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Preface
Preface

Preface

For many years adult lifestyle factors have been believed to be the primary cause
of major health problems encountered in the westernized nations. Obesity, heart
disease and diabetes are known to stem from a sedentary lifestyle associated
with a fat- and salt-rich diet. This is not, however, the whole story, and it is
becoming clear that the environment that an individual encounters during life in
the womb may be equally as important in establishing risk of these diseases. The
process through which events in utero exert effects that manifest as disease
decades later is termed fetal programming.

Interest in the potential for human disease to be programmed by early life
events has grown enormously in recent years. The implications for public health,
in both the developed and the developing world, have resulted in a number of
experimental researchers joining forces with epidemiologists in this field in order
to explore the nature of the problem and underlying biological and molecular
mechanisms of programming. The level of interest is reflected by the large and
successful World Congresses on the Fetal Origins of Adult Disease held in
Mumbai and Brighton. The international critical mass of researchers in this field
has now prompted the foundation of a new learned society devoted to the study
of the fetal origins of adult disease hypothesis.

This book aims to paint a broad picture of current understanding of fetal
programming. The volume presents a range of epidemiological data demonstrat-
ing links between events in fetal life and the development of cardiovascular
disease, non-insulin-dependent diabetes, obesity and disorders of the immune
system. These findings are supported by contributions from basic experimental
research that aims to test the fetal origins hypothesis and to elucidate the
supporting biological principles and activities at the molecular and cellular level.

The book is divided into three parts. ‘Programming the fetus’ sets out
the basic principles of programming and considers the potential contribution
of undernutrition and other insults during critical phases of embryonic and

ix
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fetal development, to abnormal physiology and disease processes in later life.
‘Programming human disease’ provides the core of the book and shows how
suggestive epidemiological evidence for an association between characteristics at
birth and later disease is replicated in experimental models. A hypothesis by its
very nature requires robust challenges, and, importantly, this part of the book
also presents data that question the birthweight–disease association, highlighting
the importance of well-designed experimental studies. The final part of the
book, ‘Biological basis of nutritional programming’, sets out current ideas
about the inter-relationships of maternal nutrition, placental function and fetal
endocrinology, and looks at how early nutrient–gene interactions may exert
permanent influences on the health and well-being of an individual.

I would like to give my thanks to all of the authors for their contribution to
this book and I beg their forgiveness for my continual nagging about deadlines.
I also thank the Series Editor Philip Calder for the opportunity to put this volume
together.

Simon Langley-Evans
Editor

January 2004

x Preface
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Overview
S.C. Langley-Evans

1 Fetal Programming of Adult
Disease: an Overview

SIMON C. LANGLEY-EVANS

School of Biosciences, University of Nottingham, Sutton Bonington
Campus, Loughborough LE12 5RD, UK

What is Programming?

This book is concerned with the fetal programming of disease, and examines
a new paradigm for considering the aetiology of disease, based upon a range
of evidence from human populations and experiments with animal models.
Programming is the process through which the environment encountered before
birth, or in infancy, shapes the long-term control of tissue physiology and
homeostasis. The premise for this book is that such early programming pro-
foundly shapes the profile of health and disease experienced by individuals
across their life span. This is an important new concept in the arena of public-
health medicine which implies that strategies for the prevention of disease
that are targeted towards modifying diet and behaviour among adults will be
insufficient to achieve their goals. For much of the population, the roots of
disease may go much deeper and lead to intrauterine factors over which we can
exert little control.

Although the primary driver for the current interest in this area was the
discovery in the 1980s of strong associations between early life events and
cardiovascular mortality, the first clues to programming of health and disease
were reported much earlier. In 1964, Rose noted that the risk of ischaemic heart
disease was almost doubled in individuals who had had siblings that were
stillborn or who had died in early infancy. Similarly Forsdahl (1967) found that,
among Norwegians, risk of cardiovascular mortality was greatest in areas of the
country with a high level of infant mortality in the same generation of individu-
als. Since then, a large number of studies (Huxley et al., 2002) has suggested
that exposure to adverse factors during fetal life or early infancy may predispose,
or programme, the individual to suffer specific non-communicable diseases in
adult life.

 CAB International 2004. Fetal Nutrition and Adult Disease: Programming of Chronic
Disease through Fetal Exposure to Undernutrition (ed. S.C. Langley-Evans) 1

11A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:27:25 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Defining programming

The first attempt to define programming in the area of human biology and health
was by Alan Lucas (1991). He described programming as the permanent
response of an organism to a stimulus or insult during a critical period of devel-
opment. In simple terms, this definition suggests that when a fetus or neonate is
exposed to an unusual environment during a rapid phase of growth, the resulting
adaptive responses may become permanently fixed in place. In terms of health
and well-being many years later, the effects of programming may be profound,
as irreversible maladaption may result in detriment to organ function or
longevity.

In other spheres of interest, programming has been recognized for some
time. In crocodilians, sex is determined by a programming process rather than by
the existence of sex chromosomes (Deeming and Ferguson, 1989). Crocodile
and alligator populations are maintained with a female:male ratio of approxi-
mately 7:1 by virtue of the nesting behaviour of mothers. Female crocodilians
lay their eggs in raised mounds of earth, within which there is a considerable
gradient in temperature. Incubation within a very narrow range of temperatures
activates aromatases in the eggs, which generate androgens and promote the
development of male embryos (Deeming and Ferguson, 1989). Outside this
1–2°C range of temperature, eggs will develop with female embryos.

Another classical example of programming relates to the psychosocial devel-
opment of young birds. Konrad Lorenz (1952) used the term ‘imprinting’ to
describe the way in which the first object encountered by newly hatched ducks
and geese will be followed as if it was the mother of the birds. This phenomenon
is analogous to programming, as the behaviour depends upon exposures during
critical periods of development, shortly before and shortly after hatching, and is
triggered by clear stimuli, which include the call of mother before hatching and
the sight of a moving object.

Demonstration of principle

Laboratory experiments with animal species have demonstrated effectively the
principle of programming and its likely impact upon the health of human beings.
The treatment of neonatal female rats with a single dose of testosterone, within a
narrow window of time in the first week of life, induces profound changes upon
subsequent reproductive development, which are not seen if treatment is given
later in life (Barraclough, 1961). Testosterone treatment remodels key structures
within the hypothalamus and, as a result, the animals are unable to ovulate and
the reproductive organs eventually atrophy. Interestingly, the brain develops
structures normally observed in male animals, and these females adopt male
patterns of behaviour (Ito et al., 1986).

Further examples of this demonstration of principle will be seen later in this
book. One noteworthy experiment, however, was reported by Beach et al.
(1982), who showed that feeding a zinc-deficient diet in mouse pregnancy
had consequences that lasted for three generations. Offspring of zinc-deficient

2 S.C. Langley-Evans
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mothers had impaired immune functions as young adults. When these offspring
were then mated, it was found that the second-generation offspring shared the
same immune impairments of their parents. It was only in the next generation
bred from these animals that the effect of the initial nutritional insult was lost.

In evolutionary terms, this concept is almost compatible with the
Lamarckian viewpoint (Humphreys, 1996), in which acquired characteristics
may be transmitted to subsequent generations. If adaptations to prevailing con-
ditions during fetal development could be transmitted in an epigenetic manner,
as suggested by the experiment of Beach et al. (1982), and conferred a survival
advantage, then this would essentially promote rapid changes in a population
through adaptive acquisition of characteristics.

Critical periods of development

Within the generally recognized definition of programming, it is stated that
long-term effects of an insult or stimulus will stem only from exposure during a
critical period of development. Other authors may refer to these critical periods
as ‘sensitive’ or ‘vulnerable’ periods. The importance of the critical exposure
period during programming is well demonstrated by the example of the effect
of testosterone treatment on the female rat neonate above (Barraclough, 1961).
If exposure does not fall within the narrow window of sensitivity, then no effect
will be observed.

Our current understanding is that critical periods of development are
essentially periods of rapid cell division within a tissue. Mammalian cells have the
capacity to undergo a limited number of divisions before they reach the point
where further replication is impossible, or apoptotic mechanisms leading to cell
death are initiated (replicative senescence) (Jennings et al., 2000). In humans,
42 rounds of cell division occur, mainly before birth, and the majority of the
organs are fully developed in utero. In other species, cell division may occur both
before and after birth. If we accept that critical periods of programming relate to
periods of cell division, then we would expect that in humans most, if not all, of
the critical periods would occur during fetal life. In a less mature animal at birth,
such as the rat, we would argue that there are critical periods both before and
after birth. This has been demonstrated in relation to the development of the
pancreas and programming of long-term glucose metabolism (Snoeck et al.,
1990; Dahri et al., 1991; see also Chapter 8, this volume).

Some of the vulnerability to adverse conditions, of the animal undergoing
rapid cell division and growth, is illustrated by studies of sheep fetuses. In experi-
ments where maternal undernutrition was imposed in late gestation, the rate of
subsequent fetal growth was totally unaffected in the lambs that were previously
only slow growing. However, those lambs that were following a rapid growth
trajectory in utero exhibited a marked reduction in growth rate (Harding et al.,
1992).

The same critical periods for programming of later physiology and disease
risk will not apply to all the organs within the animal. In humans, some organs
undergo early differentiation and growth during early phases of development.

Overview 3
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The 6-week embryo, for example, already has a beating, four-chambered heart.
The organs that develop early are those that are required in a critical functional
sense during fetal life, such as the heart, brain and liver. Other systems that are
essentially non-functional, or lack mature characteristics in utero (kidney, lung,
immune system), undergo rapid growth and development later in gestation, in
preparation for delivery.

The timing of fetal exposure to adverse conditions will thus determine the
long-term outcome and consequences of that exposure. The fetus caught by
famine during early development, should it survive, may thus be prone to heart
disease and cognitive delay, whereas the kidney and lung may be totally un-
affected. Specific exposure to famine in later gestation may similarly predispose
to renal disease without compromising other organs.

Insults and stimuli

Nutrition

Investigations of the impact of fetal programming upon physiology and human
health are at a relatively early stage, and the full range of agents or intrauterine
scenarios that are able to act as stimuli or insults is not yet known. From the point
of view of public health, the role of maternal nutrition appears to be of para-
mount importance. In early accounts of the relationship between early-life
factors and coronary heart disease in adult life, Barker and others identified
maternal nutrition and health as risk factors for either neonatal death or long-
term predisposition for disease (Barker et al., 1993). Poor nutrition and health
were proposed to ‘prejudice the ability of mothers to nourish their babies in
utero and during infancy’. This assertion is largely based upon a misguided inter-
polation of animal experiments into human biology (Fig. 1.1). Low birthweight
and altered proportions at birth are linked to variation in nutritional status in
domestic animals and in rodents, but the same is not true of humans living in
most parts of the world. In contrast to pigs (Widdowson, 1971), sheep (Wallace
et al., 1999) and rats (Hastings-Roberts and Zeman, 1977), the growth of the
human fetus is remarkably well protected from even major and prolonged
perturbation of the diet (Antonov, 1947; Mathews et al., 1999).

In considering the impact of maternal diet in pregnancy upon later health,
much of the debate has been focused on inappropriate issues. The ‘Barker
hypothesis’ suggests that maternal undernutrition promotes retardation of fetal
growth, which manifests as low weight at birth or disproportion (thinness, or
shortness in relation to head circumference) at birth, depending on the timing
(Barker, 1994). As low weight at birth and disproportion appear to predict later
risk of heart disease and diabetes, the link between maternal diet and disease has
been proposed, and is now generally accepted.

However, unlike other species, the growth of the human fetus does not
appear to be particularly sensitive to variations in maternal diet (see Chapter 2,
this volume). Human fetal growth rates are determined genetically and may be
constrained by socio-economic status (which may, to some extent, reflect diet),

4 S.C. Langley-Evans
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Fig. 1.1. Experimental models of programming. The feeding of experimental diets of reduced protein content to pregnant rats (A) results in
offspring that are apparently normal in terms of gross anatomy and general indices of health (B). Programmed changes to cardiovascular and
renal physiology mean that such offspring will develop significantly raised blood pressure by the time of weaning (C).
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cigarette smoking and maternal size (Campbell, 1991). Although studies
of extreme famine situations indicate some impact of undernutrition upon
birthweight, the effects are remarkably small (Antonov, 1947; Prentice et al.,
1987). In well-nourished populations, such as the UK, there appears to be little
evidence that variation in the diet of the population accounts for variation in
weight at birth (Doyle et al., 1992; Mathews et al., 1999), although Godfrey et al.
(1996) reported that high intakes of sucrose in early pregnancy and low intakes
of protein in late pregnancy could reduce weight at birth. This effect was very
small however, with a maximal change of 217 g in birthweight (average infant
weights in the UK are approximately 3500 g). Barker (1994) has stated that a
1 kg reduction in weight at birth is related to an increase in blood pressure of
6 mmHg at age 60. Based on the data of Godfrey et al. (1996) the greatest
variation in maternal diet in pregnancy will increase later blood pressure by a
clinically insignificant 1.3 mmHg.

