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Nutrition and the early origins of adult disease
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There is now overwhelming evidence that much of our predisposition to adult illness is determined by the time
of birth. These diseases appear to result from interactions between our genes, our intrauterine environment and
our postnatal lifestyle. Those at greatest risk are individuals in communities making a rapid transition from lives
of ‘thrift’ to a lives of ‘plenty’. From a global perspective, such origins of diabetes, coronary heart disease and
stroke, should render research in these fields as one of the highest priorities in human health care. Prevention will
be enhanced by elucidation of the mechanisms by which the fetus is programmed by the mother for the life she
expects it to live. At the present time, there is evidence that fetal nutrition and premature exposure to cortisol are
effective intrauterine triggers, but a multitude of alternative pathways require investigation. It is also likely that
programming extends across generations, and may involve the embryo and perhaps the oocyte. An oocyte that
becomes an adult human develops in the uterus of its grandmother, so further research is required to describe the
role of environments of grandmothers and mothers in predisposing offspring to health or illness in adult life.
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Introduction
Nutrition for the mother and child during pregnancy is a
subject of increasing importance for clinicians, public health
planners and the general community. Compelling evidence
from a range of sources now reveals that the programming of
much of our future health begins in the months before birth.
A key trigger in this process is the nutritional supply
reaching the fetus.

Epidemiological studies
Perhaps the single greatest impetus for the recent increase in
awareness of the potential role of maternal health and
nutrition in future health of the offspring has been the
seminal studies reported by Professor David Barker and
colleagues from the UK.1–4 In an extensive series of studies,
these authors addressed the relationships between low birth-
weight and chronic diseases in adult life.1–4 What was at first
a desire to investigate relationships between poor socio-
economic conditions and the origins of coronary heart
disease and diabetes, became an opening for many other
exciting new areas of inquiry.

Early work was based on retrospective analyses of birth
cohorts from the early 20th century in regional England.
These studies demonstrated relationships between low birth-
weight, body proportions at birth and placental weight, and
increased rates of heart disease, hypertension and type II
diabetes when the offspring reached adult age. More recent
evidence suggests that placental weight is more likely to act
as a surrogate for other factors, rather than being a meaning-

ful predictor of adult disease in its own right.5 Body pro-
portions seem to be of greater importance, with thinness
representing preceding intrauterine undernutrition.6

Additional insights have since been obtained by study of
offspring following the ‘Dutch famine’.7–9 During the final
winter of World War II, the civilian population in the urban
west of the Netherlands experienced severe nutritional dep-
rivation. Famine in this study was defined as an average
daily ration below 1000 calories during any 13-week period
of gestation. Individuals who had been exposed to famine
mid- or late-gestation had reduced glucose tolerance in
adulthood, while those exposed to famine in early gestation
had more atherogenic lipid profiles. There was no overall
effect of famine on subsequent blood pressure, but blood
pressures were associated with the protein/carbohydrate ratio
of the average ration during the third trimester of pregnancy.
The findings from this study of the Dutch famine suggest the
effects of severe nutritional changes during pregnancy are
dependent on the stage in gestation when the intervention
occurs, and may relate to the balance of macronutrients in
addition to total caloric intake.
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Together, the evidence from the epidemiological studies
provide strong evidence for a prenatal contribution to the
adult condition known as syndrome X consisting of the
pentad of hypertension, hyperinsulinism, dyslipidemia,
obesity and cardiovascular disease.10

The thrifty phenotype hypothesis
The relationship between low birth-weight and diabetes in
adult life is clarified by the thrifty phenotype hypothesis.11

