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Abstract:

 

The ‘developmental origins of adult health and disease’ hypothesis stated that environmental factors, particularly
maternal undernutrition, act in early life to programme the risks for adverse health outcomes, such as cardiovascular
disease, obesity and the metabolic syndrome in adult life. Early physiological tradeoffs, including activation of the foetal
hypothalamo–pituitary–adrenal (HPA) axis, confer an early fitness advantage such as foetal survival, while incurring
delayed health costs. We review the evidence that such tradeoffs are anticipated from conception and that the periconceptional
nutritional environment can programme the developmental trajectory of the stress axis and the systems that maintain and
regulate arterial blood pressure. There is also evidence that restriction of placental growth and function, results in an
increased dependence of the maintenance of arterial blood pressure on the sequential recruitment of the sympathetic nervous
system and HPA axis. While the ‘early origins of adult disease’ hypothesis has focussed on the impact of maternal under-
nutrition, an increase in maternal nutritional intake and in maternal body mass intake has become more prevalent in developed
countries. Exposure to overnutrition in foetal life results in a series of central and peripheral neuroendocrine responses that
in turn programme development of the fat cell and of the central appetite regulatory system. While the physiological
responses to foetal undernutrition result in the physiological trade off  between foetal survival and poor health outcomes
that emerge after reproductive senescence, exposure to early overnutrition results in poor health outcomes that emerge in
childhood and adolescence. Thus, the effects of early overnutrition can directly impact on reproductive fitness and on the
health of the next generation. In this context, the physiological responses to relative overnutrition in early life may directly

 

contribute to an intergenerational cycle of obesity.

 

The early origins of a hypothesis

 

The ‘early’ or ‘foetal’ origins of adult disease hypothesis
describes a hypothesis that was originally put forward by
Barker et al. in Southampton in the UK that stated that
environmental factors, particularly nutrition, act in early life
to programme the risks for the early onset of cardiovascular
and metabolic disease in adult life and premature death [1–
4]. This hypothesis has been further developed through a
worldwide series of epidemiological studies that has extended
the original observations of associations between specific
patterns of prenatal and postnatal growth and cardiovascular
disease to include associations between early growth patterns
and an increased risk for hypertension, impaired glucose
tolerance, non-insulin-dependent or type 2 diabetes, insulin
resistance, central obesity and the metabolic syndrome in

adult life (as summarized in [5]). There have been a number
of mechanistic frameworks proposed to explain the biological
basis of the associations observed between birth weight and
health outcomes in the epidemiological and subsequent
clinical and experimental animal studies [5]. In 1992, Hales
and Barker coined the term 

 

the ‘thrifty phenotype’ hypothesis

 

,
which suggested that when the foetal environment is poor,
there is an adaptive response, which optimizes the growth of
key body organs to the detriment of others and leads to an
altered postnatal metabolism, which is designed to enhance
postnatal survival under conditions of intermittent or poor
nutrition. It was proposed that these adaptations only
became detrimental when nutrition was more abundant in
the postnatal environment, than it had been in the prenatal
environment [6,7]. The concept that there are embryonic
and foetal adaptive responses to a suboptimal intrauterine
environment that result in permanent adverse consequences
is consistent with the definition of ‘programming’ by Lucas
in 1991 [8] as either the induction, deletion, or impaired
development of a permanent somatic structure or the ‘setting’
of  a physiological system by an early stimulus or insult
operating at a ‘sensitive’ period, resulting in long-term conse-
quences for function.
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It has also been recently stated that whereas developmental
physiologists and physicians may use programming to
describe the process whereby a stimulus or insult at a sensitive
or critical period of development, has lasting effects on the
structure or function of the body, that this term has different
meanings in other areas of  biology, and that therefore
programming should not be used as a term in the context of
the developmental origins of adult disease [9]. It has been
proposed that the term 

 

developmental plasticity

 

 rather than
programming would be more appropriate [9]. The formal
definition of  developmental plasticity is the ability of  a
single genotype to produce more than one alternative form
of structure, physiological state or behaviour in response to
environmental conditions [9]. There has also been a proposal
to separate those homeostatic responses that represent early
adaptations to changes in the intrauterine environment and
that may have long-term consequences, from those which
need not confer immediate advantage but are induced in the
expectation of future adaptive changes; this latter group of
responses has been defined as ‘predictive adaptive’ [10]. In
this model, selection across generations operates to favour
protection of those predictive adaptive responses that aid
survival to reproductive age [10]. The programmed or plastic
responses made during development that have immediate
adaptive advantage might also act to limit the range of
postnatal adaptive responses to a new environment and
would be considered to be ‘inappropriate’ predictive adaptive
responses.