There is also a lack of evidence to suggest that body proportions at birth
are related to maternal nutrient intakes. Examination of maternal diet in early
and late gestation revealed that head circumference at birth, ponderal index at
birth (a marker of relative thinness) or the ratio of infant weight to placental
weight were unrelated to macro- or micronutrient intakes of the mother, after
adjustment for socio-economic status and smoking behaviour (Fig. 1.2).

Despite these concerns about the validity of the claim that prenatal under-
nutrition may programme human disease, there is a strong body of evidence to
support the hypothesis. Much of this evidence comes from studies of animals. An
ever-increasing body of work shows that exposing the developing rat or sheep
fetus to maternal food restriction (global undernutrition), or deficiencies of
specific nutrients, results in programmed changes to normal physiology and the
initiation of disease processes (Bertram and Hanson, 2001; Langley-Evans,
2001). The time span required to perform adequate studies of human diet in
pregnancy in relation to later disease risk largely excludes the possibility of robust
epidemiological examination of this issue.

There are, however, two studies that support the concept that maternal
undernutrition in pregnant women has consequences for the long-term health
of their offspring. Godfrey et al. (1994) reported a study of 10–11-year-old
Jamaican children whose mothers had undergone nutritional assessment during
their pregnancies. Anthropometric markers of undernutrition, including a low
triceps skinfold thickness, were found to relate significantly to blood pressure
in childhood. It is not clear whether or not these relationships may extend
to hypertension and other cardiovascular disease states as the children age.
Similarly, the blood pressures of Aberdeen men in their forties could be related
to the diets of their mothers, which had been monitored and recorded in some
detail by their obstetricians. Here, the consumption of high levels of carbo-
hydrate coupled with low intakes of animal protein during pregnancy appeared
predictive of later hypertension in the offspring (Campbell et al., 1996).

It is important to emphasize that although the assertion that undernutrition
promotes fetal growth retardation and therefore directly programmes disease risk
is plainly incorrect, the direct association between maternal nutritional status and
later disease risk has been demonstrated in animal species, and appears to exist
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independently of changes in fetal growth pattern (Langley-Evans and Nwagwu,
1998). Regarding programmed disease as a consequence of profound fetal
injury is overly simplistic, and we should view programming as a subtle and
complex metabolic response to nutrient–gene interactions during a period of
plasticity. Simple assessments of associations between characteristics at birth that
are as crude and multifactorial in origin as birthweight cannot reveal the mecha-
nistic aspects of nutritional programming, or advance our capacity to identify
and treat individuals at risk of disease. More robust experimental studies are
required.

Overview 7

Fig. 1.2. Impact of maternal diet on fetal characteristics at birth. Three hundred pregnant
women living in Northampton, UK, had their diets analysed, using 5-day food diaries,
between 11 and 15 weeks’ gestation (early gestation) and at 32 weeks’ gestation (late
gestation). Nutrient intakes were used in regression analyses to explore the relationships
between fetal characteristics at birth that have been related to later disease risk, and
maternal nutritional status. (A) Ponderal index at birth in offspring of women grouped by
tertile of energy intake in early gestation. Ponderal index is an index of relative thinness at
birth (weight (kg)/length (m)3). (B) Weight at birth in offspring of women grouped by tertile of
sucrose intake in early gestation. (C) Ponderal index at birth in offspring of women grouped
by tertile of energy intake in late gestation. (D) Weight at birth in offspring of women grouped
by tertile of protein intake in late gestation. None of the relationships were significantly
different in univariate analysis or after adjustment for maternal social class, smoking
behaviour, height and weight.

17A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:27:33 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Environmental agents

In addition to the possibility that marginal intakes of macro- or micronutrients
programme the development of the fetus, it is also likely that non-nutrient
components of the diet may also exert programming effects. Phyto-oestrogen
components of the diet, and oestrogen-like compounds present in the water
supply, have been implicated in the aetiology of human reproductive disorders.

Environmental hormone disruptors present in the food chain are substances
that lead to endocrine changes in an adult individual or their developing prog-
eny (Toppari and Skakkebaek, 1999). Many of these agents act as hormone
agonists, promoting inappropriate stimulation of metabolism, while others have
an inhibitory antagonist effect. Examples of the latter would encompass the
anti-androgens, which in utero would oppose the actions of testosterone and
other androgenic hormones that drive the development of the male genitalia
and internal reproductive structures. Vinclozolin, a fungicide used in fruit pro-
duction, is known to have anti-androgenic properties, and studies in rats have
shown that prenatal exposure at doses below the legal maximum allowed in
human foodstuffs has a pronounced feminizing effect on male pups (Gray et al.,
1994). Males exposed to vinclozolin before birth suffered increased prevalence
of hypospadias, atrophic sexual organs and even developed vaginal pouches.
There is no evidence for these prenatal effects of anti-androgens in humans, but
exposures to agents such as vinclozolin are certainly associated with testicular
abnormalities in adults (Zober et al., 1995).

Agonists that are associated with reproductive disorders are essentially
oestrogen-like compounds. The classical example of this is the drug diethylstil-
bestrol (DES) which was widely administered to pregnant women between the
1940s and 1970s. DES had adverse effects among exposed male fetuses who
developed extensive abnormalities of the exterior and internal reproductive
structures. The oestrogen agonist effects of DES on female fetuses were more
severe, and the drug promoted vaginal and uterine abnormalities in a high pro-
portion of those exposed in the first 12 weeks of development (Stillman, 1982).
At the present time, much of the concern about the impact of oestrogen-like
compounds relates to falling male fertility, which has been attributed both to the
effects of dietary phyto-oestrogens, and to the appearance of excreted oestro-
gens (from women using oral contraceptives) entering the water supply (Chapin
et al., 1996). Studies of fish caught near sewage outlets have shown increases in
the number of intersex individuals, attributed to this contamination (van Aerle
et al., 2001).

Although there is no clear evidence that prenatal exposure to endocrine
disruptors in humans is related to long-term disorders, there is a suggestive
temporal association. Much of our exposure to these agents is related to the use
of fertilizers and pesticides in agriculture, the use of oral contraceptives, and the
heavy use of plastics in packaging and preparation of food. These exposures
increased over the last 50 years of the 20th century and over the same period the
incidence of male reproductive disorders such as hypospadia, cryptorchidism
and testicular cancers has increased, and average sperm counts have fallen
(Auger et al., 1995; Chapin et al., 1996).
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Essentially these effects of oestrogen mimics and other endocrine disruptors
have a similar impact to the broad array of chemical agents that we regard as
teratogens. Teratogens are agents that essentially disrupt the normal processes of
tissue differentiation and cause mild–severe organ and tissue malformation. A
prime example of this process is the drug thalidomide, which was administered
to pregnant women in the 1960s, causing the cessation of limb growth in
exposed fetuses (Brent and Holmes, 1988). Perhaps one way of regarding any
other programming agent that alters long-term physiology is as a mild teratogen.
Many studies have shown that disease processes ascribed to programming are
associated with a reduction in the number of functional units within an organ
(e.g. kidney and pancreas) and essentially an alteration of organ structure
(Snoeck et al., 1990; Langley-Evans et al., 1999).

The putative role of environmental hormone disruptors in determining
reproductive abnormalities illustrates the major role of hormone balance and
hormone–receptor imbalances in programming of human development and
disease. Disruption of the normal androgen or oestrogen environment during
critical periods of development has even been invoked as an explanation for
variation in human sexual behaviours. The neuroendocrine theory of homo-
sexuality suggests sexual orientation to be influenced by and, in part, determined
by exposure of the developing fetus to inappropriate concentrations of andro-
gens (McFadden and Pasanen, 1998). Animal experiments suggest that prenatal
exposure to testosterone may determine homosexuality in females, a finding
consistent with observations that homosexuality is more prevalent among
individuals with congenital adrenal hyperplasia (Ditman et al., 1992).

Hypoxia

Periods of fetal hypoxia may also exert long-term effects upon the developing
animal (Moore, 2001). In general the spectrum of effects observed is similar to
that noted with nutritional programming. This is in keeping with the viewpoint
that much of the programming related to human disease is a response to a signal
of physiological stress in utero. As described in Chapter 16 of this volume, that
signal is likely to be an increase in fetal exposure to the glucocorticoid class of
steroid hormones (Langley-Evans, 1997).

Fetal adaptive responses

Programming of the fetus is an adaptive response to the prevailing conditions
in utero. During programming, the fetus is encountering a hostile environment at
a time of maximal vulnerability. In the simplest terms, it must adapt or die. In so
far as we view programming as a step towards major disease in adult life, the
response to the hostile environment is essentially a maladaption.

This, of course, assumes that the hostile environment that triggered the
adaptation is transient and that the conditions encountered in postnatal life are
more favourable. Hales has argued that the adaptive responses to undernutrition
or other adverse factors during intrauterine life establish a ‘thrifty phenotype’
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(Hales and Barker, 2001). In the context of the programming of non-insulin-
dependent diabetes, for example, a fetus subjected to undernutrition would
acquire this thrifty phenotype. Changes in general metabolic activity and, in
particular, enhancement of the processing of glucose, enable the fetus to survive
the immediate insult. Persistence of these metabolic adaptations to promote
thrift, or more efficient use of substrates, is a survival advantage to the individual
born into an environment where food is always scarce.

Essentially the thrifty fetus acquires a metabolism that confers a survival
advantage by interaction with its mother in utero. This advantage increases the
probability that the individual will reproduce and, if environmental conditions
are unchanged, the next generation may also acquire the metabolic advantage.
Over time this will change populations by selecting for individuals whose genes
promote an interaction with the environment that manifests as the thrifty
phenotype. The population will thus evolve.

The thrifty fetus born into a world of relative plenty, however, is likely to be
disadvantaged and to suffer disease due to the enhanced metabolic efficiency.
Substrates will be stored readily as excess fat, insulin resistance will develop and
the adult will be at high risk for the metabolic syndrome and its related patholo-
gies. This concept is considered in greater detail in Chapter 10 of this book. This
maladaptive programming to favour thrifty metabolism can be observed in
many populations who undergo a transition from poverty to relative affluence.
An example of this is the group of Jewish migrants to Israel from Ethiopia,
known as the Falashas (Cohen et al., 1988). This group was moved from a
country regularly blighted by famine to an essentially westernized nation. Within
5 years of the migration, rates of non-insulin-dependent diabetes among the
Falashas had risen to nearly 18%, which was 30 times greater than the preva-
lence among Ethiopians living in Ethiopia and twofold greater than in the rest of
the Israeli population (Cohen et al., 1988). In the same way, it is believed that
the early decades of the 21st century will see an explosion in the prevalence of
diabetes and cardiovascular disease on the Indian subcontinent, as the metaboli-
cally thrifty population shifts to a more westernized way of living and eating
(Robinson, 2001).

Programming and Physiological Function

The concept of functional capacity

All organs and tissues have specialized functions that are reflected by their
cellular structures. Within the lung, for example, the alveoli are mainly lined
with thin-walled type I epithelial cells that provide a minimal barrier to oxygen
diffusion. These cells have low capacity for metabolic functions and are
supported by less numerous, but more active, type II epithelial cells, that are
larger and less effective facilitators of oxygen exchange. Similarly, the kidney
possesses specialized cells that make up the glomeruli and hence the filtration
units of the organ. The pancreas contains islets of Langerhans with their
specialized b-cells wherein insulin is synthesized.

10 S.C. Langley-Evans
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These various structures, the alveoli, the glomeruli and the islets, with their
specialized cell types are responsible for functions that cannot be duplicated by
other components. Thus the number of alveoli present in the lung or the number
of islets in the pancreas will determine the ability of the organs to function (i.e.
perform gaseous exchange, or regulate glucose handling). Each organ thus has a
maximum capacity to perform a function, which is determined by the type and
number of cells or functional structures that are present. This can be described as
a functional capacity.

Figure 1.3 is a schematic representation of how functional capacity varies
across the life span. For the majority of organs, a high percentage of the maximal
functional capacity is established before birth and the capacity continues to
increase to some extent during childhood. The human lung, for example, contin-
ues to undergo cell division and lay down new alveoli until the age of 8 years. In
the case of some organs, such as the kidney, functional capacity is not increased
at all after birth. For some systems there is an extended period of increase
postnatally. The deposition of mineral in bone, which is a primary determinant
of the ability of bone to perform its function, continues into the third decade of
life.

Once maximal functional capacity is achieved, a period of stability will
follow, but this may be short-lived and all systems will decline as we age. In the
case of the kidney, the functional units are irreplaceable fragile structures and
episodes of hypertension, exposure to toxins or hyperglycaemia may all cause
loss. Eventually in adult life the functional capacity of an organ may fall below
the minimum level that is necessary to maintain healthy function, and disease
processes will ensue.

