developmental factors. This is in accordance with the
fundamental principles of life-course biology, whereby developmental trajectories
established in early life influence the response of the individual to later exposures, such as
adult lifestyle. It is now being proposed that the temporal trends in NCD may in significant
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part arise from effects on phenotype established by the interaction between genes and the
developmental environment using the processes of developmental plasticity.2

This perspective is underpinned by research examining the developmental origins of health
and disease (DOHaD) concept. This originated from studies in Germany and in Scandinavia
linking aspects of a poor start to life to risks of chronic disease later.3,4 Subsequent
epidemiological studies of cause of death in Britain in babies born in during the early 1900s
led to the suggestion that low rates of growth before birth are linked to the development of
coronary heart disease in adult life.5 Direct evidence that coronary heart disease and
associated disorders have their origins during early development initially came from
longitudinal studies of 25,000 UK men and women whose birth records had been preserved.
Follow-up of these individuals in late adulthood showed associations between lower
birthweight and increased rates of cardiovascular disease, type 2 diabetes and osteoporosis
in adulthood. 6,7 People who were small or disproportionate (thin or short) at birth, or whose
infant growth faltered, had high rates of coronary heart disease, raised blood pressure and
cholesterol levels, and impaired glucose tolerance. Epidemiological studies have also linked
impaired early growth with later osteoporosis and obstructive airways disease, including
asthma.8,9

In adulthood, individuals who had a lower birthweight have a higher risk of developing the
metabolic syndrome, including insulin resistance, hypertension, and raised serum low-
density lipoprotein and fibrinogen concentrations. The associations with birthweight are
graded, affecting individuals across the normal range of birth-weights, and do not simply
reflect effects in severely growth-restricted fetuses.10 Subsequent studies have now shown
that risk of metabolic syndrome is also elevated in babies at the higher level of the
birthweight distribution. Thus in many populations the relation between the developmental
environment and disease risk is U-shaped.10

While it was historical cohort studies that first described links between fetal growth and
adult cardiovascular and metabolic disease, more recent mother-offspring studies have
shown that maternal diet in pregnancy and constrained fetal growth are linked to childhood
cardiovascular structure and function. Arterial intima-media thickness (IMT) is a known
predictor of vascular events in adults, but few studies have investigated IMT in children. In
9-year old children from a large unselected cohort in Southampton, we have shown that
carotid IMT was greater in children who were heavier, had a higher BMI, had higher
systolic blood pressure and participated less in sport or exercise. However, independent of
these child characteristics and maternal BMI, higher IMT was found in children whose
mothers had a lower energy intake in pregnancy (Figure 1).11 Moreover other studies in
contemporaneous cohorts have shown that higher mother’s body mass index, gestational
diabetes, higher blood glucose and greater pregnancy weight gain are all associated with
greater adiposity of the children.12 This provides evidence that developmental influences
continue to be important for the cardiovascular health of today’s children in developed
countries and suggests that variations in maternal diet can influence susceptibility to
atherosclerosis and metabolic disease in the offspring.

Evidence from cohorts with information on the duration of gestation suggests that both
reduced fetal growth and preterm delivery are associated with an increased risk of
cardiovascular and metabolic disease. Moreover, new observations indicate that normal
variations in fetal size in mid-gestation are associated with differences in gestational
length.13 Experimental studies show that neither a reduction nor an increase in fetal growth
above the expected trajectory is an essential step in the causal pathway to disease. Rather the
change in trajectory is part of a coordinated ‘strategy’ of responses which confers future
adaptive advantage.10
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These ideas accord with the concept that all human fetuses are under a degree of maternal
constraint of their growth, a process which is dynamic and variable. Maternal constraint is
believed to have particularly evolved in H. sapiens as a way of matching the size of the
fetus, especially that of the head as greater brain volume evolved, to that of the pelvic canal
associated with the changes in pelvic orientation and dimensions associated with
bipedalism.14 Maternal constraint is greater in primiparous women, in both younger and
older mothers, in those bearing twins, and in mothers of shorter stature. Fetal growth is also
constrained in those who smoke, have a low body mass index and gain little weight in
pregnancy and in those consuming an unbalanced diet, although these exposures are likely
to act through a variety of different mechanisms.