Although the evolutionary view provides a clear biological
framework to understand the importance of the prenatal
environment for the continued reproductive success and
health of subsequent adult populations, not all responses to
the current prenatal environment may be potentially predictive
of the postnatal environment. It has been demonstrated in a
range of clinical studies and in experimental studies carried
out primarily in the rodent that suboptimal intrauterine
nutrition may result in the loss of structural units, such as
nephrons, cardiomyocytes or pancreatic 

 

β

 

-cells within
developing organ systems [5]. Such responses may neither
be adaptive nor predictive, although they will result in the
programming of  a reduced functional capacity in organ
systems for life. For this reason, the term 

 

developmental
programming

 

 continues to be used as an overarching term that
encompasses the broad range of molecular, cellular, structural
and functional responses that occur following exposure to
a range of  environmental stimuli acting during critical
periods of development, which in turn result in long-term
consequences for adult health and disease.

There have been recent extensive reviews that have
summarized the important series of  studies that have
investigated the impact of exposure of the pregnant dam to
either global nutrient restriction or to restriction of specific
nutrients on subsequent cardiovascular or metabolic health
in the offspring [5,11,12]. These reviews have highlighted
the important role that exposure of the rat pup to excess
glucocorticoids plays in the developmental programming of
pathological outcomes including hypertension and insulin

resistance [5,11,12]. While the rodent offers significant
advantages in terms of a short gestation and the availability
of useful transgenic and null mutant models, there are clear
advantages to using an animal model more akin to human
beings, in studies of developmental programming. For this
reason, in this review, we will focus on studies that have
demonstrated the physiological impact of early exposure to
either a suboptimal or excess nutritional environment in the
pregnant sheep and her foetus. As in human beings, after
the period of  organogenesis in early gestation, the sheep
foetus has the capacity to generate a range of appropriate
metabolic, physiological and neuroendocrine responses to
changes in its environment and studies in the sheep foetus
have therefore provided insights into those foetal adaptations
to changes in its nutrient environment that ensure foetal
survival, but which may in turn result in adverse health
outcomes in later life. In a series of experimental studies, we
have investigated the impact of exposure of either the sheep
embryo or foetus to a poor nutritional environment and
separately the impact of exposure of the sheep foetus to an
increased nutritional environment.

 

Development of the neuroendocrine and cardiovascular system

 

Impact of periconceptional undernutrition.

 

Studies investigating the historical cohort of the Dutch winter
famine [13–15], which was a 5-month period of malnutrition
experienced by pregnant women during the winter of 1944–
1945 in Amsterdam, the Netherlands, found that individuals
who were exposed to the famine as an embryo or foetus during
early gestation had an increased prevalence of  coronary
heart disease, increased body mass index, and glucose
intolerance due to a deficit in insulin secretion. These patho-
physiological outcomes were independent of size at birth and
social risk factors and were associated with an elevation
of  the low-density to high-density lipoprotein ratio,
increased levels of plasma fibrinogen, decreased levels of
factor VII and a poorer perception of self-health than were
seen in individuals exposed to the famine during mid gestation
or late gestation [13]. It is unclear, however, why exposure
to poor maternal nutrition, at a stage when the nutrient
demands of  the embryo are minimal, result in long-term
consequences for the cardiovascular system. This has pro-
mpted a series of investigations on the impact of maternal
undernutrition during the periconceptional period on the
foetal growth trajectory, and the development of organ systems
before and after birth (fig. 1).

We have recently investigated the impact of maternal
undernutrition during the periconceptional period (from at
least 45 days before conception until 7 days after conception)
on the placental and foetal growth trajectory in the sheep
(term = 150 ± 3 days gestation) [16] and found that in control
pregnancies an increase in maternal weight gain during the
periconceptional period was associated with an increase in
placental and foetal weights at about day 55 of gestation. This
relationship was altered, however, by exposure to maternal
undernutrition during the periconceptional period.
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In twin control pregnancies at ~day 55 of gestation [16],
placental weights were significantly higher than in singleton
control pregnancies, and there was no relationship between
placental and foetal weights. In ewes carrying twin foetuses
exposed to periconceptional undernutrition, however, an
inverse relationship emerged between maternal weight gain
and placental and foetal weights such that ewes that lost
more weight during the periconceptional and early gestation
periods had heavier placentae and larger foetuses at ~day 55
of pregnancy.

These observations suggest that there is a ‘predictive’
compensatory response by the placenta to nutrient restric-
tion during the periconceptional period. While an altered
foetoplacental growth trajectory in early pregnancy is
consistent with the observation that the level of periconcep-
tional nutrition alters the allocation of cells within the
developing blastocyst, we have also reported that maternal
undernutrition in the periconceptional period programmes
the development of the foetal neuroendocrine and cardiorenal
systems [17–19].