This view of functional capacity may be helpful in considering the role of
programming in determining human disease risk. Risk may be increased by an
accelerated decline in functional capacity during adult life, and reduced by
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Fig. 1.3. The concept of functional capacity.
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factors that slow the rate of decline. Programming factors, however, may modify
the attainment of the maximal capacity. For example, the feeding of a restricted
diet in pregnancy is known to reduce the number of nephrons present in the rat
kidney at birth (Langley-Evans et al., 1999). This reduction of maximal capacity
is then associated with an accelerated progression to renal dysfunction (Nwagwu
et al., 2000; Marchand et al., 2002). Where programming factors lower the
maximal functional capacity, the disease threshold will be achieved sooner
(lower line in Fig. 1.3) than would normally be expected (middle line in Fig. 1.3).
Conversely, prenatal factors or influences in infancy that have the effect of
increasing the maximal functional capacity attained will delay the decline
towards the disease threshold and healthy physiological function will be
maintained until later in life (upper line in Fig. 1.3).

Programming at the cellular level

The details of the specific mechanisms that underpin the fetal programming of
human disease states are likely to be complex and, at the present time, are
poorly understood. It is highly likely, however, that the process of programming
will follow relatively simple, general principles that involve adaptive changes to
either cell numbers, cell types or cellular signalling and responses.

Programmed changes in cell number would be consistent with the concept
of programmed changes to functional capacity outlined above. A tissue with
fewer cells capable of meeting a specialized function will, by definition, struggle
to maintain that function. A clear example of this would be the reduction in
pancreatic b-cell numbers that is observed following nutrient restriction during
rat pregnancy and lactation (Snoeck et al., 1990), leading to impaired insulin
responses to glucose. This mode of programming exemplifies the simplest route
through which early insults may establish permanent physiological changes that
predispose to disease.

Modification of the array of cell types present within an organ will also
modify functional capacity. This is illustrated by the kidneys of rats exposed to
maternal undernutrition in fetal life. These animals have kidneys that are of
similar overall size to those of animals exposed to a nutritionally adequate diet in
utero. However, the total nephron number is significantly reduced (see Chapter
11, this volume). The maintenance of normal tissue mass in the face of a 30%
reduction in the number of functional units suggests that the nutritional insult has
promoted the development of early cell lines that play no role in the construction
of nephrons (Marchand and Langley-Evans, 2001). This model of programming
has been compared to the clonal selection of B lymphocyte lines in the matura-
tion of the immune system (Lucas, 1991). The developing embryo consists of
many precursor cells with the capacity to follow particular fates, and the imposi-
tion of stimuli or insults during critical developmental windows may promote
certain lines over others. Kwong et al. (2000) have demonstrated that, in
the early rat embryo subjected to protein restriction, there is evidence of an
imbalance of cell numbers between the inner cell mass and trophectoderm,
which is consistent with this ‘clonal selection’ viewpoint.
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The healthy functioning of organs and tissues depends upon homeostatic
mechanisms that are regulated via nervous and hormonal sensing and signalling.
These are processes that will be influenced both by changes in the overall
number and type of cells that are present within a mature system. It is also
possible for programming to exert influences upon these processes through more
subtle transformations of cellular functioning. As described earlier in this chapter,
in the context of environmental endocrine disruptors, prenatal exposures to
hormones and related agents at inappropriate concentrations or inappropriate
times during development may have a huge impact upon developing organs
and systems. These changes in cell function may be mediated through increases
or decreases in concentrations in hormones that are normally present during
intrauterine development, through exposure to hormones of either fetal or
maternal origin at stages of development when they should not normally
be present, or through up-regulation of the expression of hormone receptors,
which will effectively increase the biological effect of the prevailing hormone
concentration.

The endpoint of all these endocrine shifts will be changes in the expression
of a broad range of fetal genes. Even if these changes are short lived, it is likely
that the impact of the change in the usual developmental sequence or pattern of
gene switching on or off will be profound. There is also considerable interest in
whether gene expression could be permanently disturbed and hence exert
changes in normal metabolism and cell signalling throughout life. There is a
growing body of evidence from animal studies to suggest that this is the case
and, in particular, expression of receptors for key hormones appears to be
permanently up-regulated by periods of prenatal undernutrition (Bertram et al.,
2001; Sahajpal and Ashton, 2003).

Susceptible tissues, targets for programming

In earlier sections of this chapter a number of tissues and organs have been
indicated as vulnerable targets for programming. There is very strong evidence,
from both animals and humans, that when the fetus is subject to an insult in
utero the kidneys and the pancreas undergo structural adaptations that result
in a predisposition to later disease (Snoeck et al., 1990; Dahri et al., 1991;
Hinchcliffe et al., 1992; Langley-Evans et al., 1999; Manalich et al., 2000).
As work in this area considers a greater breadth of systems, it is becoming
clear that all tissues are programmable by virtue of their plasticity during
development. Whenever tissues undergo phases of rapid cell division to increase
in size, or undergo phases of differentiation that determine the profile of cells
present in the mature structure, then they will be vulnerable to any adverse
exposure.

Evidence is available to show that the development of all the major organs
can be disturbed by nutritional factors, stress hormones or other factors in fetal
life. In the brain, the number of neurons present, and presumably the linkages
they form, in early life is perturbed by fluctuations in maternal nutrient intake in
pregnancy (Plagemann et al., 2000). Similarly, the functional capacity of the
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human lung seems to be related to programming influences (Barker et al., 1991),
and the structure and compliance of the arteries may be affected likewise
(Martyn and Greenwald, 2001). The fetal rat liver alters the zonation of meta-
bolism between different regions following exposure to maternal undernutrition
(Ozanne and Hales, 1999). In both animals and humans, it appears that there
are complex interactions between genetics, diet in postnatal life and program-
ming factors, in determining later bone mineral content and osteoporotic fracture
risk (Gale et al., 2001; Mehta et al., 2002). Although yet to be convincingly
demonstrated, it is expected that the gastrointestinal tract, the reproductive
organs, adipose tissue and muscle will exhibit the same range of developmental
sensitivities.

Contribution to disease risk

The concept set out in this chapter is shown schematically in Fig. 1.4. Essentially,
the way in which we have traditionally viewed risk of non-infectious disease has
been transformed by the addition of programming influences to the equation. If
we regard disease risk within a population as being normally distributed, then
most people will, by definition, carry a near-average risk, with lesser proportions
having either significantly lower than average, or significantly higher than
average risk. Until relatively recently it had been believed that each individual’s
risk was determined by a genetic component modified by the interaction with
adult environment. The latter comprises lifestyle factors such as diet, smoking

14 S.C. Langley-Evans

Fig. 1.4. Influences upon disease risk. If we assume that the prevalence of risk
factors for any non-communicable disease are normally distributed in a population,
the overall distribution will be a compound determined by the interaction between
genes, programming influences and adult environmental factors.
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habit, alcohol consumption and physical activity levels, of which diet may be
the most important. We can now factor in prenatal factors, or a programmed
risk component, to produce the overall distribution of risk in the population.
Thus those at lowest risk may be those with genetic protection against
disease coupled to ideal conditions during development and a healthy
adult lifestyle. Those at greatest risk will combine a genetic predisposition
to disease with adverse conditions in fetal life and a poor adult diet and
sedentary lifestyle. The individual’s response to components of the adult diet
is thus determined by much more than immediate nutrient–gene inter-
actions, and represents a programming–nutrient–gene triad of interactions
(Fig. 1.5).

The overall impact of each of the three contributions to total risk is
difficult to estimate and generalizations are impossible. Obviously, there are
numerous examples of catastrophic single-gene defects that have an effect that
overrides the contribution of both programming and adult lifestyle. However,
it is evident that programming stimuli might also have the capacity to override
the influence of genes. Studies of the spontaneously hypertensive rat, which
carries a genetic predisposition to high blood pressure, indicate that cross-
fostering to a normotensive mother can prevent the development of the adult
hypertensive syndrome (Cierpial and McCarty, 1991). This appears to be a
postnatal programming of blood pressure control systems attributable to either
diet in lactation or behavioural stimuli (Cierpial and McCarty, 1987). It is also
obvious that adult lifestyle factors leading to obesity will have profound effects
on health and disease risk that can overcome both genetic and programming
influences.

Evidence that Programming is a Determinant of Human Disease
Risk

Work by other authors in this book will deal with the detailed evidence that
programming during fetal and/or neonatal life contributes to an individual’s, or
population’s, risk for major non-communicable diseases. In brief, however, the
now very large body of evidence may be summarized under two headings:
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Fig. 1.5. Programming and the
determination of disease risk.
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Epidemiological studies

The springboard for current investigations into the fetal programming of adult
disease came from ecological and cohort studies that reported associations
between, first, high infant mortality rates and, secondly, low weight at birth
and later cardiovascular disease (Barker et al., 1993; Barker, 1994). Over the
past decade a significant body of epidemiological evidence has been obtained
suggesting that the environment encountered in fetal life determines risk of major
disease in adulthood. Individuals of low weight at birth have up to twofold
greater risk of coronary heart disease and up to eightfold greater risk of diabetes
later in life (see Chapters 4 and 7, this volume). Similarly, variations in propor-
tions at birth appear predictive of later disease. Diabetes, hypertension and
coronary heart disease associate with thinness at birth. Hypertension and atopic
conditions are predicted by shortness in relation to head circumference (Barker,
1994).

Studies of young adult men exposed to intrauterine famine during the Dutch
Hunger Winter of 1944 indicate that obesity may also be determined, in part,
through nutritional programming (Ravelli et al., 1976; see also Chapter 9,
this volume). Men who were exposed to maternal undernutrition in early to
mid-gestation were twice as likely to become obese by the age of 19 than men
born after the famine. Men who were exposed to fetal undernutrition in late
gestation had a lower risk of obesity. Similarly, Law et al. (1992) noted that
waist–hip ratio, an indicator of how body fat is distributed, was negatively
related to weight at birth. This suggests that abdominal fatness is programmed
before birth. This has enormous consequences in terms of risk of developing the
metabolic syndrome and its associated disease sequelae.

Experimental studies

The hypothesis is that maternal nutrition during pregnancy is the main factor
responsible for this programming of adult disease. The time span between fetal
exposure to nutritional deficits and adult disease endpoints, and the difficulties
of reliably studying the nutritional status of free-living individuals, preclude
the completion of adequate epidemiological studies to properly evaluate the
existence and nature of programming influences upon human health. Although
very robust meta-analyses have cast some doubt on the validity of the associa-
tion between birthweight and human disease endpoints (Huxley et al., 2002;
see also Chapter 5, this volume), a large number of animal models have
demonstrated that exposure to even relatively mild restriction of specific
nutrients in the maternal diet can exert important long-term effects upon cardio-
vascular (Chapter 6, this volume) and renal (Chapter 11, this volume) health,
upon body composition and obesity (Chapter 10, this volume) and upon
glucose metabolism (Chapter 8, this volume). Studies of this nature allow
for invasive measurements and are now being used to evaluate the role
of nutrient–gene interactions and materno-fetal endocrine signalling in the
programming of physiological function and disease processes.
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Introduction

The existence of a relationship between size at birth and disease risk in later life is
now widely accepted. Babies with reduced birthweight have an increased risk of
coronary heart disease, non-insulin-dependent diabetes and stroke, and also of
their risk factors, hypertension, dyslipidaemia and impaired glucose tolerance
(Barker, 1998). These relationships are seen across the birthweight range and
across many different populations (Huxley et al., 2000).

The biological basis of these relationships has been attributed to program-
ming. This term, although widely and often inappropriately used, refers to
a well-established biological phenomenon whereby an insult or stimulus at a
critical period of development results in permanent changes in structure or
function. There are many common and classical examples of this biological
phenomenon (see Chapter 1, this volume). Since all of these examples involve
stimuli or insults during early development, the programming phenomenon
as the basis of the relationship between size at birth and later disease risk is
both biologically plausible and compatible with the epidemiological observa-
tions. This is not to say, however, that small size at birth is critical to the relation-
ship between a programming insult and postnatal disease risk. As will be
discussed in more detail below, it is at least as feasible, and in fact perhaps more
likely, that programming phenomena acting during fetal life may alter both size
at birth and postnatal disease risk through parallel but non-causal pathway
mechanisms.

In the field of the fetal origins of adult disease, the question then arises as to
the nature of the key programming stimuli. A number of programming stimuli
have been proposed, and perhaps the most substantial body of experimental
data supports that of prenatal glucocorticoid exposure (Seckl, 2001). This will be
discussed elsewhere in this book (Chapter 16). The proposal to be discussed in
this chapter is that nutrition is also a key programming stimulus in fetal life. While
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other chapters will address various aspects of nutrition in detail, the aim of this
chapter is to provide an overview of some principles that might be helpful in
understanding the relationships between nutrition, size at birth and later disease
risk.