This concept proposes that the fetus is programmed for the
metabolic life the mother expects it to live. Programming is
a term used to describe the process by which a stimulus or
insult during critical periods of growth and development has
lasting effects on the structure and function of tissues and
body systems.9 In an environment of poor nutrition, perma-
nent changes are made to the metabolic functions of the fetus
to optimize its survival in a postnatal world of thrift. In
contrast, if the pregnant woman lives in an environment of
plenty, the fetus will be adapted to thrive in a world in which
food will be plentiful. Disease results from conflict between
the prenatal programming and the postnatal reality. Thus, in
what is known as the ‘south Asia enigma’, the increasing
rates of diabetes and heart disease currently seen in middle
class populations of India, Pakistan and Bangladesh, are
likely the result of prenatal programming for a ‘life of thrift’,
followed after birth by exposure to improved levels of
nutrition and inactivity. In contrast, prenatal programming
for a life of thrift in sub-Saharan Africa is not followed by
high rates of heart disease and diabetes because offspring
remain relatively undernourished, living the metabolic life
for which they were programmed (Fig. 1).

The corollary of the thrifty phenotype hypothesis is that
individuals and communities making the transition from
traditional lives of thrift to more sedentary lives of plenty are
at high risk of adult disease, principally diabetes and heart
disease. The massive number of people in the world today
undergoing this transition highlights the importance of
unravelling the mechanisms by which this disease pre-
disposition occurs.

Interaction between pre- and postnatal environments
The mechanisms that underpin the thrifty phenotype hypoth-
esis are undoubtedly multifactorial, but current evidence
centres on two prenatal triggers. These triggers interact with
the individual’s genome. The first potential trigger is insuf-
ficient fetal nutrition resulting either from maternal under-
nutrition or disordered placental function. The second
potential trigger is the possible role of premature or exces-
sive fetal glucocorticoid exposure. In postnatal life, the
predisposition conferred by prenatal programming is then
amplified or minimized by environmental influences, such
as diet and inactivity. The relationships between these pre-
natal triggers and postnatal amplifiers are shown in Fig. 2.

Role of maternal nutrition
It has been appreciated for many years that maternal nutrition
influences birthweight. If nutrient supply is limited, fetal

growth is reduced by a direct lack of nutrients and decreased
levels of insulin and insulin-like growth factors (IGF), which
function to promote growth and are themselves regulated by
nutrient supply.12–14 As an adaptation to ensure survival, the
mother may also constrain the growth of the fetus as a
mechanism to protect her ability to deliver the child through
her birth canal, but this capacity, at least in humans, is limited.

There is a wealth of information in the scientific litera-
ture describing the effects of nutrition on pregnancy outcome
in animal models. Reducing the nutritional intake of experi-
mental animals during pregnancy reduces birthweight with
consequences extending into adulthood. Studies have been
performed in a variety of species, including rats,15–18 guinea
pigs,19 and sheep.20 Effects on prenatal and postnatal out-
comes are influenced by the type, severity and timing of the
dietary intervention, but in general these studies show that
dietary restriction during pregnancy produces fetal growth
restriction, followed in later life by elevated blood pressure,
reduced insulin sensitivity and dyslipidemia.

In human clinical trials, the effects of altering maternal
nutrition have been less dramatic than in animal studies,

Figure 1. Flow chart demonstrating the interactions between the
genome, intrauterine ‘triggers’ and postnatal ‘amplifiers’ in the origin
of adult disease.
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probably because the interventions have not been as substan-
tial. Randomized trials have been reviewed and the results
published in the Cochrane Database of Systematic Reviews.
Supplementation of maternal diet with balanced energy and
protein was associated with modest increases in maternal
weight gain and a small increase in birthweight, amounting
to a mean increase of 25 g.21 The reduction in the incidence
of low birthweight babies was more impressive, with an odds
ratio of 0.64 (confidence interval 0.53–0.78). There was a
suggestion from three of the trials of a reduction in stillbirth
and neonatal deaths, but there was no other evidence of
improved outcome for mother or child. In trials in which the
intervention consisted of advice to improve diet, rather than
formal supplementation, alterations in pregnancy outcomes
were minor and inconsistent.22 None of these trials were
designed to investigate the role of nutrition in programming
the fetus for adult disease, and none has the power to
investigate this question.