In these experiments, periconceptional undernutrition
resulted in an increase in arterial blood pressure and rate
pressure product, which was not dependent on the activation
of the renin–angiotensin system and resulted in an increased
activation of the foetal hypothalamo–pituitary–adrenal
(HPA) axis in twin, but not singleton, foetuses during late
gestation [17–19]. When maternal undernutrition is more

severe (reduced to 28% of maintenance levels) and imposed
beyond the periconceptional period and into early pregnancy
(i.e. from 60 days prior to conception and up to 30 days of
pregnancy), there was a reduced foetal growth rate, hyper-
activation of the foetal HPA axis and premature delivery
occurred in 50% of singleton pregnancies [20,21].

One possibility is that the impact of periconceptional
undernutrition on the foetal HPA axis operates in early
development to programme cardiovascular and metabolic
responses to ensure that the foetus adapts successfully to the
predicted ‘poor’ postnatal environment. We have recently
demonstrated that the relative weight of the foetal adrenal
and adrenal IGF-I, IGF-IR, IGF-II, IGF-IIR and CYP17
mRNA expression were each lower in twin compared to
singleton foetuses as early as 55 days gestation [22]. In twin
foetuses, periconceptional undernutrition resulted in the
loss of  the relationships between adrenal weight and
IGF-I expression and between adrenal CYP17 and IGF-II
expression, which were present in controls [22]. These find-
ings suggest that differences in the timing of the prepartum
activation of the foetal adrenal in twins and singletons have
their origins in early gestation and highlight the importance
of the interaction between the periconceptional environment
and embryo number in setting the growth trajectory of the
foetal adrenal [22].

It has been argued that the neuroendocrine stress axis
represents a phylogenetically ancient signalling system that

Fig. 1. Current understanding of how maternal undernutrition during the periconceptional and early gestational windows of development
may programme pathophysiology and adult disease. HPA, hypothalamo–pituitary–adrenal axis. Reproduced with permission from
MacLaughlin et al. [45].
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allows a foetus to match its rate of  development to the
prevailing environmental conditions [23]. While an earlier
activation of the foetal HPA axis may be important to enable
survival of the foetus in an adverse environment, stress-
induced acceleration of  development of  the HPA axis
may come at a cost, expressed as reduced ‘fitness’ in early
childhood or later adult life [24]. That the early environment
may have a life-long impact on the development of the HPA
axis is highlighted by the observations that when maternal
undernutrition is imposed from days 0–30 of pregnancy,
there is an increase in the circulating plasma cortisol levels
in female lambs and an alteration in cardiovascular function
in lambs at 1 year of age, with an increase in pulse pressure
product, a decrease in rate pressure product, and a leftwards
shift of the baroreflex curve [25,26].

One mechanistic pathway through which maternal under-
nutrition may alter embryo, foetoplacental and postnatal
development is through altering the epigenetic regulation of
imprinted gene expression within the developing embryo
[27,28]. The application of  epigenomic approaches and the
determination of  those imprinted or non-imprinted genes
and transposon insertion sites that are targets for early
nutritional effects on epigenetic gene regulation is an
important new area of  investigation. An understanding of
the generation and maintenance of epigenetic changes in gene
regulation in the developing germline will provide insights
into the mechanisms underlying trans- or intergenerational
programming.

 

Impact of placental restriction of foetal substrate supply.

 

While exposure to maternal undernutrition during critical
windows of exposure may impact on foetoplacental growth
trajectory and development of the foetal HPA and cardio-
vascular system, a major cause of poor foetal nutrition is
placental insufficiency resulting in a restriction of foetal
substrate supply. Several different experimental approaches
have been used to produce placental insufficiency with
resultant foetal growth restriction in small and large animal
models, including surgical removal of the majority of
endometrial caruncles from the uterus of the non-pregnant
ewe prior to mating [29–31]. This latter procedure restricts
the number of  placentomes that are formed from the
beginning of pregnancy, thereby limiting placental growth
and function and thus restricting foetal growth. In this model,
there is a restriction of  placental delivery of  oxygen and
glucose to the foetus, resulting in chronic foetal hypoxaemia
and hypoglycaemia, particularly in late gestation.

In a series of  studies, we have demonstrated that the
foetus makes a number of neuroendocrine, metabolic and
cardiovascular adaptations to chronic placental insufficiency
to ensure foetal substrate utilisation decreases in parallel
with placental substrate supply and thus ensures foetal
survival [29,30,32,33]. We have shown that plasma noradrena-
line concentrations were significantly higher in chronically
hypoxemic, growth restricted foetal sheep than in control
foetuses between 110 and 140 days of gestation and that
plasma cortisol concentrations were also higher in these

foetuses when compared to controls from around 130 days
gestation [29,32–34].