Nutrition as a Programming Stimulus

Limitation of nutrient supply to the growing fetus was proposed as a key
programming stimulus very early in the story of the fetal origins hypothesis
(Barker, 1992). This proposal was later modified to suggest that the program-
ming stimulus arose when nutritional supply to the fetus was inadequate for fetal
demand (Barker, 1998). This minor modification took into account some of the
more confusing aspects of the epidemiological and physiological observations,
as discussed below. However, despite many apparently contradictory studies,
the hypothesis that nutrition can be a programming stimulus, and indeed
perhaps may be the major programming stimulus, arises largely from three
lines of evidence as described in the following sections.

Animal studies

From the time of the first reported epidemiological observations of a relationship
between size at birth and later disease risk, growth physiologists have attempted
to reproduce such observations in experimental animals. Small size at birth can
be induced in a number of ways in experimental animals, but most easily and
simply by inducing varying degrees of maternal undernutrition. From the first,
therefore, maternal undernutrition was in widespread use in animal experiments
investigating the effects of reduced birth size on postnatal physiology. Such
experiments rapidly bore fruit, with the demonstration that lowering the protein
content of the diet in pregnant rats resulted not only in reduced birthweight but
also in increased blood pressure (Langley and Jackson, 1994) and impaired
glucose tolerance (Desai et al., 1995) in their adult offspring. Such experiments
were readily replicated, showed a dose–response effect, and rapidly convinced
many doubters that such an apparently implausible relationship as that reported
between birthweight and postnatal disease risk in humans may indeed have a
biological basis.

Similar experiments have now been undertaken in guinea-pigs (Persson
and Jansson, 1992; Kind et al., 2003) and sheep (Hoet and Hanson, 1999;
Oliver et al., 2001a,b, 2002). Thus there can be no doubt that, in a number of
animal species, restriction of maternal nutrition can lead both to reduced size at
birth and also to permanent changes in postnatal physiology. Hence there is
clear experimental evidence for the hypothesis that nutrition may be a key
programming stimulus.
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Human evidence

Clear-cut data on the relationship between maternal nutrition during pregnancy,
size at birth and postnatal disease risk are extremely difficult to obtain for human
populations. Some of these difficulties are discussed below. However, there are
some limited data that are becoming increasingly convincing. The first are those
related to the outcome of the Dutch Hunger Winter. This involved a 5-month
period at the end of the Second World War, when a part of the previously
well-nourished population of The Netherlands was exposed to severe famine.
Since the famine was of limited duration and abrupt in both onset and relief, it
has been possible, by following up the infants born to women exposed to the
famine, to determine the relationship between maternal famine exposure, size at
birth and later disease risk. These studies are ongoing, but those completed to
date have shown that severe maternal famine can result in altered postnatal
disease risk in the offspring. Babies exposed to famine at different times during
gestation had altered birthweight (Lumey et al., 1993) and, as adults, had an
increased risk of glucose intolerance (A.C. Ravelli et al., 1998), obesity (G.-P.
Ravelli et al., 1976; A.C. Ravelli et al., 1999), an atherogenic lipid profile
(Roseboom et al., 2000a), altered coagulation profile (Roseboom et al., 2000b)
and perhaps increased risk of coronary heart disease (Roseboom et al., 2000c).
Interestingly, these relationships were not confined to famine exposure in late
gestation, nor were they confined to babies of lower birthweight. The issues
of the timing of the undernutrition and of the dissociation from effects on birth-
weight will be discussed later. Suffice it to say for now that these pseudo-
experiments as the result of the atrocities of war have provided perhaps the best
evidence to date that maternal undernutrition may function as a programming
stimulus for postnatal disease risk in humans.

Biological plausibility

The third line of evidence supporting the hypothesis that nutrition can be a key
programming stimulus arises essentially from its biological plausibility. It has
been estimated that only perhaps 15% of variation in birthweight in humans
may be due to genetic influences (Polani, 1974) while the majority is related to
aspects of maternal size and body composition. Early cross-breeding experi-
ments between large and small parents of the same species confirmed the impor-
tance of maternal size rather than genetic origin in determining size at birth
(Walton and Hammond, 1938). Such experiments have been replicated in many
species and by embryo transplant experiments to exclude parent-of-origin effects
(Snow, 1989; Allen et al., 2002). In human pregnancy after assisted fertilization
techniques, size at birth is also related to the size of the host mother rather than
that of the egg donor (Brooks et al., 1995), again confirming the critical role of
the mother in the regulation of fetal growth.

This normal limitation of fetal growth in late gestation, such that size at birth
is related to maternal phenotype, reflects a phenomenon called maternal con-
straint. Maternal constraint reflects the limitation imposed by capacity of the
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mother to supply nutrients to her fetus. The major regulator of fetal growth in the
late gestation mammalian fetus is thus nutrient supply. Since nutrient supply is
the major regulator of size at birth, and size at birth relates to postnatal growth
and function, there is clear plausibility for the thesis that nutrition before birth is a
key programming stimulus.

Some of the experimental details lying behind this apparently straight-
forward thesis are now discussed in more detail.

Nutritional Regulation of Fetal Growth

Fetal growth is regulated in a fundamentally different way from postnatal growth
(Table 2.1). In postnatal life, growth is largely regulated by the child’s genetic
heritage, with the best predictor in childhood of ultimate adult height being
mid-parental height. Provided minimal nutritional and emotional requirements
are met, this genetic determination of fetal growth is mediated via the child’s
endocrine status, most notably that of the somatotrophic (growth hormone
(GH)/insulin-like growth factor (IGF)) axis. However, in fetal life, genetics are
thought to contribute only a small amount to regulation of fetal growth. Fetal
nutrition appears to be the major regulator of fetal growth, and fetal endocrine
status, particularly that of the insulin and the somatotrophic axes, primarily
mediates the effects of nutrition rather than the effects of genetic heritage.

Nutrition of the fetus

Despite extensive data in experimental animals showing that maternal
undernutrition results in reduced size at birth, it has been widely believed that
maternal nutrition has little effect on the growth of the baby in human preg-
nancy. Nevertheless there is clear evidence that women with chronic under-
nutrition have an increased risk of having small babies (Kramer, 1987). It has
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Fetal growth Postnatal growth

Genetic influences
Nutrition

Endocrine regulation
Growth hormone (GH)
IGF-1
Insulin

Normally constrained by maternal
factors

Small
Limited especially in late gestation
May be limited by placental

function

Minimal effect
Important, regulated by nutrition
Important, regulated by nutrition

Normally to genetic potential

Dominant
Permissive

Dominant
Important, regulated by GH
Permissive, regulated by

nutrition

IGF-I, insulin-like growth factor-I.

Table 2.1. Differences between the major regulators of growth before and after birth.
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also been shown that in an apparently well-nourished developed population, as
many of 32% mothers delivering otherwise unexplained small-for-gestational-
age babies have evidence of an eating disorder before and/or during pregnancy
(Conti et al., 1998). Thus even in generally well-nourished populations, overall
maternal nutrient intake can influence the size of the baby.

The most clear-cut evidence of the effects of severe maternal undernutrition
only during pregnancy, as opposed to before as well as during pregnancy,
derives from the studies of the Dutch famine. These studies show that in a
previously well-nourished population, severe famine in late gestation results in a
decrease in mean birthweight (Lumey et al., 1993).

In contrast, numerous clinical trials of nutritional supplementation during
pregnancy in women with varying degrees of chronic malnutrition have resulted
in only very small changes in birthweight (weighted mean difference +25 g).
This is the case even in those populations most likely to benefit, i.e. chronically
undernourished women receiving balanced protein calorie supplementation
(weighted mean difference +24 g) (Kramer, 2002a). However, the risk of giving
birth to an infant that is small for gestational age is substantially reduced in these
studies (odds ratio 0.64, 95% confidence intervals 0.53–0.78) (Kramer, 2002a),
suggesting that some babies may benefit much more than others from maternal
supplementation. How might these findings be compatible with the earlier asser-
tion that nutrition is the major regulator of fetal growth in late gestation?

Perhaps the most critical point is the recognition of the distinction between
maternal nutrition and fetal nutrition. The fetus lives at the end of a long ‘supply
line’, whereby the supply of nutrients to the fetus, rather than to the mother,
determines fetal growth (Fig. 2.1). Thus the nutrients available to the fetus
depend not only on maternal dietary intake but also on her metabolic and
endocrine profile regulating the circulating nutrients in her blood which are
potentially available to the fetus. These nutrients are then transported to the
placenta, determined in part by the uterine blood flow, and across the placenta,
regulated in part by placental size and function (see below). Finally, nutrients
are taken up into the fetus, regulated by both umbilical blood flow and by fetal
endocrine status.

This whole series of coordinated and interconnected steps contributes to the
potentially large differences between maternal nutrition and fetal nutrition. Many
common causes of impaired fetal growth in developed communities act by
impairing various steps along the fetal supply line. Thus fetal nutrition, and
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Fig. 2.1. The fetal supply line. Multiple factors at each step along the supply line will
determine the ultimate effect of any change in maternal nutrition on fetal nutrition and hence
on fetal growth.
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hence fetal growth, can be severely impaired if uterine blood flow is reduced,
such as by maternal pre-eclampsia, despite good levels of maternal nutrient
intake. Similarly, quite marked limitation of maternal nutrient intake may have
little effect on fetal nutrition, and hence on fetal growth, if the maternal endo-
crine status, blood flow and placental transfer capacity combine to provide a
very efficient supply of these nutrients to the fetus.

The mechanisms by which fetal nutrition, in turn, regulates fetal growth are
multiple and are touched on here only briefly. First, nutrition may regulate the
function of the supply line, and particularly placental structure and function
(see below). Secondly, the major endocrine and paracrine regulators of growth
in the fetus are themselves regulated by fetal nutrition. Fetal growth can be seen
as mediated by the balance of the major anabolic and catabolic hormones in
the fetus (Table 2.2). The major anabolic hormones, particularly insulin and the
IGFs, stimulate the uptake of glucose and amino acids into fetal tissues (Fowden
and Hay, 1988; Harding et al., 1994; Liu et al., 1994), while thyroid hormones
regulate oxygen uptake (Fowden and Silver, 1995). However, increased sup-
plies of these hormones, provided experimentally in the absence of increased
nutrient supply, do not result in increased overall growth of the fetus (Fowden
et al., 1989; Lok et al., 1996). Rather, the levels of these hormones are them-
selves regulated by nutrient supply, and particularly that of glucose, amino acids
and oxygen (Oliver et al., 1993, 1996).

This linking of fetal growth to nutrient supply by the regulation of fetal endo-
crine status provides an efficient mechanism to prevent overgrowth of the fetus.
Teleologically, the fetus must not grow so big that fetal nutrient demand exceeds
the maternal capacity to provide nutrients, nor so big that it exceeds maternal
capacity eventually to deliver the baby. Hence the normal phenomenon of
maternal constraint operates via limitation of fetal growth according to the
maternal capacity to deliver nutrients. This limitation is, at least in part, via
the nutritional regulation of the fetal endocrine mediators of fetal growth.

Fetal substrates

The major metabolic substrates of the late gestation mammalian fetus are
glucose, lactate and amino acids. This appears to be true in all species studied to
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Anabolic Catabolic

Insulin
IGFs
Thyroid hormone
Epidermal growth factor
Other growth factors (e.g. fibroblast growth factor)
Transforming growth factor b

Glucocorticoids
Catecholamines
Inflammatory cytokines

IGFs, insulin-like growth factors.

Table 2.2. Some major endocrine and paracrine regulators of fetal growth in late
gestation.
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date, although the proportions vary in different species and at different times in
gestation. Other substrates may also contribute to a small degree in some species
(Fowden, 1994; Harding and Gluckman, 2001). For example, the human fetus
in late gestation largely uses glucose as its major oxidative substrate. Species
with large amounts of adipose tissue at birth, such as the guinea-pig and human
newborn, also derive some oxidative metabolic substrate from free fatty acids
which readily cross the placenta. This placental transfer does not occur in other
commonly studied laboratory species.

Despite these similarities in the major fetal substrates, there are important
species differences in both maternal and fetal metabolism that must be under-
stood in order to interpret the likely effect of altered nutrition on the fetus in
different species. A few examples of this are given below.