Obesity
The major challenge in this field of research is the quest to
uncover the mechanisms by which the individual is pro-
grammed for these disturbances. One of the most exciting
areas of investigation in recent years has centred on the key
role of obesity. Obesity is a cardinal feature of syndrome X
and is linked to insulin resistance. The origin of excess
adipose tissue involves far more than just overeating and
inactivity, and there is now important evidence of underlying
abnormalities in the regulation of appetite and metabolism.
Vickers et al.23 and Breier et al.24 developed a rodent model
of obesity and hyperphagia by applying undernutrition
throughout gestation, which resulted in reductions in fetal
and placental growth of approximately 25%. In adult life,
these rats display hyperphagism, obesity, hypertension and
hyperinsulinism, and these features are amplified by the

administration of a hypercaloric diet.23 The development of
this animal model has contributed to the current uncertainty
regarding the relative benefits and potential harm of promot-
ing ‘catch-up growth’ in children who are growth-restricted
at birth. These children are known to be at risk of obesity25

and heart disease26 in later life, and the role that accelerated
weight gain after birth plays in amplifying the risk of adult
disease is of concern.

The mechanism underpinning obesity and hyperphagia
appears to centre on the interplay between insulin and
leptin.24 Leptin is produced in the periphery and inhibits
appetite centrally. Insulin promotes the production of both
adipose tissue and leptin secretion, while leptin inhibits the
production of insulin from the β-cells of the pancreas. This
adipo–insular axis links the peripheral tissues, brain and
pancreas, and provides the feedback loops by which accumu-
lating fat stores increase leptin levels and inhibit further
insulin release, while decreasing fat stores are associated
with lower leptin levels and stimulated insulin release. The
rodent model of prenatal undernutrition and postnatal hyper-
phagia, obesity and hypertension, is associated with hyper-
leptinism, and levels of this hormone are further amplified
by hypercaloric nutrition.23 Concomitant increases in insulin
and leptin levels are suggestive of underlying leptin resist-
ance, as such increases promote a cascade of increasing
appetite, adipose deposition and eventual diabetes. It has
been speculated that leptin resistance may be a key mecha-
nism by which the fetus is programmed for a future ‘life of
thrift’.24 In the presence of intrauterine undernutrition, leptin
resistance promotes insulin release and hence the deposition
of fat stores to optimize survival when nutrients are availa-
ble, in preparation for times when food is in short supply.

Maternal hypercholesterolemia
There is increasing evidence that maternal hypercholestero-
lemia promotes atherosclerosis in offspring. Napoli et al.
studied aortas from aborted fetuses and preterm newborns
who had died soon after birth, and related the findings to
maternal cholesterol levels.27 Sixty-three per cent of fetuses
from normocholesterolemic mothers showed signs of fatty
streak formation in the aorta and the lesions were larger and
more frequent in those whose mothers were hypercholester-
olemic. A study of their composition suggested that intimal
low-density lipoprotein (LDL) accumulation and oxidation
were responsible for the lesions. The mechanism appears to
be non-genetic because diet-induced hypercholesterolemia
in rabbits produces similar lesions in the fetus and athero-
sclerosis can be inhibited by lipid-lowering and antioxidant
interventions.28 Further, the fetal lesions induced by mater-
nal hypercholesterolemia have been shown to progress in
childhood.29 This increase in fatty-streak formation in chil-
dren of mothers with hypercholesterolemia could result from
one of several possible mechanisms, but there is recent
evidence that the intrauterine environment can cause persist-
ent changes in arterial gene expression. In a study of
genetically uniform mice, Napoli et al. demonstrated, using
DNA microarray analysis, that 139 of the 11 000 murine

Figure 2. The ‘thrifty phenotype’ hypothesis and the south Asia
enigma. Maternal undernutrition programmes the offspring for a life of
thrift, and adult disease results from lifestyles in conflict with prenatal
programming.
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genes in offspring were significantly regulated by maternal
hypercholesterolemia and that the changes persisted.30

Together, these recent studies provide compelling evidence
that maternal diet and cholesterol levels predispose offspring
to atherosclerotic disease by altering gene expression in the
vascular wall. Prevention of cardiovascular disease clearly
needs to begin at this early time in life.