These neuroendocrine responses to chronic foetal stress
in turn play key roles in maintaining peripheral vascular
resistance and foetal arterial blood pressure. While there is
no difference in the mean arterial blood pressure between
normally grown and placentally restricted (PR) foetal sheep,
there is a direct relationship between blood pressure and the
mean gestational PO

 

2

 

 in control animals, which is not
present in the PR group [30]. Importantly, in a recent series of
studies in which we infused phentolamine, an 

 

α

 

-adrenergic
antagonist, in PR and control foetuses, we demonstrated
that the maintenance of mean arterial pressure in the PR
foetal sheep depended to a significantly greater extent on 

 

α

 

-
adrenergic activation than in control foetuses. Furthermore,
the hypotensive response to 

 

α

 

-adrenergic blockade was
present in foetuses before the onset of the prepartum cortisol
increase and there was a direct relationship between the
magnitude of the foetal hypotensive response and the foetal
arterial PO

 

2

 

 [29].
We have also found that intrafoetal infusion of an angi-

otensin converting enzyme (ACE) inhibitor, captopril, had a
greater suppressive effect on basal blood pressure in hypoxic
PR or in normoxic foetal sheep after 135 days gestation
when compared to before 125-day gestation [30]. We
speculated that the greater hypotensive response to ACE
inhibition in the older PR foetuses was related to the greater
increase in circulating cortisol that occurs in these animals
from 135-day gestation [35].

Thus, there appears to be a sequential activation of the
sympathetic nervous system, foetal HPA axis and renin-
angiotensin system in the chronically hypoxaemic, growth-
restricted foetus that act to maintain arterial blood pressure
throughout late gestation. Such neuroendocrine and cardio-
vascular adaptations may underpin the sparing of brain
growth that occurs in the chronically hypoxic sheep and
human foetus during late gestation [31]. While increased
sympathetic tone may contribute to the sparing of  brain
growth and, potentially, foetal survival in response to an
adverse intrauterine environment, it may have longer-term
negative outcomes including an enhanced risk of poor
regional blood flow in early life and an increased risk of
hypertension in adult life. In a recent study, we have also
investigated the impact of placental restriction on the
growth and development of the heart.

Heart growth occurs via hyperplastic growth (increasing
cell number) of mononucleated cardiomyocytes early in
development followed by a transition from hyperplastic to
hypertrophic growth (increasing cell size) after binucleation
of the cardiomyocytes occurs through karyokinesis without
cytokinesis [36]. In the human heart, cardiomyocytes
undergo binucleation in foetal life, with less than 10% of
cardiomyocytes being capable of mitosis by 4 weeks of age
[37]. Thus, at birth, the human heart contains the majority
of the cardiomyocytes that it will have for life and this
results in a limited capacity for cellular regeneration within
the adult heart after injury. Because the heart is fairly
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mature at birth, any environmental stimulus that alters the
timing of the transition from hyperplastic to hypertrophic
growth of the cardiomyocytes may have long lasting conse-
quences for heart growth and function [38].

We have demonstrated that there is an increase in the pro-
portion of mononucleated cardiomyocytes in the hearts of
PR foetuses [34]. While mononucleated and binucleated
cardiomyocytes were smaller in absolute terms in the heart
of  the growth restricted foetus, the relative size of  the
cardiomyocytes, when expressed relative to heart weight was
larger in the PR foetus compared to controls (fig. 2). The
increase in the relative proportion of mononucleated cardio-
myocytes and the relative sparing of the growth of individual
cardiomyocytes in the growth restricted foetus may be
adaptations to the suboptimal intrauterine environment that
may have long-term consequences for heart development in
postnatal life [38].

Thus, restriction of  maternal, embryonic and foetal
nutrition or the restriction of placental growth and function,
can each result in different outcomes for the subsequent
development of  the HPA axis, the sympathetic nervous
system and the cardiovascular system before birth and while
these adaptations may enhance the probability of  foetal
survival, they may each contribute to the association between
an adverse intrauterine environment and an increased risk
of hypertension and cardiovascular disease in adult life.

 

Impact of maternal overnutrition on development of systems 
regulating body fat composition

 

Although the main focus of  the field of  ‘developmental
origins of adult health and disease’ has been on the effects of
poor foetal nutrition, the issue of maternal and hence foetal
overnutrition is of growing importance in the context of the
current global obesity epidemic. The period of history during
which human populations have been exposed to a relative
excess of nutrition has been relatively brief, and there are
few studies that have investigated the immediate foetal
adaptations to periods of relatively high nutrition and the
subsequent sequelae of these adaptations.