Developmental plasticity and mismatch
Development represents a period of rapid change in the expression of the genome, during
which environmental cues may induce persistent changes in the phenotype of an organism.
The developmental program tends to follow a path in which the characteristics of the wild
type or typical phenotype are buffered against genetic and epigenetic change, termed
canalization.15 However, many organisms respond during development to cues about their
likely future environment, and this alters the developmental program and generates
alternative phenotypes. Such deviation from canalized development allows production of
different phenotypes from a single genotype more rapidly than could be achieved by
mutation. For example, crowding of adult desert locusts (Scistocerca gregaria) induces
gregarious, diurnal and migratory offspring, in contrast to the nocturnal, sedentary forms
which are produced under low population density;16 and the duration of day light to which
meadow voles (Microtus pennsylvanicus) are exposed before conception determines coat
thickness in the offspring in anticipation of winter or spring temperatures.17 Such rapid
changes in phenotype may facilitate short-term survival, but may also be genetically
assimilated and so produce stable phenotypes on which natural selection can act.18

Increasing evidence suggests that such persistent changes in the expression of the genome
involve altered epigenetic regulation of specific genes.

Gluckman and Hanson19,20 and Uller21 have argued that the developmental environment can
produce a range of effects, from overt disruption of development (i.e. teratogenesis), through
altered fetal growth, with both its immediate and later consequences, to a range of
phenotypes which become manifest only well after birth. This latter class can be induced by
maternally transduced cues operating even within the normal range of developmental
environments but nonetheless affecting several components of the trajectory of phenotypic
development. The responses do not necessarily confer any immediate advantage for the fetus
but give a Darwinian fitness advantage in later environments, the nature of which is
predicted on the basis of the developmental experience. As the phenotype develops, the
nature of this advantage may change at different points across the life course. Thus increased
insulin sensitivity may promote adipogenesis, providing nutritional reserves to protect the
brain after weaning;22 earlier puberty enhances fitness in a predicted adverse
environment;23,24 and the development of later insulin resistance confers a degree of “thrift”
in a predicted adverse environment, as may reduction in numbers of energy-consuming
skeletal and cardiac muscle cells or renal nephrons. This type of response has been termed a
predictive adaptive response (PAR),25 and experimental and clinical studies supporting the
concept have now been reported.26,27

According to the PARs model, the accuracy of the responses is dependent on the
environment remaining relatively constant throughout the lifecourse. Although
environments can fluctuate, modelling studies have shown that induced phenotypes can
persist for several generations and provide an adaptive advantage in environments
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considered stochastically.27 Thus, the fidelity of the predictions made during early life need
not be high for PARs to confer a fitness advantage and thus be selected through evolution.
When the anticipated environment is effectively constant over many generations, the
predictive trait/response may become fixed, or genetically encoded in a process known as
genetic assimilation.28 This process may include selection of advantageous mutations.

PARs thus act as an integrated regulator in early life to establish a life-course strategy for
meeting the demands of the predicted later environment29 and are only adaptive when the
post-developmental environment is in the predicted range.29 If the later environment lies
outside the anticipated range, the individual is “mismatched”, having a phenotype which is
not appropriate for that environment. This can affect a range of traits including abdominal
fat deposition, reduced skeletal muscle deposition, reduced endothelial function, fewer
cardiomyocytes, fewer nephrons, earlier puberty (at least in females), alterations in Th1 to
Th2 cell balance associated with atopic/allergic reactions, reduced DNA repair leading to
earlier ageing, and a range of effects on behaviour, including affective disorders and stress
responses which are sex specific.30,31 It is important to note that neither the developmental
nor the later environment need to provide extreme challenges, only that the phenotype
induced by the former is not optimal for responding on a long-term basis to the latter.