Elastin in vascular walls
There is far more involved in predisposition to cardiovascular
disease than disorders of lipid metabolism. Another important
element amenable to programming before birth is the amount
and proportion of elastin in the vascular walls. Elastin is a
high molecular weight, insoluble protein polymer, which, in
the aorta, provides most of the elastic properties enabling the
vessel wall to contract and expand.31 Cross-linked elastin has
a very slow turnover with a half-life of approximately
40 years, is largely laid down in fetal life, and has very little
new production in adulthood. With advancing age, the
amount of elastin in the vessel wall decreases rendering the
vessel wall much stiffer because of the higher proportion of
collagen. Martyn et al.32 have shown that 50-year-old men
and women with decreased aortic elasticity, as shown by
measurement of pulse-wave velocity, tended to have been of
lower birthweight, and the association was independent of
current blood pressure. The effects of growth restriction
induced by fetal undernutrition are at present unknown, but
elastin deposition is known to be regulated by IGF 1 and
glucocorticoids,33 raising the possibility that vascular compli-
ance throughout life may be altered by the hormonal milieu
of the intrauterine environment.

Role of glucocorticoids
There is evidence that some aspects of programming may
be mediated by premature or excessive exposure of the
fetus to glucocorticoids. During most of fetal life, the fetal
hypothalamic–pituitary–adrenal (HPA) axis produces very
little cortisol,34 and cortisol from the mother is inactivated by
11 β-hydroxysteroid dehydrogenase type 2 as it crosses the
placenta. Towards term, the fetus produces increasing
amounts of cortisol for the purpose of enhancing maturation
of the lungs and other organs, redirecting energy from
growth towards maturation, and promoting the sequence of
events resulting in labour. In rats, inhibiting the function of
11 β-hydroxysteroid dehydrogenase, and thus increasing fetal
exposure to maternal endogenous glucocorticoids, reduces
birthweight and causes hypertension and glucose intolerance
in adulthood.35,36 The activity of 11 β-hydroxysteroid
dehydrogenase in rats has been shown to be regulated by
maternal nutrition, suggesting a possible mechanism by
which undernutrition may programme the fetus by permit-
ting excessive exposure to maternal cortisol.37

In clinical practice, pharmacological doses of ‘cortisol’
are administered to pregnant women at risk of early preterm
birth to enhance fetal maturation.38 The drug employed is
either betamethasone or dexamethasone, used because
neither are inactivated by placental enzymes. This treatment

has been shown conclusively to reduce the rate of respiratory
distress syndrome and death in the newborn period, but the
lifelong consequences of repeated doses are unknown. Using
a sheep model, we have shown that repeated intramuscular
injections of betamethasone to the pregnant ewe, in doses
that effectively mature the fetal lungs,39 produce growth
restriction,39 and delayed myelination in the central nervous
system,40 followed in postnatal life by altered responses of
insulin and the HPA axis to challenges.41 If repeated injec-
tions are given intramuscularly to the fetus under ultrasound
guidance, there are similar effects on lung maturation,42

minimal effects on growth,43 inconsistent effects on brain
development,44 and postnatal alterations in insulin and HPA
responses.41,45 These differential outcomes that depend on
the route of glucocorticoid administration provide an oppor-
tunity to dissect out the lifelong consequences of prenatal
glucocorticoid exposure from those of fetal growth restric-
tion.45 The evidence to date suggests that prenatal exposure
to glucocorticoids alters subsequent insulin responses,
regardless of the route of exposure, and that fetal growth
disturbance is not a mandatory component of the program-
ming sequence. Further research in this field will clarify the
role played by glucocorticoid exposure in the process by
which undernutrition programmes the fetus for postnatal life.