An extensive series of studies has reported that there is a
J-shaped or U-shaped relationship between birth weight and
adult fat mass, with a higher prevalence of adult obesity
occurring in individuals with birth weights at either the low
or high end of the birth weight distribution. LaCoursiere
et al. [39] recently found that the incidence of women being
overweight or obese at the start of  pregnancy increased
from 25% to 35% between 1991 and 2001. It has been pro-
posed that high nutritional consumption or body fat mass
during pregnancy is associated with induction of a degree of
maternal insulin resistance, an increased foetal nutrient
supply, foetal overgrowth and infant fatness. A recent Danish
study of more than 300,000 children born between 1936 and
1983 [40] reported a stable association between having a
birth weight greater than 4000 g and being overweight at 6–
13 years of age. It has been argued that an increase in foetal
nutrient supply, as a consequence of an increase in maternal

Fig. 2. Heart development in growth restricted foetuses. (A) There
is a higher percentage of mononucleated cardiomyocytes in hearts
from placentally restricted (PR) foetuses (dark bars) compared to
control foetuses (open bars) both before and after 135 days
gestation when there is a prepartum surge in foetal plasma cortisol
concentrations. (B) There is no difference in the length of
binucleated cardiomyocytes from hearts of control and PR foetuses.
(C) When normalised to foetal heart weight, PR foetuses have
longer cardiomyocytes compared to control foetuses. Reproduced
with permission from Morrison el al. [34]. *PR group significantly
greater than control foetuses (P < 0.05).
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energy intake or resulting from maternal glucose intoler-
ance, may result in an increased risk of childhood and later
obesity. In a recent longitudinal cohort study of children
[41], it was demonstrated that exposure to either maternal
obesity or maternal gestational diabetes significantly
increased the odds ratio for the development of obesity and
the metabolic syndrome. Furthermore, rapid weight gain
during the first weeks or months of life has been shown to
be associated with an increased risk of  overweight and
obesity in childhood and in early adulthood [41]. In a large,
prospective contemporary cohort study [42], dietary energy
intake in formula-fed or mixed-fed infants at as early as 4
months of age was positively related to early childhood
weight gain and subsequent body weight and body mass
index up to 5 years of age. In a separate study [43], it was
also reported that in a cohort of infants who received only
soy-based or cow milk-based formula, that each 100 g increase
in absolute weight gain during the first week of infancy was
associated with a 28% increase in the risk of becoming an
overweight adult. While there are clear associations between
exposure to an increased energy supply during the perinatal
period and being overweight or obese in childhood and
later life, the mechanisms underlying these associations are
unknown.

In the adult, appetite and energy balance homeostasis are
primarily regulated by a complex neuronal circuitry located
within the hypothalamus that receives nutrient, hormonal
and neural signals from a range of sources, including fat
cells, the pancreas, the gastrointestinal tract and other brain
regions. A range of neuropeptides including the orexigenic
neuropeptides, neuropeptide Y (NPY) and agouti-related
protein (AgRP), and the anorexigenic neuropeptides, pro-
opiomelanocortin (POMC) and cocaine- and amphetamine-
regulated transcript (CART), are expressed within the
hypothalamus and together act in synchrony to regulate
energy balance [44]. NPY is a 36-amino acid neuropeptide
that markedly stimulates appetite and is predominantly
localised in the arcuate nucleus of the hypothalamus with
low levels of expression within the dorsomedial nucleus
(DMN). NPY neurones project to hypothalamic regions
that play important roles in energy balance including the
paraventricular nucleus (PVN), DMN, perifornical region
and the lateral hypothalamic area. The blood–brain barrier
is effectively reduced within the area of the arcuate nucleus
and NPY neurones are therefore able to sense and respond
to a range of peripheral metabolic signals, including insulin,
glucose, ghrelin, and the adipocyte-derived hormone,
leptin. A series of experimental studies in the rodent has
demonstrated that glucose, insulin or leptin derived from
the maternal circulation or present in her breast milk exert a
dominant influence on the development of  the appetite
regulatory neural network and that the immediate postnatal
period is of particular importance for the long-term pro-
gramming of food intake in the rodent [44]. However, the
role of maternal metabolic and hormonal signals and the
critical windows during which programming of appetite
may occur in the litter-bearing, altricial rodent are likely to

be different from those in non-litter-bearing, precocial species,
such as human beings and sheep.

 

Maternal nutrition and the development of the neural network
regulating appetite.