Mismatch can arise through a range of circumstances. It can result from exposure to an
environment which is evolutionarily novel and thus beyond the predictive capacity of the
fetus. Indeed, the contemporary diets and lifestyles of developed societies constitute such a
novel environment for Homo sapiens. The risk of NCD is then related to the degree of
mismatch rather than to the absolute level of the adult environment per se. This is
demonstrated in a number of experimental studies in which pre- and postnatal diets were
manipulated.32-34 For example, male sheep exposed to prenatal undernutrition but normal
postnatal diet, and vice versa, showed altered cardiovascular function which was absent in
animals subjected solely to undernutrition.35 In rats exposed to a high-fat diet in utero,
endothelial dysfunction was observed in offspring fed a normal post-weaning diet, but not in
those fed a high-fat post-weaning diet.36

The degree of mismatch can by definition be increased by either poorer environmental
conditions during development, or richer conditions later, or both.37 Unbalanced maternal
diet, body composition or disease can perturb the former; a rapid increase in energy-dense
foods and reduced physical activity levels associated with a western lifestyle will increase
the degree of mismatch via the latter (Figure 2). Such changes are of considerable
importance in developing societies going through rapid socio-economic transitions.

Timing and nature of the effects
Detailed information on the aetiology and timing of the prenatal effects in humans is, of
course, not available for adults born 50 or more years ago. However, studies of individuals
whose birth proportions were recorded have provided some insights. For example, follow-up
of a large cohort of births in Uppsala, Sweden, suggested that late-onset fetal growth
restriction (asymmetrical growth restriction) is particularly associated with the risk of raised
blood pressure and type 2 diabetes in later adult life.38,39

A particular insight from animal studies is that the effects of poor maternal nutrition
confined to the periconceptional period can have long-term effects on cardiovascular and
metabolic function in the offspring.40,41 In rodents the effects may involve embryonic stem
cell differentiation42 and yolk sac function.43 Whereas initial work concentrated on fetal
life, further studies demonstrated that the sensitive period during which the early
environment can have long-lasting effects on the offspring encompasses the time from
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conception, through gestation and into postnatal life, hence the terminology of the
‘developmental origins of health and disease’.

Some studies with follow-up into adolescence or early adulthood have concluded that
greater infant weight gain increases levels of cardiovascular risk factors. An increased risk
of obesity is even reported in infants gaining weight in the first few weeks after birth.44

People at particular risk of cardiovascular and metabolic disease in adult life are those in
whom restricted fetal and infant growth was followed by increased childhood weight gain.
For example, in a cohort of men born in Helsinki, Finland, the highest risks of coronary
heart disease and type 2 diabetes were associated with small body size at birth, low weight
gain during infancy and rapid weight gain in childhood. This path of growth is associated
with the later development of hypertension, insulin resistance and a body composition
characterised by low muscle mass, but high fat mass, which is known to be associated with
the metabolic syndrome.45,46 In contrast, children who later develop thrombotic or
haemorrhagic stroke are small at birth, have low weight gain between birth and two years
but remain thin through childhood.47 This path of growth is associated with later
hypertension and an atherogenic lipid profile.48

Recent animal studies and epidemiological data indicate that although maternal thinness and
an unbalanced diet during pregnancy may have modest effects on size at birth, they are
nonetheless associated with raised blood pressure and altered glucose-insulin metabolism
and stress responsiveness in the adult offspring.49 Moreover, studies in Europe and India
have shown that high maternal weight and adiposity are associated with coronary heart
disease, insulin deficiency and type-2 diabetes in the offspring. 49 The data suggest that fetal
development can be affected by nutritional variation even within the normal range of
Western diets. Although nutrition has received the most focus, other early environmental
factors such as infection, season of birth and smoking or exposure to toxins may also have
long-term effects.

Mechanisms underlying long-term consequences of impaired early
development

A variety of species from small to large animals have been used for experimental studies of
the mechanisms underlying DOHaD. They have the advantage that a defined prenatal
challenge can be administered and the offspring can be studied in utero or at various
postnatal ages. The challenges used have largely involved unbalanced maternal nutrition or
glucocorticoid administration. The phenotypic outcomes resemble those reported in humans
from epidemiological studies, including impaired glucose homoeostasis, insulin secretion
and action, cardiovascular, renal and endothelial function and effects on bone. There is also
now evidence for effects on neural and endocrine function, including the regulation of
appetite and control of the hypothalamic-pituitary-adrenal axis.50 The experimental studies
reveal that the changes involved in animals constitute a change in life course strategy,
perhaps akin to the induction of alternative phenotypes in invertebrates.51 Thus the effects
are not necessarily disruptive, e.g. they may involve effects on reproductive function. Indeed
Sloboda et al reported that pre- and postnatal nutritional histories influence reproductive
maturation and ovarian function in the rat,24 paralleling their observation that the
combination of small size at birth and relatively high weight at age 8 yrs is associated with
an advancement in human menarche by about 2 years.26