Role of the placenta
The fetus derives its nutrition from the placenta. In most
pregnancies, the placenta remains competent in terms of
respiratory and nutrient support until term, when intrauterine
development is complete and labour ensues. However, in
some cases, the functioning of the placenta becomes insuf-
ficient, resulting in inadequate fetal nutrition. If this condi-
tion is severe enough, respiratory insufficiency and death
may result.46 Placental failure rarely results from maternal
undernutrition and in contemporary society most often is of
unknown cause, sharing common pathways with many cases
of pre-eclampsia. After many decades of focused research,
we remain unable to improve placental function and our
understanding of the mechanisms by which the functioning
of this organ becomes insufficient is incomplete.

Modern obstetric management centres on the detection of
fetal growth disorders and the monitoring of fetal welfare to
ensure that it remains safe for the child to remain undeliv-
ered. This approach is largely successful in preventing
hypoxia and death, but the lifelong consequences of placen-
tally induced fetal undernutrition are uncertain. If the lessons
from animal laboratories equate to the human disease of
placental insufficiency, and there is little reason to expect
they would not, then insulin resistance and cardiovascular
disease are likely consequences. The retrospective cohorts
linking birth and adult outcomes studied so far are of limited
use because the birth data are from eras when accurate
gestational-age dating was not possible, and the relative
contributions of prematurity and growth restriction to low
birth-weight infants were unknown.

The relationships between maternal nutrition and placental
function are also uncertain. However, it can be said with



Early origins of adult disease S541

confidence that in general perinatal practice, clinically evident
fetal growth restriction is more frequently the result of placen-
tal disease than of maternal undernutrition. This observation
complicates research investigating the role of maternal nutri-
tion in perinatal outcomes, and is inadequately addressed as a
confounding variable in most studies in this field.

Multigenerational effects
The increased propensity to disease described in the thrifty
phenotype hypothesis encompasses the continuation of
disease tendencies in subsequent generations.11 The possibil-
ity that future generations can be programmed by environ-
mental influences on the mother is attracting increasing
interest and the mechanisms require elucidation. It has been
known for many years that experimentally induced glucose
intolerance in rats is passed from mother to offspring, and
the abnormality can persist through several generations.47

Evidence from a study of a rat colony maintained on
marginal protein deprivation through 12 generations sug-
gests a predisposition to adult disease can persist for three
generations.48 In this nutritional environment, re-feeding
during pregnancy caused offspring to be prone to obesity
during adulthood and the return of the colony to normal
characteristics required three generations of appropriate
dietary supply. The mechanism of this heritability must
involve altered gene expression and may occur during very
early stages in development. Indeed, altering the environ-
mental milieu of the embryo can have profound effects on
lifelong health and body size through programming. In
sheep, in vitro embryo culture procedures can produce a
condition of excessive growth of the fetus and lamb known
as ‘large offspring syndrome’ (LOS).49 One process by
which LOS occurs has been shown to centre on reduced
methylation of fetal DNA, and expression of the ovine
IGF2R gene suggesting epigenetic alterations in imprinted
genes.50 The effects of nutritional influences and environ-
mental chemicals on development of the oocyte and embryo
warrant detailed investigation. Nevertheless, the evidence
available at this time suggests that fetal programming can
persist for several generations.

Conclusions
This manuscript has outlined some of the evidence that
human predisposition to adult disease is programmed before
birth. The process appears to involve one or more intra-
uterine triggers interacting with the genome, and the risk is
then amplified or minimized by postnatal lifestyle. Fetal
nutrition and cortisol are capable of acting as intrauterine
triggers, but it is likely that there are many other possible
pathways. The multigenerational aspects of the process also
make it likely that programming extends to earlier times in
life than the fetus, including the embryo and perhaps the
oocyte. The origins at early times in life and the interactions
between the genome, intrauterine and postnatal environ-
ments, suggest that this emerging field would be better
described as the ‘early origins of adult disease’, rather than
its previous label of the ‘fetal origins of adult disease’.