 

We have previously reported that genes for the appetite
regulating neuropeptides, NPY, AgRP, POMC and CART
are each highly expressed in the ventromedial portion of the
ARC of the foetal sheep hypothalamus by 110-day gestation,
which is consistent with their pattern of expression in the
adult sheep hypothalamus [45]. Furthermore, and in contrast
to the rodent, NPY projections are also present in the foetal
PVN during late gestation [46]. Messenger RNA for the long
isoform of the leptin receptor (OB-Rb) is also expressed in
both the ARC and ventromedial nucleus of the foetal sheep
hypothalamus [45]. We have recently demonstrated [44] that
maternal overnutrition in the sheep in late pregnancy signifi-
cantly increased lamb milk intake in early postnatal life and
resulted in the development of an increased mass of subcuta-
neous fat in lambs by as early as 1 month of age. Importantly,
the suppression of the expression of a key appetite inhibitor,
CART in the hypothalamus in response to an increase in fat
mass, did not occur in lambs born to ewes that had been
overnourished in late pregnancy. Furthermore, in these lambs,
the central expression of the leptin receptor, OB-Rb, decreased
as fat mass increased, consistent with a potential reduction
in the sensitivity to the central appetite-inhibitory actions of
leptin in lambs of well-fed ewes [44]. These novel findings
suggest that an increase in foetal nutrition during late gestation
may alter the development of the central energy-regulating
neural networks to result in a relative resistance to signals of
increased fat mass in later life (fig. 3) [44]. Bouret et al. [47] have
reported that the leptin is required for the normal develop-
ment of neuronal projections within the appetite-regulating
neural network during the perinatal period. This raises the
intriguing possibility that metabolic or hormonal signals
could act during the perinatal period to alter the structural
and functional properties of the central neural network that
regulates energy balance during adult life.

 

Conclusions

 

The ‘foetal or early origins of adult disease’ hypothesis origi-
nally put forward by Barker et al. stated that environmental
factors, particularly maternal undernutrition, act in early
life to programme the risks for adverse health outcomes,
such as cardiovascular disease, obesity and the metabolic
syndrome in adult life. Subsequent commentators have
reflected that early physiological tradeoffs, such as activation
of the foetal HPA axis, which confer an early fitness advan-
tage such as foetal survival, while incurring delayed health
costs, would be selectively favoured in evolutionary terms
[24]. In this review, we have provided evidence that such
tradeoffs are being anticipated from conception and that the
periconceptional nutritional environment can programme
the developmental trajectory of the HPA stress axis and the
systems that maintain and regulate arterial blood pressure.
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We have presented evidence that restriction of placental
growth and function, associated with chronic foetal hypox-
aemia and foetal growth restriction also results in an
increased dependence of the maintenance of arterial blood
pressure on the sequential recruitment of the sympathetic
nervous system and HPA axis.

We have also argued that while the ‘early origins of adult
disease’ hypothesis has focussed primarily on the impact of
undernutrition, an increased fat and energy intake has
become a dominant characteristic of the human diet in many
parts of the developed world for the first time in history. In
contrast to foetal undernutrition, exposure to foetal over-
nutrition does not result in foetal neuroendocrine responses
required for foetal survival. Nevertheless, exposure to
overnutrition in foetal life results in a series of central and
peripheral neuroendocrine responses that programme
subsequent metabolic health. Thus, while exposure to foetal
undernutrition results in the physiological trade off  between
foetal survival and poor health outcomes that only emerge
after reproductive senescence, exposure to early overnutrition
results in poor health outcomes that emerge in childhood
and adolescence and can potentially impact on the health of
the subsequent generation. In this context, the physiological
responses to relative overnutrition in early life may directly
contribute to an intergenerational cycle of obesity.

Acknowledgements
The authors gratefully acknowledge the financial support

of the National Health and Medical Research Council of
Australia, the National Heart Foundation and the Australian
Research Council.

 

References

 

1 Barker D. The developmental origins of insulin resistance.
Horm Res 2005;

 

64

 

 (Suppl 3):S2–7.
2 Barker D, Bull A, Osmond C, Simmonds S. Fetal and placental

size and risk of hypertension in adult life. BMJ 1990;

 

301

 

:259–62.
3 Barker D, Eriksson J, Forsen T, Osmond C. Fetal origins of

adult disease: strength of  effects and biological basis. Int J
Epidemiol 2002;

 

31

 

:1235–9.
4 Barker D, Osmond C, Forsen T, Kajantie E, Eriksson J.

Trajectories of growth among children who have coronary
events as adults. N Engl J Med 2005;

 

353

 

:1802–9.
5 McMillen IC, Robinson JS. Developmental origins of  the

metabolic syndrome: prediction, plasticity, and programming.
Physiol Rev 2005;

 

85

 

:571–633.
5 Hales C, Barker D. Type 2 (non-insulin-dependent) diabetes

mellitus: the thrifty phenotype hypothesis. Diabetologia
1992;

 

35

 

:595–601.
7 Hales C, Barker D. The thrifty phenotype hypothesis. Br Med

Bull 2001;

 

60

 

:5–20.
8 Lucas A. Programming by early nutrition in man. Ciba Found

Symp 1991;

 

156

 

:38–50.