First, maternal metabolism varies between species. The common species
used for studies of fetal growth, metabolism and endocrinology is the sheep.
This is because the fetal sheep is large, has a prolonged gestation and
tolerates intrauterine surgery and instrumentation without premature delivery.
However, the sheep is a ruminant. That is to say, circulating glucose in the
mother is not derived from the diet. Rather, the maternal dietary substrates
are fermented in the rumen, releasing gluconeogenic substrates, largely
short-chain fatty acids and amino acids, which are then used by the maternal
liver to synthesize glucose. This results in potentially large fluctuations in
circulating maternal glucose concentrations, depending on maternal eating
pattern. Thus undernutrition of the pregnant ewe results in direct undernutrition
of her fetus, because maternal blood glucose concentrations fall, leading to
reduced glucose supply to the fetus. The immediate effect of maternal under-
nutrition on the fetus is likely to be much smaller in human pregnancy, where
glucose is derived from the diet as well as being synthesized by the maternal
liver. Limited maternal nutrition therefore results in much smaller decreases in
maternal blood glucose in the pregnant human than in the sheep, and hence
fetal glucose supply is better maintained during maternal undernutrition in
human pregnancy.

Secondly, placental function varies between species, both in terms of
placental metabolism and substrate transfer capacity. Maternal undernutrition in
many species results in the generation of ketones from fatty acids in the maternal
liver. These may substitute for glucose as a metabolic substrate for maternal
tissues. In sheep, ketones cross the placenta to the fetus in only small amounts
(Miodovnik et al., 1982). Rather, they are taken up by the placenta (Thorstensen
et al., 1995), apparently substituting for glucose in placental oxidative meta-
bolism to maintain placental lactate production, while sparing glucose supply
for the fetus. In contrast, the human placenta is permeable to ketones and fatty
acids (Paterson et al., 1967; Saleh et al., 1989), which are then available to fetal
tissues. The fetal brain has been shown to take up ketones preferentially as
a metabolic substrate (Adam et al., 1975). Again, this potentially spares glucose
for other tissues. Thus, in the sheep, maternal undernutrition results in altered
fetal substrate uptake, with reduced glucose uptake, increased amino acid
oxidation and maintenance of lactate supply via placental ketone metabolism
(Harding and Gluckman, 2001). In the human, maternal undernutrition results
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in better maintenance of fetal glucose supply and the availability of ketones
as an alternative substrate for the fetal brain. Thus apparently similar nutri-
tional insults can result in very different fetal metabolic responses in different
species.

Thirdly, differing growth rate and body composition in fetuses of different
species will place different demands on the available nutrient supply (Harding,
2001). Thus a small animal with a short gestation, such as the guinea-pig,
has fetuses with a relatively high growth rate in late gestation (68 g/kg/day)
compared with larger species with a longer gestation, such as the human
(15 g/kg/day) or horse (9 g/kg/day) (Fowden, 1994). Such small fetuses must
allocate a larger proportion of their total energy consumption for growth (76%
versus 43% in human or 17% in horse fetuses). Restriction of nutrient supply
would therefore be predicted to have a much greater effect on fetal growth in
these small species than it would in a larger species with a relatively smaller
demand.

Similarly, species such as the guinea-pig and human infant have a much
higher proportion of body fat at birth than many other commonly studied
species (12 and 16%, respectively, versus 2% in the horse) (Fowden, 1994). Fat
has a very high energy density, and therefore a given rate of fat tissue acquisition
will require a higher energy input than other tissues. Thus, once again, these
species must allocate a larger proportion of available energy supply for tissue
growth. Restriction of nutrient supply would therefore be predicted to have
greater effect on fetal fat deposition in these species than in those that are leaner
at birth.

Fetal growth trajectory

The epidemiological studies have related size at birth, generally as reflected in
birthweight, to subsequent disease risk. Size at birth is generally accepted as
reflecting an integrated sum of the processes involved in regulating fetal growth.
While this may well be true, it is also critical to recognize that birthweight is not
the same as fetal growth, and that very different intrauterine growth patterns may
result in very similar birth phenotypes.

We have shown in sheep that fetal growth trajectory is set very early in
pregnancy (Harding, 1997a). Ewes that were undernourished from 60 days
before until 30 days after conception, and subsequently well nourished for the
remainder of pregnancy, had fetuses with a slow growth trajectory in late gesta-
tion. When examined at 125 days’ gestation these fetuses were of normal weight
and length compared to well-nourished controls (term = 145 days) (Harding,
1997b). When allowed to deliver spontaneously, such fetuses also had normal
birthweight, although their girth was reduced (Hawkins et al., 2000a). Further-
more, these slowly growing fetuses were able to continue their slow growth
trajectory in the face of a 10-day period of severe maternal undernutrition in late
gestation, whereas rapidly growing fetuses of periconceptually well-nourished
ewes slowed their growth in the face of late gestation undernutrition (Harding,
1997b). Once again, the effect of each of these changes in growth, both in the
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periconception period and in response to late undernutrition, did not result in
altered weight or length of the fetus close to term. However, it did result in differ-
ent fetal body composition. Ten days of maternal undernutrition in late gestation
increased the size of the fetal heart and kidneys. Periconception undernutrition
alone also increased fetal heart size. The combination of both periconception
plus later undernutrition reduced brain size, while late undernutrition in a
previously well-nourished fetus reduced lung size (Harding, 1997b; Harding
and Gluckman, 2001).

These studies demonstrate some of the complexities of the interaction
between nutrition, different fetal growth trajectories and size at birth. First,
growth trajectory may be set very early in pregnancy. This is consistent with
other experimental data (see below), and also with the finding in human
pregnancy that fetuses that were already small on ultrasound in the first trimester
had a high risk of being born small (Smith et al., 1998). Secondly, patterns of
early growth may determine later responses to subsequent nutritional insults.
These effects would be extremely difficult to detect in human pregnancy. Thirdly,
weight and length at birth reflect very little of the variation in growth trajectory
during pregnancy.

Finally, the effect of different growth trajectories on postnatal growth,
body composition and pathophysiology has yet to be determined. We have
shown that sheep undernourished for 20 days in late gestation have reduced
size at birth and, despite rapid postnatal catch-up growth, have altered body
composition, but not body weight, as adults (Oliver et al., 2001b). Despite this
altered phenotype, they do not have perturbations in glucose tolerance or
hypothalamo–pituitary–adrenal (HPA) axis function in adulthood (Oliver et al.,
2002; Bloomfield et al., 2003a). In contrast, we found that sheep under-
nourished for only 10 days in late gestation have normal size at birth but
show postnatal perturbation in glucose tolerance and HPA axis function.
Interestingly, the changes in glucose tolerance were related to size at birth rather
than nutrition group, while the changes in HPA axis function were related to
nutrition group, and hence to growth trajectory before birth, rather than to size
at birth.

These findings provide some interesting clues as to the possible causal
relationships between maternal nutrition, size at birth and later disease risk.
Given the dissociation already described between maternal nutrition and fetal
nutrition, and between fetal growth and size at birth, a direct causal relationship,
as initially proposed, seems most unlikely (Fig. 2.2). Rather, our findings suggest
that there are likely to be multiple different pathways by which nutrition before
birth may act as a programming stimulus for later disease risk. Changes in
maternal nutrition may or may not alter fetal nutrition. In turn, altered fetal
nutrition is likely to alter fetal growth trajectory, but may or may not alter size at
birth. Structure and function of different organ systems, and thus different
possible postnatal disease risks, are likely to be affected differently by each of
these perturbations. If this schema is correct, then both the search for a single
programming stimulus or critical period, and the search for a simple relationship
between maternal nutrition and postnatal disease risk, are equally doomed to
failure.
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Body proportions

It is widely assumed that nutritional insults at various times in gestation result
in different patterns of fetal growth and different body proportions at birth.
In particular, the presumption has been that fetal nutrient limitation in late
gestation, particularly in the last trimester, results in fetuses that, at birth, have
asymmetrical body proportions, with relative preservation of head growth and
reduced body weight, particularly fat mass. In contrast, symmetrically small
babies are thought to have experienced a nutritional insult from early in
pregnancy, resulting in proportionate reduction in body weight, length and head
circumference (Barker et al., 1995; Dennison et al., 1997). Many widely used
texts describe these two different patterns of fetal growth restriction as having
different causes, providing different clinical problems and warranting different
management. However, more careful study of body proportions across large
human datasets has failed to distinguish these two different populations of
growth-restricted babies (Kramer et al., 1989). Rather, there appears to be a
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Fig. 2.2. Possible causal pathways in the nutritional origins of adult disease.
(A) Simple causal relationship. Maternal nutrition determines size at birth, which in
turn determines postnatal disease risk. It is clear that this model no longer fits the
available experimental data. (B) Indirect relationship. Maternal nutrition determines
both size at birth and postnatal disease risk. In this model, programming of postnatal
disease risk can occur without perturbation of size at birth, consistent with some of
the experimental data. (C) Multiple pathways. Fetal nutrition, rather than maternal
nutrition, is the underlying programming stimulus. This determines postnatal
disease risk either directly, or indirectly via fetal growth trajectory, with or without
perturbation of size at birth. Recent experimental data suggest a model of at least
this complexity.
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continuum of alteration in fetal growth and body proportions, consistent with a
continuum of altered growth trajectories as described above.

Furthermore, there are few experimental data to support the concept of
different timings of nutritional insult resulting in different fetal growth patterns.
Indeed, in sheep, it is fetuses exposed to maternal undernutrition from early
or mid-pregnancy through to term that have reduced ponderal index (i.e. are
thin), whereas fetuses exposed to maternal undernutrition only in early or
mid-pregnancy have an increased ponderal index (Owens et al., 1996).

There is also a widespread, but somewhat simplistic, perception that the
major mechanism by which nutrient limitation to the fetus results in impaired
fetal growth is by simple limitation of substrate supply for tissue synthesis. While
this may undoubtedly be true, particularly for some micronutrients (see below), it
is by no means apparent from the available experimental data that this is the
only phenomenon. For example, it is now clear that maternal undernutrition in
the first half of pregnancy, during which time embryonic and fetal nutrient
requirements are tiny and most unlikely to exceed supply, still results in per-
turbed growth of the fetus. Maternal protein restriction in pigs results in reduced
fetal weight and length at mid-gestation, although protein requirements at this
time must be trivial relative to uterine supply (Pond et al., 1991). Similarly, we
have shown in sheep that maternal undernutrition either around the time of
conception or in late gestation, for a defined period, may result in an increase
rather than decrease in the size of the fetal heart, liver and kidneys (Harding,
1997b; Harding and Gluckman, 2001). Limited nutrient supply for tissue
growth cannot simply explain an increase in organ size in this way. However,
the mechanisms by which these changes occur are by no means clear.

One commonly proposed mechanism for the observed altered body
proportions is that the fetus with asymmetrical growth restriction and relative
preservation of head size has been hypoxic in utero. The hypothesis here is
that hypoxaemia results in altered distribution of cardiac output with relative
preservation of brain blood supply, and thus allows continued growth of the
fetal brain at the expense of the periphery, particularly muscle and viscera (see
Chapter 3, this volume). There is no doubt that such redistribution of cardiac
output does occur during fetal hypoxaemia (Thornburg and Morton, 1994).
Furthermore, there is good evidence that this does happen in some growth-
restricted human fetuses, and that the redistribution of cardiac output can
be reversed by administration of supplemental oxygen (Arduini et al., 1988;
Meyenburg et al., 1991). However, it is also clear that hypoxaemia occurs only
late in the process of fetal growth restriction, and that many fetuses with impaired
fetal growth are not hypoxaemic in utero (Nicolaides et al., 1989). Furthermore,
relative preservation of head size is also seen in fetal sheep after maternal
undernutrition, when the fetuses are clearly documented not to be hypoxaemic
(Harding, 1997a). Indeed, if anything, there is an increase in fetal oxygenation
during maternal undernutrition because reduced fetal growth results in reduced
oxygen demand (Harding and Gluckman, 2001). Thus hypoxaemia alone
cannot explain ‘head sparing’ in many situations.

There are a number of other mechanisms by which altered body proportions
may occur in response to limited fetal nutrient supply. As already discussed, the
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uptake of glucose and amino acids into fetal tissues is, in part, regulated by fetal
insulin and IGF concentrations. However, some tissues are able to take up
glucose in the absence of insulin; most notably the brain and the liver. Thus
reduced fetal glucose supply will result in reduced circulating fetal insulin
levels and reduced glucose uptake into insulin-sensitive tissues such as
muscle. However, glucose uptake into the brain will be maintained, potentially
preserving brain growth at the expense of peripheral tissues.

Similarly, as already described, maternal undernutrition in humans results in
increased supply of ketones that cross the placenta (Saleh et al., 1989). Ketones
are taken up preferentially by the fetal brain (Adam et al., 1975; Harding and
Evans, 1991). Once again, brain growth may therefore be maintained in the face
of limited glucose supply, in this case by substitution of alternative substrates.
Similarly, lactate is taken up preferentially by the fetal heart (Fisher et al., 1980)
for use as an oxidative fuel, and, at least in sheep, maternal undernutrition
results in relative preservation of fetal lactate supply (Harding and Gluckman,
2001). Thus growth of the fetal heart may also be maintained by substrate
substitution, even in the face of limited glucose supply.