Experimental studies have given insights in four broad areas: (1) epigenetic processes, such
as DNA methylation, histone structure and small non-coding RNAs, (2) mitochondrial
function, (3) irreversible changes in the developmental trajectory of specific organs and
tissues, and (4) effects on homoeostatic control systems. They are not mutually exclusive
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because, for example, epigenetic processes and altered mitochondrial function may also
become manifest as alterations in organ/tissue differentiation or in homoeostatic control
systems.

Epigenetic processes
An epigenetic modification is one that does not alter the heritable DNA sequence but does
affect gene expression. DNA methylation is the best understood epigenetic modification.
During gametogenesis, and in the preimplantation embryo, there is considerable de-
methylation and re-methylation, and these may be critical windows for the establishment of
epigenetic modification.52 Furthermore, there are graded changes in the epigenetic control
of some genes during development, providing the opportunity for environmental influences
to act via them.53 The DNA methylation and histone structure processes underlying the
epigenetic control of gene expression depend on the supply of one-carbon groups,
predominantly from glycine, a non-essential amino acid but one for which the fetal
requirements are very large in late gestation. In pregnant rats fed a low protein diet,
supplementation of the dam with glycine prevents hypertension and endothelial dysfunction
in the offspring.54

In the rat maternal protein restriction alters DNA methylation of the glucocorticoid receptor
and peroxisomal proliferator-activated receptor alpha (PPARα) genes in the offspring,
changing their expression, and altering the expression of other genes controlled by these
transcription factors.55 These genes are of particular interest because alteration of their
expression is associated with perturbation of cardiovascular and metabolic control.55,56 The
methylation changes are accompanied by alterations in histone methylation and acetylation,
which similarly change gene expression. Maternal dietary folate supplementation prevents
the epigenetic modification associated with maternal protein restriction in these rats.55

One of the most striking phenomena in this field is that phenotypic effects can be induced by
nutritional and other environmental challenges in early gestation in a range of
species.42,57-59 Such effects underline the possible influence of epigenetic processes in the
embryo, and also raise issues about the long-term consequences of assisted reproductive
therapies in which a period of embryo culture in exogenous media occurs.

Altered mitochondrial function
Mitochondria are central to metabolic control and mitochondrial DNA is susceptible to
environmental effects, which could produce changes in mitochondrial copy number.
Epigenetic effects may operate by changes in mitochondrial DNA methylation, by the
effects of pro-inflammatory cytokines, and via the effects of reactive oxygen species.
Changes in mitochondrial DNA are passed via the female line to future generations, so they
offer the possibility of a trans-generational process for induction of phenotype. Support for
this has recently been gained via studies in which animals were bred over 11 generations to
select for reduced exercise tolerance. The animals then showed all the components of the
human metabolic syndrome and underlying defects in mitochondrial function.60

Mitochondria are a feasible target in the aetiology of the metabolic syndrome because
mitochondrial damage builds up over the life course. Impaired mitochondrial function in the
offspring of rats fed a high fat diet during pregnancy is coupled with insulin and leptin
resistance and relative insulin depletion of the pancreatic islets.61 There are also effects on
fat deposition in the liver, which resembles the non-alcoholic fatty liver disease associated
with the metabolic syndrome.62
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Organ structure and composition
A range of experimental studies and human observations has shown that a severe reduction
in nutrient and oxygen supply differentially affects the growth and development of organs
and tissues. This may occur because those not essential to fetal survival are sacrificed.
Organs affected include the lungs, kidney, gut, pancreas, vasculature and liver.63 However,
in the face of a milder challenge, changes in fetal tissue or organ development may occur as
part of a strategy to tune phenotype to the predicted post-natal environment, based on
nutritional and endocrine cues from the mother. Examples for which there is strong
experimental and preliminary human evidence include reductions in capillary density,
skeletal muscle growth and nephron number which would reduce nutrient demands
postnatally.37 The fetal strategy may include promoting the growth of other tissues, such as
adipose tissue, to buffer anticipated nutrient scarcity.22