Acknowledgements. The present work was supported by grants from
the National Health and Medical Research Council of Australia (980578
and 110301), the Women and Infants Research Foundation of Western
Australia and the Institute of Human Development, Child and Youth
Health, Canada.

References
1. Barker DJP. Mothers, Babies and Health in Later Life, 2nd edn.

London: Churchill Livingstone, 1998.
2. Barker DJP, Martyn CN. The maternal and fetal origins of cardio-

vascular disease. J Epidemiol Community Health 1992; 46: 8–11.
3. Phillips DI. Birthweight and the future development of diabetes. A

review of the evidence. Diabetes Care 1998; 21: B150–B155.
4. Barker DJP. The intra-uterine origins of disturbed cholesterol

homeostasis. Acta Paediatr 1999; 88: 483–492.
5. Williams LA, Evans SF, Newnham JP. Prospective cohort study of

factors influencing the relative weights of the placenta and
newborn infant. BMJ 1997; 314: 1864–1868.

6. Barker DJ, Forsen T, Uutela A, Osmond C, Eriksson JG. Size at
birth and resilience to effects of poor living conditions in adult
life: longitudinal study. BMJ 2001; 323: 1261–1262.

7. Ravelli AC, van der Meulen JH, Michels RP, Osmond C, Barker DJ,
Hales CN, Bleker OP. Glucose tolerance in adults after prenatal
exposure to famine. Lancet 1998; 351: 173–177.

8. Ravelli AC, van der Meulen JH, Osmond C, Barker DJ, Bleker OP.
Obesity at age of 50 years in men and women exposed to famine
prenatally. Am J Clin Nutr 1999; 70: 811–816.

9. Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond C,
Barker DJ, Bleker OP. Effects of prenatal exposure to the Dutch
famine on adult disease in later life: an overview. Mol Cell Endo-
crinol 2001; 185: 93–98.

10. Reaven GM. Role of insulin resistance in human disease (syn-
drome X): an expanded definition. Annu Rev Med 1993; 44:
121–131.

11. Hales CN, Barker DJ. Type 2 (non-insulin dependent) diabetes
mellitus: the thrifty phenotype hypothesis. Diabetologia 1992; 35:
595–601.

12. Gluckman P, Harding J. The regulation of fetal growth. In: Hern-
andez M, Argente J, eds. Human Growth. Basic and Clinical
Aspects, International Congress Series 973. Amsterdam: Exerpta
Medica, 1992; 253–260.

13. Harding JE, Liu L, Oliver MH, Evans PC, Gluckman PD. In:
Mornex R, Jaffiol C, Leclere J, eds. IGFs: Fetal Growth and
Placental Function. Carnforth: Parthenon Publishing Group, 1993;
661–664.

14. Oliver MH, Harding JE, Breier BH, Gluckman PD. Fetal insulin-
like growth factor (IGF)-I and IGF-II are regulated differently by
glucose and insulin in the sheep fetus. Reprod Fertil Dev 1996; 8:
167–172.

15. Davenport ML, D’Ercole AJ, Underwood LE. Effect of maternal
fasting on fetal growth, serum insulin-like growth factors (IGFs),
and tissue IGF messenger ribonucleic acids. Endocrinology 1990;
126: 2062–2067.

16. Langley-Evans SC. Hypertension induced by fetal exposure to a
low maternal diet, in the rat, is prevented by pharmacological
blockade of maternal glucocorticoid synthesis. J Hypertens 1997;
15: 537–544.

17. Langley-Evans SC, Gardner DS, Jackson AA. Association of dis-
proportionate growth of rats in late gestation with raised systolic
blood pressure in later life. J Reprod Fertil 1996; 106: 307–312.

18. Langley-Evans SC, Welham SJ, Sherman RC, Jackson AA. Wean-
ling rats exposed to maternal low protein diets during discrete
periods of gestation exhibit differing severity of hypertension. Clin
Sci 1996; 91: 607–615.