To summarize, while there is no doubt that hypoxaemia may contribute to
altered distribution of cardiac output, and hence altered body proportions, in
some growth-restricted fetuses, there are many other, potentially more complex,
mechanisms whereby altered body proportions may result from limited substrate
supply. These mechanisms are likely to vary between species and with timing
and duration of the nutritional insult.

Nutritional Regulation of Placental Function

The placenta forms perhaps the most complex and critical part of the fetal supply
line. There are a number of ways in which the placenta might influence fetal
nutrition and hence fetal growth. In turn, many of these mechanisms are
themselves influenced by nutrient supply, providing an additional layer of
complexity in our understanding of the possible role of nutrition as a
programming influence.

Nutritional regulation of placental growth

There are many reports of a relationship between placental size and long-term
risk, particularly of hypertension and coronary heart disease (Godfrey, 2002). In
most studies, the relationship is with fetal–placental weight ratio, i.e. fetal growth
relative to that of the placenta, rather than with absolute placental weight. A
change in this ratio therefore suggests a mismatch between fetal and placental
growth. The reported relationships are also quite variable, with both high and
low ratios being associated with increased disease risk, and even relationships of
a U-shape being reported (Martyn et al., 1996).

Some of the difficulties in understanding these varying, and often conflict-
ing, reports are in part because the factors that regulate placental growth are
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poorly understood. First, placental weight is a rather gross measure of the
complexities of placental function. Secondly, as described above, there are
marked species differences that need to be kept in mind. The pattern of changes
in fetal–placental weight ratios with gestation are different in different species.
For example, in sheep, placental weight reaches its maximum in mid-pregnancy
and then declines again towards term, at the same time as fetal weight is
increasing rapidly (Barcroft, 1946). In contrast, in the human placenta, weight
continues to increase up until term, albeit at a much slower rate than that of the
fetus. Despite these differences in growth pattern, all species show ongoing
placental maturation in late gestation, with increasing placental structural
changes resulting in increased surface area and potential transport capacity
as fetal demand is increasing rapidly towards term.

In general, prolonged maternal undernutrition during pregnancy in experi-
mental animals results in reduced weight of both the fetus and placenta, and
an increase in the fetal–placental weight ratio, suggesting greater placental
efficiency and/or preservation of fetal growth relative to that of the placenta.
However, maternal undernutrition in early pregnancy, or a change in nutrition in
mid-pregnancy, can result in increased placental weight (Faichney and White,
1987; Kelly and Newnham, 1990; Kelly, 1992; Heasman et al., 1998). Similarly,
in adolescent sheep, a high plane of nutrition throughout pregnancy results in
reduced size of the placenta and the fetus, apparently because available nutrients
are used to support growth of the mother at the expense of the conceptus
(Wallace et al., 2001). However, if maternal food intake is reduced from 50
days’ gestation, placental weight and lamb birthweight are increased (Wallace
et al., 1999). These findings raise interesting questions about how placental
growth is regulated very early in pregnancy ‘in anticipation’ of increased fetal
demand later in gestation. These animal findings also parallel human studies.
One study in an apparently well-nourished population found that low carbohy-
drate intake in early pregnancy, particularly when associated with high protein
intake in late pregnancy, resulted in an increased placental weight relative to that
of the fetus at birth (Godfrey et al., 1996). Similarly, women who were exposed
to famine in early pregnancy during the Dutch Hunger Winter and who subse-
quently were well nourished had increased placental weight at term (Lumey,
1998).

Changes in placental weight are also a poor measure of placental structure,
and hence potential transport capacity. Guinea-pigs subjected to undernutrition
before and during pregnancy have reduced placental weight. However, their
placentas also show reduced exchange surface area and mean barrier thickness
for diffusion (Roberts et al., 2001). Thus the impairment of placental transport
capacity is likely to be even greater than the change in gross placental weight
would suggest. Similar findings have been reported in sheep after changes in
maternal nutrition in mid-gestation, which resulted in increased placental size,
suggesting that the apparent compensation for nutrient limitation may be less
than predicted on the basis of placental weight alone (Robinson et al., 1994).

Oxygenation also appears to be important in the regulation of placental
growth. In human pregnancy maternal anaemia is associated with increased
placental–fetal weight ratio (Lao and Wong, 1997). Both anaemia and hypoxia
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also alter the structure of the placenta, and particularly vascular development
(Burton et al., 1996; Kadyrov et al., 1998). Since the placenta receives a large
proportion of fetal cardiac output, placental vascular resistance has a major influ-
ence on fetal cardiac load and hence on long-term cardiovascular development
(Thornburg, 2001). Thus changes in the placental vascular structure induced by
altered nutrition and oxygen supply may contribute an explanatory link between
fetal nutrition, postnatal cardiovascular function and disease risk.

Placental transport capacity

Nutrients required by the fetus cross the placenta by several different mecha-
nisms. Many important small molecules, such as oxygen, cross the placenta by
simple diffusion down a concentration gradient. The rate of diffusion is therefore
determined by blood flow, placental surface area and barrier thickness.
As already described, these in turn may be influenced by maternal nutrition,
especially in early pregnancy.

Other critical fetal macronutrients cross the placenta by carrier-mediated
mechanisms. The major fetal oxidative substrate, glucose, crosses the placenta
by facilitated diffusion using the glucose transporters (GLUTs). The concen-
trations of the GLUTs vary on both the maternal and fetal sides of the placental
barrier. We have previously shown in rats that maternal undernutrition in early,
but not late, pregnancy results in increased placental expression of GLUT 1
throughout pregnancy (Gluckman et al., 1996). We have also found that both
acute hyper- and hypoglycaemia increase the expression of GLUT 1 and GLUT
3 in the sheep placenta (Currie and Bassett, unpublished). In human placental
syncytial cells in culture, glucose transporter activity is inversely related to
extracellular glucose concentrations (Illsley et al., 1998).

Another major group of essential fetal substrates, amino acids, crosses
the placenta by active transport using a number of amino acid transporters.
Evidence for nutritional regulation of these transporters is still evolving (Battaglia
and Regnault, 2001). However, the placentas of human intrauterine growth-
restricted fetuses have reduced expression and activity of a number of amino
acid transporters (Mahendran et al., 1993; Sibley et al., 1997). The reduction
in sodium-dependent system A transporter activity in human placentas is also
proportional to the severity of the growth restriction (Glazier et al., 1997).

Placental metabolism

The placenta may markedly influence fetal nutrition by its own metabolic pro-
cesses. This occurs in several ways. First, the placenta is a highly metabolically
active organ, consuming at least half of the available glucose and oxygen
delivered via the utero-placental circulation in late-gestation sheep (Owens et al.,
1987a,b). When the delivery of nutrients is reduced by acute maternal under-
nutrition in sheep, glucose consumption by the placenta is decreased, sparing
glucose for fetal consumption (Harding and Gluckman, 2001). When placental
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size, and hence fetal growth, is restricted by limited placental implantation sites
(carunclectomy), there is also a redistribution of nutrients between the fetus
and placenta, with the placenta now receiving proportionately less glucose and
oxygen than the fetus (Owens et al., 1989). However, if the supply of nutrients
to the placenta is reduced, by decreasing uterine blood flow, placental glucose
consumption may be maintained at the expense of the fetus by placental uptake
of glucose from the fetal rather than from the maternal circulation (Gu et al.,
1987). Thus, under some circumstances, the need to maintain placental meta-
bolic demand may compromise nutrient supply to the fetus. Similarly, in fetal
growth restriction induced by carunclectomy in sheep, the placenta may take up
amino acids from the fetal circulation to maintain placental metabolic demand at
the expense of the fetus (Owens et al., 1989). This observation may explain the
clinical observations of fetal wasting in late gestation in some growth-restricted
human fetuses (Divon et al., 1986).

The second mechanism that contributes to placental metabolic regulation
of fetal nutrition is that placental metabolism itself provides some important
fetal nutrients. One of the key fetal substrates, lactate, is produced in the
placenta, largely from glucose of both maternal and fetal origin (Gu et al., 1987).
Lactate may be a key fetal nutrient, in part, because it does not readily cross the
placenta out of the fetal circulation. Hence, even when supply of glucose from
the mother is reduced, ongoing lactate production by the placenta maintains
a substrate that is specifically available in the fetal circulation. Similarly, the
placenta takes up branched-chain amino acids from the maternal circulation
and produces the related keto acids for release to the fetus, again maintaining a
supply of potential oxidative substrates in the fetal circulation (Smeaton et al.,
1989).

Placental metabolism is also required to provide key nutrients to the fetus
by a series of complex, and as yet poorly understood, series of feto-placental
metabolic interactions (Battaglia and Regnault, 2001). For example, there is
a glutamine–glutamate cycle in the feto-placental unit (Chung et al., 1998).
Glutamine is taken up by the fetus from the placenta in large amounts. The fetal
liver then deaminates this glutamine to glutamate, which is, in turn, taken up and
oxidized in large amounts by the placenta (Vaughn et al., 1995). The function
of this cycle is not clearly defined, but glutamine synthesis may provide a
mechanism for placental transfer of ammonia nitrogen to the fetus for disposal as
urea (Faichney, 1981). There is some evidence that fetal capacity for urea
synthesis is impaired in growth-restricted human neonates (Boehm et al., 1991;
van Goudoever et al., 1995). It has also been proposed that placental glutamate
oxidation may be important for placental steroidogenesis and for purine synthe-
sis, and hence may contribute to the regulation of fetal growth (Makarewicz and
Swierczynski, 1988; Battaglia and Regnault, 2001).

Similarly, there is a feto-placental serine–glycine cycle (Chung et al., 1998).
Neither serine nor glycine crosses the placenta from the mother in large amounts.
Rather, most is synthesized within the feto-placental unit (Moores et al., 1993).
Serine is converted to glycine in the placenta and glycine is converted to serine
in the fetal liver (Cetin et al., 1991, 1992). The net result of this cycle, and
particularly the placental synthesis of glycine from serine, is the directing of the b
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carbon of serine into synthetic reactions requiring activated single-carbon units,
such as nucleotide synthesis and DNA methylation (Chung et al., 1998).
These placental metabolic pathways may interact (Fig. 2.3), becoming critically
important in the regulation of cell division and gene activation, essential for
normal growth. It should also be noted that this cycle depends on folate cofactors
(see below). Thus there are a number of mechanisms by which placental
function is regulated by nutritional status, and the placenta, in turn, contributes
to the regulation of fetal nutrition.

Placental endocrinology

The placenta may also have a major influence on fetal nutrition via its contribu-
tion to the regulation of maternal and fetal endocrine status. In both humans and
sheep, the placenta produces large amounts of placental lactogen and growth
hormone. Both hormones have an important influence on maternal metabolism,
contributing to the insulin resistance of pregnancy and thus increasing the
availability of glucose and fatty acids in the maternal circulation potentially
available for the fetus and fetal growth (Gluckman, 1995). They may also con-
tribute to the regulation of fetal nutrient supply via their effects on maternal
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Fig. 2.3. Diagram of some feto-placental interactions in amino acid metabolism,
and their possible contribution to placental purine synthesis. CH2THF, methylene
tetrahydrofolate.
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appetite. Recombinant placental lactogen enhances appetite in young lambs
(Min et al., 1996), while GH administration reduces food intake in pregnant
sheep (Oliver, unpublished observations).

In addition, GH contributes to the regulation of nutrient partitioning
between mother and fetus (Palmer et al., 1996). In undernourished rats, GH
administration increases maternal weight gain but inhibits fetal growth (Chiang
and Nicoll, 1991), apparently because available nutrients are directed towards
maternal tissues at the expense of fetal growth. However, in well-nourished
mothers, GH treatment increases fetal weight in both rats (Sara and Lazarus,
1975) and sheep (Blanchard et al., 1991; Jenkinson et al., 1999). In turn, both
GH and placental lactogen secretion are regulated by nutrition, with maternal
undernutrition inducing a prompt rise in concentrations of both GH (Bauer et al.,
1995) and placental lactogen (Oliver et al., 1992) in fetal sheep.

Placental endocrine function may, in turn, contribute to regulation of
placental transport capacity. Maternal GH administration for 10 days in sheep
results in increased placental transfer capacity for simple diffusion (Harding
et al., 1997). Both maternal and fetal IGF-I concentrations also appear to regu-
late placental function. Short-term maternal IGF-I infusion increases placental
uptake of glucose and amino acids (Liu et al., 1994), while fetal IGF-I infusion
increases their transfer from placenta to fetus (Harding et al., 1994). Again, both
maternal and fetal IGF-I concentrations are regulated by glucose and insulin
supply (Oliver et al., 1993, 1996). In turn, the placenta also contributes to the
regulation of fetal endocrine status, taking up IGF-I from the circulation when
concentrations are high, and secreting IGF-I into the fetus when concentrations
are low (Iwamoto et al., 1992). In these several different ways, nutritional supply
to the mother and to the fetus are tightly linked with placental function and fetal
growth.