Fig. 3. Prenatal overnutrition and development of the appetite regulatory system. Effects of increased maternal nutrition on food intake,
plasma glucose concentrations and regulation of expression of the appetite-regulating neuropeptides in the lamb hypothalamus in early
postnatal life [44]. CART, cocaine–amphetamine-related transcript; NPY, neuropeptide Y; AgRP, agouti-related protein; OB-Rb, long
isoform of leptin receptor. Reproduced with permission from Muhlhausler et al. [44].



 

MiniReview

 

EARLY PROGRAMMING OF ADULT HEALTH

 

89

 

© 2008 The Authors
Journal compilation

 

 © 2008 Nordic Pharmacological Society. 

 

Basic & Clinical Pharmacology & Toxicology

 

, 

 

102

 

, 82–89

 

9 Barker D. Developmental origins of adult health and disease. J
Epidemiol Community Health 2004;

 

58

 

:114–5.
10 Gluckman P, Hanson M. The developmental origins of  the

metabolic syndrome. Trends Endocrinol Metab 2004;

 

15

 

:183–7.
11 Armitage J, Khan I, Taylor P, Nathanielsz P, Poston L. Develop-

mental programming of the metabolic syndrome by maternal
nutritional imbalance: how strong is the evidence models in
mammals? J Physiol 2004;

 

561

 

:355–77.
12 Stocker C, Arch J, Cawthorne M. Fetal origins of insulin resist-

ance and obesity. Proc Nutr Soc 2005;

 

64

 

:143–51.
13 de Rooij SR, Painter RC, Roseboom TJ et al. Glucose tolerance

at age 59 and the decline of glucose tolerance in comparison
with age 50 in people prenatally exposed to the Dutch famine.
Diabetologia 2006;

 

49

 

:637–43.
14 Painter RC, de Rooij SR, Bossuyt PM et al. Early onset of cor-

onary artery disease after prenatal exposure to Dutch famine.
Am J Clin Nutr 2006;

 

84

 

:322–7.
15 Ravelli A, van der Meulen J, Osmond C, Barker D, Bleker O.

Obesity at the age of 50 years in men and women exposed to
famine prenatally. Am J Clin Nutr 1999;

 

70

 

:811–6.
16 MacLaughlin SM, Walker SK, Roberts CT, Kleemann DO,

McMillen IC. Periconceptional nutrition and the relationship
between maternal body weight changes in the periconceptional
period and feto-placental growth in the sheep. J Physiol
2005;

 

565

 

:111–24.
17 Edwards LJ, McFarlane JR, Kauter KG, McMillen IC. Impact

of periconceptional nutrition on maternal and fetal leptin and
fetal adiposity in singleton and twin pregnancies. Am J Physiol
2005;

 

288

 

:R39–R45.
18 Edwards LJ, McMillen IC. Impact of maternal undernutrition

during the periconceptional period, fetal number, and fetal sex
on the development of the hypothalamo-pituitary adrenal axis
in sheep during late gestation. Biol Reprod 2002;

 

66

 

:1562–9.
19 Edwards LJ, McMillen IC. Periconceptional nutrition programs

development of the cardiovascular system in the fetal sheep. Am
J Physiol 2002;

 

283

 

:R669–79.
20 Bloomfield FH, Oliver MH, Hawkins P et al. A periconcep-

tional nutritional origin for noninfectious preterm birth. Science
2003;

 

300

 

:606.
21 Oliver MH, Hawkins P, Harding JE. Periconceptional under-

nutrition alters growth trajectory and metabolic and endocrine
responses to fasting in late-gestation fetal sheep. Pediatr Res
2005;

 

57

 

:591–8.
22 MacLaughlin SM, Walker SK, Kleemann DO et al. Impact of

periconceptional undernutrition on the adrenal growth and
adrenal IGF and steroidogenic enzyme expression in the sheep
fetus during early pregnancy. Endocrinology 2007;

 

148

 

:1911–20.
23 Crespi EJ, Denver RJ. Ancient origins of human developmental

plasticity. Am J Hum Biol 2005;

 

17

 

:44–54.
24 Worthman CM, Kuzara J. Life history and the early origins of

health differentials. Am J Hum Biol 2005;

 

17

 

:95–112.
25 Gardner DS, Pearce S, Dandrea J et al. Peri-implantation

undernutrition programs blunted angiotensin II evoked baroreflex
responses in young adult sheep. Hypertension 2004;

 

43

 

:1290–6.
26 Gardner DS, Van Bon BW, Dandrea J et al. Effect of pericon-

ceptional undernutrition and gender on hypothalamic-pituitary-
adrenal axis function in young adult sheep. J Endocrinol
2006;

 

190

 

:203–12.
27 Waterland RA. Assessing the effects of high methionine intake

on DNA methylation. J Nutr 2006;

 

136

 