19. Sohlstrom A, Katsman A, Kind KL, Roberts CT, Owens PC,
Robinson JS, Owens JA. Food restriction alters pregnancy-
associated changes in IGF and IGFBP in the guinea pig. Am J
Physiol 1998; 274: E410–E416.



S542 JP Newnham

20. Gallaher BW, Breier BH, Keven CL, Harding JE. Fetal program-
ming of insulin-like growth factor (IGF)-I and IGF-binding
protein-3: evidence for an altered response to undernutrition in late
gestation following exposure to periconceptual undernutrition in
the sheep. J Endocrinol 1998; 159: 501–508.

21. Kramer MS. Balanced protein/energy supplementation in preg-
nancy (Cochrane Review). In: The Cochrane Library, Issue 3,
2002. Oxford: Update Software.

22. Kramer MS. Nutritional advice in pregnancy. (Cochrane Review).
In: The Cochrane Library, Issue 3, 2002. Oxford: Update Soft-
ware.

23. Vickers MH, Breier BH, Cutfield WS, Hofman PL, Gluckman PD.
Fetal origins of hyerphagia, obesity, and hypertension and its post-
natal amplification by hypercaloric nutrition. Am J Physiol 2000;
279: E83–E87.

24. Breier BH, Vickers MH, Ikenasio BA, Chan KY, Wong WPS.
Fetal programming of appetite and obesity. Mol Cell Endocrinol
2001; 185: 73–79.

25. Desai M, Hales CN. Role of fetal and infant growth in program-
ming metabolism in later life. Biol Rev Camb Philos Soc 1997; 72:
329–348.

26. Eriksson JG, Forsen T, Tuomilehto J, Winter PD, Osmond C,
Barker DJP. Catch-up growth in childhood and death from coro-
nary heart disease: longitudinal study. BMJ 1999; 318: 427–431.

27. Napoli C, D’Armiento FP, Mancini FP, Postiglione A, Witztum
JL, Palumbo G, Palinski W. Fatty streak formation occurs in
human fetal aortas and is greatly enhanced by maternal hyper-
cholesterolemia. J Clin Invest 1997; 100: 2680–2690.

28. Napoli C, Witztum JL, Calara F, de Nigris F, Palinski W. Mater-
nal hypercholesterolemia enhances atherogenesis in normo-
cholesterolemic rabbits, which is inhibited by antioxidant or
lipid-lowering intervention during pregnancy: an experimental
model of atherogenic mechanisms in human fetuses. Circ Res
2000; 87: 946–952.

29. Napoli C, Glass CK, Witztum JL, Deutsch R, A’Armiento FP,
Palinski W. Influence of maternal hypercholesterolemia during
pregnancy on progression of early atherosclerotic lesions in child-
hood: Fate of early lesions in children (FELIC) study. Lancet
1999; 354: 1234–1241.

30. Napoli C, de Nigris F, Welch JS, Calara FB, Stuart RO, Glass CK,
Palinski W. Maternal hypercholesterolemia during pregnancy pro-
motes early atherogenesis in LDL receptor-deficient mice and
alters aortic gene expression determined by microarray. Circu-
lation 2002; 105: 1360–1367.

31. Martyn CN, Greenwald SE. A hypothesis about a mechanism for
the programming of blood pressure and vascular disease in early
life. Clin Exp Pharmacol Physiol 2001; 28: 948–951.

32. Martyn CN, Barker DJP, Jespersen S, Greenwald S, Osmond C,
Berry C. Growth in utero, adult blood pressure, and arterial com-
pliance. Br Heart J 1995; 73: 116–121.

33. Swee MH, Parks WC, Pierce RA. Developmental regulation of
elastin production. Expression of tropoelastin pre-mRNA persists
after down-regulation of steady-state mRNA levels. J Biol Chem
1995; 270: 14 899–14 906.

34. Mathews SG, Challis JRG. Regulation of the hypothalamo–
pituitary–adrenocortical axis in fetal sheep. Trends Endocrinol
Metab 1996; 7: 239–246.