Maternal Nutrition and Fetal Programming

It is generally accepted that women’s total macronutrient and energy intake
during pregnancy has little effect on birthweight. As referred to above, energy
supplements result in little change in birthweight, even in undernourished
populations (Kramer, 2002a). It has been proposed that this may be because the
minimum level of nutrients required to support fetal growth is really quite low,
and that above this minimal level, pregnant women can adapt to a wide variety
of food intake with minimal or no effect on the birthweight of their baby (Lechtig
et al., 1975).

However, this does not mean that maternal diet has no programming effect
on the fetus. Rather, the balance of protein and energy intake may be critical.
Careful review shows that those studies involving nutritional supplement during
pregnancy, where a high proportion of the supplemental calories are derived
from protein, may actually decrease birthweight (weighted mean difference
−58 g) (Kramer, 2002b). This is consistent with other findings that the balance
of macronutrients in the maternal diet may have longer-term effects on their
offspring. Women consuming a low-carbohydrate diet in early pregnancy, and
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particularly when associated with a high-protein diet in late pregnancy, have, on
average, smaller, thinner babies with smaller placentas (Godfrey et al., 1996,
1997). Similarly, high protein intake during pregnancy, unless balanced by a
high carbohydrate intake, has been associated with reduced birthweight and
placental weight, and with increased blood pressure and impaired pancreatic
function in the adult offspring (Campbell et al., 1996; Shiell et al., 2000). Inter-
estingly, data from the Dutch Hunger Winter demonstrated no relationship
between famine exposure and later blood pressure, but there was an association
between raised adult blood pressure and maternal consumption of rations of low
protein density (Roseboom et al., 2001a).

Fetal nutritional status may also be more affected by maternal body
composition before and in early pregnancy than by maternal dietary intake
during pregnancy. Maternal body composition, particularly fat deposits, may
influence the balance of circulating nutrients in the mother, for example by deter-
mining the balance of circulating glucose versus fatty acids concentrations and
the availability of ketones during fasting (see above). Jamaican women who
were light and thin in early pregnancy tended to have smaller babies (Thame
et al., 1997). Reduced skinfold thickness in early pregnancy, in both Jamaican
and British women, was also associated with elevated blood pressure in their
11-year-old offspring (Godfrey et al., 1994; Clark et al., 1998). Indian women of
low body weight during pregnancy had offspring with increased risk of coronary
heart disease (Stein et al., 1996).

There is growing evidence that micronutrients may be at least as important
as macronutrients in determining size at birth and postnatal disease risk. There
is much work to be done in this area, and only a few examples are given here.
The likely role of individual amino acids has been referred to above. Glycine is
a conditionally essential amino acid in the fetus. It is required for synthesis
of many critical proteins required for the growing fetus, such as collagen,
haem, creatine and nucleic acids (Jackson, 1991). These proteins represent end
pathways for glycine use, in that the nitrogen in these proteins is not recycled,
and thus the demand for glycine is high during rapid growth. There is evidence
that many apparently well-nourished women are only marginally glycine
sufficient during pregnancy, and many more may be frankly glycine insufficient
in chronically poorly nourished populations (Jackson et al., 1997). Furthermore,
a diet high in methionine may aggravate glycine deficiency, as glycine is diverted
to detoxify the excess methionine (Meakins et al., 1998). Rats given a low-
protein diet during pregnancy have offspring with increased blood pressure as
adults (Langley and Jackson, 1994). Supplementing the low-protein maternal
diet in pregnancy with glycine alone prevents the postnatal hypertension
(Jackson et al., 2002), providing strong evidence that glycine supply itself
may be a critical programming influence.

The metabolic pathways for glycine in the fetus and the feto-placental
glycine–serine cycle involve folate-dependent cofactors. Inadequate folate intake
thus limits the capacity of the feto-placental unit to synthesize these amino acids
(Narkewicz et al., 2002). The active form of folic acid, tetrahydrofolate (THF), is
also an essential cofactor in many reactions requiring transfer of methyl groups.
Conversion of serine to glycine generates methylene THF (see above), which
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can be used for the synthesis of purines and pyrimidines for DNA. Hence folate
availability is central to tissue growth.

Alternatively, methylene THF can be reduced to methyl THF, which is used
for methylation of homocysteine to regenerate methionine (Fig. 2.4). It has been
suggested that one mechanism by which maternal protein restriction during
pregnancy in rats leads to long-term changes in blood pressure and glucose
tolerance in the offspring is via perturbation of this methylation pathway,
by functional increase in demand for methyl THF (Rees, 2002). In human
populations, mutations in the genes encoding key enzymes in the synthesis
of methyl THF are common (Frosst et al., 1995) and are associated both with
pregnancy complications, including miscarriage and hypertension, and low
birthweight (Girling and De Swiet, 1998; Obwegser et al., 1999), and also with
the increased risk of cardiovascular disease in adult life (Ma et al., 1996). Folate
supplements may reduce the risk of pre-eclampsia and fetal growth restriction by
improving methionine generation from homocysteine (Leeda et al., 1998).
Folate supplements may also prevent some birth defects, such as neural tube
defects, apparently at least in part by the same mechanism (Czeizel, 2000; Rees,
2002). Of interest, therefore, are recent findings, in a chronically undernourished
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Fig. 2.4. Diagram of some folate-dependent metabolic pathways that are likely
to be important for purine synthesis, hence tissue growth and DNA methylation,
hence gene expression. THF, tetrahydrofolate; CH2THF, methylene tetrahydrofolate;
CH3THF, methyl tetrahydrofolate; SAM, S-adenosyl methionine; SAHC, S-adenosyl
homocysteine.
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Indian population, that size at birth is most strongly associated with folate status
and with intakes of foods rich in micronutrients, such as vegetables and fruits
(Rao et al., 2001).

In turn, methionine generated from the interaction of methyl THF and
homocysteine is used for synthesis of S-adenosyl methionine (SAM). SAM is the
methyl donor for more than 100 different transmethylation reactions, including
methylation of DNA and proteins, phospholipid synthesis and neurotransmitter
synthesis (Chiang et al., 1996). Methylation of DNA is critical for normal
embryonic development and for epigenetic modification of gene expression,
e.g. imprinting. Gene knock-out mice unable to synthesize methyl THF have
very high plasma homocysteine levels, low levels of SAM, and show global
hypomethylation of DNA (Chen et al., 2001). In contrast, methylation of DNA is
increased in the fetal liver after maternal low-protein diet in rats (Rees et al.,
2000).

These metabolic pathways point to possible mechanisms whereby maternal
dietary intake, particularly of glycine and folate, may interact with the maternal
genetic background to influence both fetal growth and long-term disease risk.
Maternal diet may also influence fetal gene expression via similar pathways.
Genetically identical mice may have different coat colours, depending on the
coat colour of the mother (Morgan et al., 1999). These effects are epigenetic
phenomena, whereby coat colour is determined by the inherited pattern of
methylation and hence activation of the genes controlling coat colour. Impor-
tantly, the degree of methylation, and hence gene expression and coat colour,
can be altered by feeding the mother a diet high in methyl donors during
pregnancy (Wolff et al., 1998). There seems little doubt that many more such
examples of the nutritional regulation of gene expression will become apparent
in the future.

Another specific amino acid potentially important as a micronutrient for
programming phenomena is taurine. Taurine is essential for many aspects of cell
function, and particularly for the development of the pancreatic b-cell (Sturman,
1993). Rats fed a low-protein diet in pregnancy have offspring with impaired
pancreatic b-cell function. Supplementary taurine provided to these b-cells in
culture does not reverse this impairment. However, supplementing the maternal
diet with taurine during pregnancy restores pancreatic b-cell function in the off-
spring (Cherif et al., 1998). Furthermore, we have shown in sheep that maternal
undernutrition in early pregnancy results in altered function of the fetal pancre-
atic b-cells in late pregnancy (Oliver et al., 2001a). This is associated with
elevated circulating taurine concentrations in both mother and fetus, suggesting
that a specific perturbation in metabolism of this amino acid may underlie the
pancreatic dysfunction.

Micronutrients other than amino acids may also be important in program-
ming phenomena. Even in developed countries, many women do not consume
the recommended amounts of many micronutrients during pregnancy (Schofield
et al., 1989; Rogers and Emmett, 1998). In a British study of maternal diet in the
first trimester of pregnancy, intake of thiamin, niacin, riboflavin, magnesium,
phosphorus, iron and vitamin C were more important than total energy or
protein intake in predicting size at birth (Doyle et al., 1989). In another similar
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study, maternal intake of vitamin C in early pregnancy was independently
predictive of both placental weight and birthweight (Mathews et al., 1999).
There have been few long-term studies of maternal mineral intake in relationship
to postnatal outcome of their offspring. However, follow-up of participants in
randomized clinical trials of maternal supplements during pregnancy offers much
scope for such investigations. To date there is one report of a study of calcium
supplementation during pregnancy. This resulted in lower blood pressure of the
offspring, despite having no effect on birthweight (Belizan et al., 1997). Further
trials are awaited with interest.

Timing of Nutritional Effects on Fetal Programming

Most experimental work regarding the effect of manipulating maternal nutrition
on disease risk of the offspring has involved maternal nutritional manipulation,
either throughout pregnancy or in late gestation. However, a growing number
of experiments point to the importance of timing of a nutritional insult in
determining its long-term effects. Nutritional manipulations at different times in
pregnancy have different effects on birth size, as already discussed, but are also
likely to have different effects on different organ systems and hence on disease
risks.

Data in humans regarding the timing of nutritional effects are limited.
Reference has already been made to the interaction between carbohydrate
intake in early pregnancy and protein intake in late pregnancy with regard to
both size at birth and postnatal outcome (Godfrey et al., 1994, 1996; Campbell
et al., 1996; Shiell et al., 2000). Similarly, data from the Dutch famine, which
provides the clearest evidence regarding the timing of nutritional influences in
human pregnancy, have suggested that exposure to famine in late gestation
results in offspring with an increased risk of glucose intolerance. However,
exposure in early pregnancy is associated with increased risk of hyperlipidaemia,
and perhaps coronary heart disease (Roseboom et al., 2001b).

The link between nutritional insult in late pregnancy and later pancreatic
dysfunction is consistent with the rat data, where a low-protein diet during
pregnancy results in offspring with glucose intolerance (Dahri et al., 1991).
Exposure to the low-protein diet in only the first part of pregnancy has no such
effect, whereas exposure to the low-protein diet in late pregnancy also results in
offspring with glucose intolerance (Alvarez et al., 1997). It is likely that this relates
to perturbation of the development of pancreatic b-cells in late gestation (Petrik
et al., 1999).

However, there is an increasing body of evidence suggesting that nutritional
effects in early pregnancy may be critical in programming later disease risk. This
is particularly important because effects in early pregnancy may have minimal or
no effect on size at birth, making these relationships difficult to detect. In sheep,
mild maternal undernutrition in the first half of pregnancy results in offspring
with altered HPA axis and cardiovascular function (Hawkins et al., 1999, 2000b)
and elevated blood pressure after birth (Hawkins et al., 1997). Similarly, mild
maternal undernutrition before and for only the first 7 days after mating results in
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perturbed HPA axis function of the fetus in late pregnancy (Edwards and
McMillen, 2002). Dexamethasone administration for 48 h at 27 days’ gestation,
but not at 64 days’ gestation, results in offspring with increased cardiac output
and elevated blood pressure in adult life (Dodic et al., 1999) but does not perturb
glucose tolerance (Gatford et al., 2000) or HPA axis function (Dodic et al.,
2002). Once again, these data suggest not only the importance of early nutrition
but also of different programming mechanisms for different organ systems and
subsequent predisposition to hypertension and glucose intolerance, respectively.

Recent data suggest that the period immediately around the time of con-
ception may be critically important in the programming of some aspects of
postnatal function. In rats, a low-protein diet continued only during the period
up to implantation (4 days of a 21-day rat pregnancy) results in hypertension of
the offspring (Kwong et al., 2000). These studies also point to some possible
mechanisms for this effect, in that this very short period of nutritional insult
alters allocation of the blastocyst cells to the inner and outer cell mass which will
eventually give rise to the fetus and placenta, respectively. Thus the number of
the cells in the blastocyst appears to be determined by nutritional signals before
implantation. These experiments also suggest that cell cycle length is altered in
the developing blastocyst, potentially altering the number of cells available for
allocation to different organs later in development. These effects are similar to
those induced by progesterone administration in sheep, where exposure to
progesterone for only 3 days, beginning on the day of mating, results in altered
numbers of blastomeres allocated to the inner and outer cell mass and to altered
fetal and placental size in mid-gestation (Kleemann et al., 2001). This is true
even when unexposed embryos are transplanted into progesterone-exposed
ewes, suggesting that the signal is derived from the maternal environment,
presumably via oviductal and uterine secretions, rather than from direct
exposure of the embryo itself to progesterone.