The vascular endothelium is a target tissue that is particularly affected by the developmental
environment. Vascular endothelial cells play an important role in normal life regulating
vessel calibre, remodelling, tissue and organ growth and metabolism, immune responses,
blood fluidity, platelet and white cell stickiness and vascular permeability. Endothelial
dysfunction occurs in hypertension, atherogenesis, type 2 diabetes, coronary heart disease, in
the metabolic syndrome and obesity, and in diseases of pregnancy, including pre-eclampsia.
Studies of the vascular reactivity of low birthweight children have revealed altered
responsiveness.64

Resetting of homeostatic control
Clinical and experimental studies provide evidence for developmental changes in the
homeostatic set-points for many hormones and for alterations in tissue sensitivity to these
hormones. An example of resetting of homeostatic control with direct relevance to the
developmental origins of cardiovascular disease is the influence of nutrition and stress on
placental 11-hydroxysteroid dehydrogenase type 2 (11β-HSD2) activity. This enzyme plays
an important role in protecting the fetus from high levels of circulating glucocorticoids in
the mother. Mothers who report dieting before pregnancy have decreased placental 11β-
HSD2 activity at term.65 In rats, reduced placental 11β-HSD2 activity is associated with
increased blood pressure in the offspring during adult life.66 In the rat, low placental 11β-
HSD2 activity may lead to premature activation of the fetal hypothalamic-pituitary-adrenal
(HPA) axis. If a similar mechanism operates in human pregnancy, this could explain the
relationship between maternal influences and alterations of adrenocortical function in the
offspring.

Alterations of the fetal HPA axis and sympathoadrenal responses are likely to be an
important mechanism by which developmental exposures affect the subsequent responses of
the offspring to stressful challenges. Lower birthweight has been linked with increased
fasting cortisol concentrations in later adult life.67 Moreover, studies of children whose
antenatal growth was restricted demonstrate alteration of adrenocortical responses to stress
in boys and basal adrenocortical activity in girls.68 Similar gender differences in HPA
responses have been reported in animals.50 Given the known associations between small
alterations in adrenocortical activity and features of the metabolic syndrome, these effects
may have important health implications. The maternal influences underlying developmental
effects on HPA and sympathoadrenal responsiveness remained to be defined, but there is
evidence that both maternal diet and stress in pregnancy may be important.69,70

Sympathetic neural responses—Elevated sympathetic efferent activity has long been
known to play a role in the aetiology of hypertension, whether through effects on the arterial
resistance vessels, cardiac output, the kidney or via changes in central nervous function. The
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latter is closely linked with the changes in hypothalamic function. Patients with high blood
pressure tend to have features of increased sympathetic nervous system activity, including a
high resting pulse rate and a hyperdynamic circulation. Among men and women in Preston,
UK, those who had low birthweight had a higher resting pulse rate.71 This suggests that
slower growth in utero establishes increased sympathetic nervous activity and contributes to
raised blood pressure in later life. There is also now much interest in the ways in which
perturbations in sympathetic activity interact with obesity and appetite control via leptin and
fat metabolism. Increasing evidence from animal experiments suggests that altered
sympathetic activity is an important link between growth restriction in utero and subsequent
increased appetite and food intake, and later obesity.72

Conclusion
There is now considerable evidence that variations in the quality of the early life
environment induce differential risk of metabolic disease in later life. Studies in animal
models show that mechanisms underlying long term effects of the developmental
environment include altered epigenetic regulation of DNA methylation and covalent
modifications of histones. Such non-genomic tuning of phenotype through developmental
plasticity has adaptive value because it attempts to match an individual’s responses to the
environment predicted to be experienced, hence such processes have been selected during
evolution as conferring fitness advantage. When the responses are mismatched, disease risk
increases. Examples of such mismatch are those arising either from inaccurate nutritional
cues from the mother or placenta before birth, or from rapid environmental change through
improved socio-economic conditions. It is now thought that these contribute substantially to
the increasing prevalence of type-2 diabetes, obesity, and cardiovascular disease.
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Figure 1.
Child’s carotid artery intima-media thickness in relation to their weight and the mother’s
diet in pregnancy
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Figure 2.
Developmental influences on vulnerability to metabolic disease
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