:1706S–10.
28 Waterland RA, Jirtle RL. Early nutrition, epigenetic changes at

transposons and imprinted genes, and enhanced susceptibility
to adult chronic diseases. Nutrition 2004;

 

20

 

:63–8.
29 Danielson L, McMillen IC, Dyer JL, Morrison JL. Restriction

of placental growth results in greater hypotensive response to

{alpha}-adrenergic blockade in fetal sheep during late gestation.
J Physiol 2005;

 

563

 

:611–20.
30 Edwards LJ, Simonetta G, Owens JA, Robinson JS, McMillen

IC. Restriction of placental and fetal growth in sheep alters fetal
blood pressure responses to angiotensin II and captopril. J
Physiol 1999;

 

515

 

:897–904.
31 McMillen IC, Adams MB, Ross JT et al. Fetal growth restriction:

adaptations and consequences. Reproduction 2001;

 

122

 

:195–204.
32 Phillips ID, Simonetta G, Owens JA, Robinson JS, Clarke IJ,

McMillen IC. Placental restriction alters the functional devel-
opment of the pituitary-adrenal axis in the sheep fetus during
late gestation. Pediatr Res 1996;

 

40

 

:861–6.
33 Simonetta G, Rourke AK, Owens JA, Robinson JS, McMillen

IC. Impact of placental restriction on the development of the
sympathoadrenal system. Pediatr Res 1997;

 

42

 

:805–11.
34 Morrison JL, Botting KJ, Dyer JL, Williams SJ, Thornburg

KL, McMillen IC. Restriction of placental function alters heart
development in the sheep fetus. Am J Physiol Regul Integr
Comp Physiol 2007;

 

293

 

:R306–13.
35 Warnes KE, Coulter CL, Robinson JS, McMillen IC. The effect

of intrafetal infusion of metyrapone on arterial blood pressure
and on the arterial blood pressure response to angiotensin II in
the sheep fetus during late gestation. J Physiol 2003;

 

552

 

:621–33.
36 Burrell J, Boyn A, Kumarasamy V, Hsieh A, Head S, Lumbers

E. Growth and maturation of cardiac myocytes in fetal sheep in
the second half  of gestation. Anat Rec 2003;

 

274

 

(A):952–61.
37 Zak R. Development and proliferative capacity of cardiac muscle

cells. Circ Res 1974;

 

35

 

 (Suppl 2):S17–26.
38 Li G, Xiao Y, Estrella JL, Ducsay CA, Gilbert RD, Zhang L.

Effect of fetal hypoxia on heart susceptibility to ischemia and
reperfusion injury in the adult rat. J Soc Gynecol Investig
2003;

 

10

 

:265–74.
39 LaCoursiere DY, Bloebaum L, Douncan JD, Varner MW.

Population-based trends and correlates of maternal overweight
and obesity, Utah 1991–2001. Am J Obstet Gynecol
2005;

 

192

 

:832–9.
40 Rugholm S, Baker JL, Olsen LW, Schack-Nielson L, Bua J,

Sorensen TI. Stability of the association between birth weight
and childhood overweight during the development of the obesity
epidemic. Obes Res 2005;

 

13

 

:2187–94.
41 Boney CM, Verma A, Tucker R, Vohr BR. Metabolic syndrome

in childhood: association with birth weight, maternal obesity,
and gestational diabetes mellitus. Pediatrics 2005;

 

115

 

:e290–6.
42 Ong KK, Emmett PM, Noble S, Ness A, Dunger DB, the Avon

Longitudinal Study of Parents and Children Study Team. Dietary
energy intake at the age of 4 months predicts postnatal weight gain
and childhood body mass index. Pediatrics 2006;

 

117

 

:e503–8.
43 Stettler N, Stallings VA, Troxel AB et al. Weight gain in the first

week of life and overweight in adulthood: a cohort study of
European American subjects fed infant formula. Circulation
2005;

 

111

 

:1897–903.
44 Muhlhausler BS, Adam CL, Findlay PA, Duffield JA, McMillen IC.

Increased maternal nutrition alters development of the appetite-
regulating network in the brain. FASEB J 2006;

 

20

 

:1257–9.
45 MacLaughlin SM, Muhlhausler BS, Gentili S, McMillen IC.

When in gestation do nutritional alterations exert their effects?
A focus on the early origins of  adult disease. Curr Opin
Endocrinol Diabetes Obes 2006;

 

13

 

:516–22.
46 Warnes KE, Morris MJ, Symonds ME et al. Effects of increasing

gestation, cortisol and maternal undernutrition on hypothalamic
neuropeptide Y expression in the sheep foetus. J Neuroendocrinol
1998;

 

10

 

:51–7.
47 Bouret SG, Draper SJ, Simerly RB. Trophic action of  leptin

on hypothalamic neurons that regulate feeding. Science
2004;

 

304

 

:108–10.