35. Lindsay RS, Lindsay RM, Edwards CRW, Seckl JR. Inhibition of
11 beta-hydroxysteroid dehydrogenase in pregnant rats and the
programming of blood pressure in the offspring. Hypertension
1996; 27: 1200–1204.

36. Lindsay RS, Lindsay RM, Waddell BJ, Seckl JR. Prenatal gluco-
corticoid exposure leads to offspring hyperglycemia in the rat:
studies with 11 beta-hydroxysteroid dehydrogenase inhibitor
carbenoxolone. Diabetologia 1996; 39: 1299–1305.

37. Langley-Evans SC, Phillips GJ, Benediktsson R, Gardner DS,
Edwards CR, Jackson AA, Seckl JR. Protein intake in pregnancy,
placental glucocorticoid metabolism and the programming of
hypertension in the rat. Placenta 1996; 17: 169–172.

38. Crowley P. Prophylactic corticosteroids for preterm birth
(Cochrane Review). In: The Cochrane Library, Issue 3, 2002.
Oxford: Update Software.

39. Ikegami M, Jobe AH, Newnham J, Polk DH, Willet KE, Sly P.
Repetitive prenatal glucocorticoids improve lung function and
decrease growth in preterm lambs. Am J Respir Crit Care Med
1997; 156: 178–184.

40. Dunlop SA, Archer MA, Quinlivan JA, Beazley LD, Newnham
JP. Repeated prenatal corticosteroids delay myelination in the
ovine central nervous system. J Matern Fetal Med 1997; 6:
309–313.

41. Sloboda DM, Moss TJ, Gurrin LC, Newnham JP, Challis JR. The
effect of prenatal betamethasone administration on postnatal ovine
hypothalamic-pituitary-adrenal function. J Endocrinol 2002; 172:
71–81.

42. Jobe AH, Newnham J, Willet K, Sly P, Ikegami M. Fetal versus
maternal and gestational age effects of repetitive antenatal gluco-
corticoids. Pediatrics 1998; 102: 1116–1125.

43. Newnham JP, Evans SF, Godfrey M, Huang W, Ikegami M, Jobe A.
Maternal, but not fetal, administration of corticosteroids restricts
fetal growth. J Matern Fetal Med 1999; 8: 81–87.

44. Quinlivan JA, Beazley LD, Braekevelt CR, Evans SF, Newnham
JP. Repeated ultrasound-guided fetal injections of corticosteroid
alter nervous system maturation in the ovine fetus. J Perinat Med
2001; 29: 112–127.

45. Moss TJ, Sloboda DM, Gurrin LC, Harding R, Challis JR,
Newnham JP. Programming effects in sheep of prenatal growth
restriction and glucocorticoid exposure. Am J Physiol Regul Integr
Comp Physiol 2001; 281: R960–R970.

46. Kaufmann P, Kingdom J. Development of the placenta and its
circulation. In: Rodeck CH, Whittle MJ, eds. Fetal Medicine.
London: Churchill Livingstone, 1999; 93–110.

47. Aerts L, van Assche FA. Is gestational diabetes an acquired condi-
tion? J Dev Physiol 1979; 1: 219–225.

48. Stewart RJC, Sheppard H, Preece R, Waterlow JC. The effect of
rehabilitation at different stages of development of rats marginally
malnourished for ten to twelve generations. Br J Nutr 1980; 43:
403–412.

49. Young LE, Sinclair KD, Wilmut I. Large offspring syndrome in
cattle and sheep. Rev Reprod 1998; 3: 155–163.

50. Young LE, Fernandes K, McEvoy TG, Butterwith SC, Gutierrez CG,
Carolan C, Broadbent PJ, Robinson JJ, Wilmut I, Sinclair KD.
Epigenetic change in IGF2R is associated with fetal overgrowth
after sheep embryo culture. Nature Genet 2001; 27: 153–154.