Our own data suggest that, in sheep, events very early in pregnancy are
critical to many aspects of fetal development. Ewes undernourished from 60
days before to 30 days after mating have fetuses which have an altered growth
trajectory in late gestation (Harding, 1997b) and are born thin but not light
(Hawkins et al., 2000a). These fetuses have altered pancreatic b-cell function in
late gestation (Oliver et al., 2001a) and altered metabolic and endocrine function
(Oliver et al., 2000). They have accelerated maturation of the fetal HPA axis,
and some deliver early (Bloomfield et al., 2003b). These findings all point to
critical effects of nutritional signals on development before any of the relevant
organ systems, which will later be involved in disease risk, have developed. Our
finding that there was a delay in the rise of maternal progesterone concentrations
in undernourished ewes points to a possible signalling mechanism being altered
endocrine function of the placenta (Bloomfield, unpublished). Altered maternal
taurine and serine concentrations also suggest that altered maternal adaptation
to pregnancy may contribute to these signals (Oliver et al., 2001a; van Zijl et al.,
2002). Thus much work is required to refine further the critical period for some
of these perturbations, the signals involved and their subsequent effects on
postnatal physiology. If, indeed, nutrition in the period around the time of
conception, or possibly even before conception, is critical, then much future

42 J. Harding

52A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:27:46 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



work will need to focus on public health interventions to achieve good nutritional
status of women and girls before pregnancy begins.

Conclusions

The epidemiological evidence for associations between size at birth and disease
risk in adult life has been widely accepted. These associations are thought to be
due to programming events in fetal life, resulting both in altered size at birth
and in altered structure and function, leading to postnatal disease risk. There is a
substantial body of evidence from animal experiments, and growing evidence in
humans, that nutrition can be a key programming stimulus. Nutrition alters fetal
and placental growth, and metabolic and endocrine status both before and
after birth. However, the effects of a given nutritional stimulus or insult will
vary with the species, timing in gestation and the balance of other macro-
and micronutrients available to the fetus. Maternal nutrition may bear little
relationship to fetal nutrition, and fetal growth may or may not be reflected
in size at birth. Furthermore, nutritional effects may result in altered postnatal
function without apparent effect on fetal growth. Despite the large amount of
work still required to clarify these relationships, it is clear that nutrition before
birth can be a key programming stimulus for postnatal disease risk. Nutrition
may well be the basis for the fetal origins of adult disease.
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The Fetal Cardiovascular Response to Acute Hypoxaemia

One of the most common challenges that a fetus faces during gestation is
an episode of oxygen deprivation or acute hypoxaemia. In simple terms, the
fetal cardiovascular defence against acute hypoxaemia is represented by three
changes: changes in heart rate, changes in arterial blood pressure and changes in
the distribution of the fetal cardiac output to the various organs. These are sur-
vival adaptations that ensure the maintenance of normal oxidative metabolism
and critical organ functions. The pattern and magnitude of the fetal heart, blood
pressure and circulatory defence responses to acute hypoxaemia are dependent
on the stage of gestation at which the challenge occurs and, consequently, the
maturity of the mechanisms that mediate them. Traditionally, the fetal cardiovas-
cular responses to acute hypoxaemia have been studied in the late gestation
sheep fetus, i.e. past 120 days out of a 145–150-day term for most ovine breeds.
However, a few studies have concentrated on the fetal cardiovascular responses
to an episode of oxygen deprivation earlier in gestation and also as the fetus
approaches term, just prior to birth (Boddy et al., 1974; Iwamoto et al., 1989;
Fletcher, 2001; Gunn et al., 2001).

Fetal heart and blood pressure responses to acute hypoxaemia

In the fetus, the ventricles beat in parallel as opposed to in series, since the
double circulation through the lungs is not yet established. As a result, in the fetal
period, the cardiac output is usually referred to as the combined ventricular
output. When the immature sheep fetus is exposed to a 1 h episode of acute
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hypoxaemia (reducing its PaO2 from a baseline of approximately 24 mmHg to
c. 13 mmHg) between 80 and 100 days of gestation, there is either no
change (< 90 days) or an increase (< 100 days) in fetal heart rate, and fetal
blood pressure usually remains unaltered from baseline (Boddy et al., 1974;
Iwamoto et al., 1989). The absence of a hypertensive response to acute hypo-
xaemia in the young sheep fetus may be related to a decrease in the combined
ventricular output. Although heart rate can sometimes increase, the reduced
stroke volume usually favours a fall in ventricular output (Iwamoto et al., 1989).
In contrast, an episode of acute hypoxaemia of similar magnitude and duration
in fetuses older than approximately 120 days of gestation invariably induces
a transient fall in fetal heart rate and a gradual increase in fetal arterial blood
pressure (Boddy et al., 1974; Cohn et al., 1974; Iwamoto et al., 1989; Giussani
et al., 1994a). The mature fetal bradycardic response to episodes of reduced
oxygenation has also been shown in the human fetus during acute hypoxaemia
secondary to uterine contractions during the actual processes of labour and
delivery (Beard and Rivers, 1979). Bradycardia during reduced oxygenation
also occurs in fetuses of other species, such as the rhesus monkey (Jackson et al.,
1987), cat, guinea-pig, rabbit (Rosen and Kjellmer, 1975; Javorka et al., 1978),
llama (Llanos et al., 1995; Giussani et al., 1996; Giussani et al., 1999a), dog
(Monheit et al., 1988), seal (Liggins et al., 1980), and even in embryonic chicks
(Tazawa, 1981; Mulder et al., 1998) and alligators (Warburton et al., 1995) in
late incubation.

Fetal circulatory response to acute hypoxaemia

In similar fashion to the fetal heart and blood pressure responses, the distribution
of the combined ventricular output during episodes of acute hypoxaemia
of equivalent magnitude and duration also differs between the early- and
late-gestation sheep fetus.

Using the microsphere technique, it has been shown that prior to 110 days
of gestational age, there are no changes in vascular resistance or blood flow in
the fetal carcass (taken to mean muscle and skin of the limbs and trunk), but
reduced vascular resistance, thereby allowing increased blood flow in the cere-
bral, myocardial and adrenal circulations (Boddy et al., 1974; Cohn et al., 1974;
Iwamoto et al., 1989). In contrast, at gestational ages greater than 110 days, a
similar degree of fetal hypoxaemia leads to pronounced vasoconstriction in the
carcass, the gastrointestinal tract, the spleen, the kidney and the lungs, shunting
blood flow away from the peripheral circulations towards the cerebral, myo-
cardial and adrenal vascular beds (Cohn et al., 1974; Sheldon et al., 1979;
Jensen and Berger, 1993). Importantly, studies by Jensen and colleagues
(Jensen et al., 1987) have provided evidence that the amount of oxygen
delivered to peripheral organs determines the amount of oxygen consumed by
these organs. Therefore, during a shortage of oxygen supply, peripheral vaso-
constrictor responses reduce oxygen delivery to, and consumption by, peripheral
tissues, ensuring the maintenance of oxidative metabolism in central organs.
However, during periods of moderate hypoxaemia, the cerebral circulation of
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the fetus does not autoregulate. Thus, during moderate hypoxaemic conditions,
there is a linear relationship between arterial blood pressure and cerebral blood
flow in the range of blood pressures over which autoregulation is normally
demonstrated (Purves and James, 1969).

During acute hypoxaemia there is also a redistribution of blood flow within
the fetal brain, as the increase in blood flow to the brainstem is greater than
that seen in other regions (Carter and Gu, 1988; Richardson et al., 1989). This
redistribution of blood flow within the brain is an obvious survival mechanism in
utero, permitting neuronal activity to be maintained in important control centres
in the fetal brainstem. Myocardial blood flow is also linearly related to the
reciprocal of PaO2 (partial pressure of oxygen in arterial blood), permitting the
fetus to maintain a constant oxygen delivery to, and oxygen consumption by,
the myocardium during normal oxygenation and hypoxaemia (Peeters et al.,
1979; Rudolph, 1984). When the fetal PaO2 is reduced by c. 50%, myocardial
blood flow is increased two- to threefold to maintain myocardial oxygen delivery
(Cohn et al., 1974; Sheldon et al., 1979). During basal conditions, adrenal
medullary flow is twice as high as adrenal cortical blood flow, and during acute
hypoxaemia, the increment from baseline within the two areas appears to be
similar (Jensen and Berger, 1991).

Using transit-time flowmetry, the redistribution of the fetal combined ventric-
ular output can also be indexed by a fall in carotid vascular resistance, which
increases carotid blood flow, and an increase in femoral vascular resistance,
which decreases femoral blood flow (Giussani et al., 1993) (Fig. 3.1). The
femoral vasoconstriction also aids the shunting of blood flow away from
peripheral circulations, promoting the redistribution of oxygenated blood
towards hypoxia-sensitive organs.

As with the fetal heart rate response to lack of oxygen, the redistribution of
the combined ventricular output during episodes of acute hypoxaemia has also
been demonstrated in the human and non-human primate fetus, fetuses of other
mammalian species, and in non-mammalian animals, such as in the avian and
reptile embryos. Studies of the distribution of the combined ventricular output in
the non-human primate fetus are usually complicated by the additional effects of
local anaesthesia, and there are few studies of blood flow distribution under
basal conditions (Behrman and Lees, 1971; Paton et al., 1973), and even fewer
during acute hypoxaemia (Paton et al., 1973; Jackson et al., 1987). However,
the scant studies of fetal rhesus monkeys (Jackson et al., 1987) and fetal
baboons (Paton et al., 1973) report a redistribution of the combined ventricular
output in favour of the cerebral and myocardial circulations at the expense of
peripheral circulations, such as the lung. Recent studies in the chicken embryo
suggest it to be a novel model for the study of fetal cardiovascular regulation
under adverse conditions as, unlike other species, the direct effects of
hypoxaemia on fetal physiology can be assessed in the absence of a functional
placenta and thus the concomitant perturbations in fetal nutrient supply and
maternal or placental hormones. Mulder et al. (1998) reported a significant
redistribution of the combined ventricular output during acute hypoxaemia in
the chick embryo after 13 days out of a 21-day incubation period. During
hypoxaemia, the fractions of the combined ventricular output directed to the
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embryonic heart and brain increased at the expense of the intestine, liver,
yolk-sac and carcass.

In human obstetric practice, fetal hypoxaemia secondary to impaired
placental perfusion is associated with non-invasive Doppler evidence of
redistribution in the fetal arterial circulation. This results in the ‘brain-sparing
effect’, represented by falls in indices of impedance and resistance and an
increase in the blood velocity in the common carotid and middle cerebral
arteries, and reductions in blood velocities to the umbilical artery and
descending aorta resulting from increases in impedance and resistance in those
circulations (Bilardo et al., 1988; Vyas et al., 1990). Therefore, typically in
obstetric medicine, an increase in the ratio of the resistance indices in central
circulations (ascending aorta, carotid artery or middle cerebral artery) to those in
peripheral circulations (descending aorta, umbilical, internal iliac or femoral
arteries) is representative of redistribution of the fetal combined ventricular
output in favour of the brain at the expense of the fetal trunk (Akalin-Sel and
Campbell, 1992).
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Fig. 3.1. Carotid and femoral haemodynamic changes during acute hypoxaemia in the
sheep fetus. Values represent the mean ± SEM calculated every minute for eight fetal sheep
at 125–130 days of gestation. Note that the carotid vascular bed undergoes vasodilatation
during acute hypoxaemia, as indexed by a fall in carotid vascular resistance and an
increase in carotid blood flow. In marked contrast, the femoral vascular bed undergoes
vasoconstriction, aiding the redistribution of blood flow away from peripheral circulations.
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Umbilico-hepatic blood flow patterns and preferential streaming

The umbilical venous return supplies the fetus with oxygen and nutrients, and
therefore the distribution of this flow has important consequences for oxygen
and glucose delivery to the upper body organs during basal and hypoxaemic
conditions. Early studies by Barclay et al. in 1939 and Rudolph and Heymann in
1967 showed that the umbilical venous blood, which is rich in oxygen as it
comes directly from the placenta, is conducted to the inferior vena cava, where it
is joined by the hepatic portal vein. From here, branches are provided to the left
and right lobes of the liver, but blood flows principally through the ductus
venosus, which connects the umbilical vein and the inferior vena cava. By inject-
ing radionuclide-labelled microspheres into the tributaries of the portal and
umbilical veins, Edelstone et al. (1978) measured the blood supply to the liver
from different sources. They reported that under basal conditions 75–85% of
hepatic blood flow is derived from the umbilical vein and only c. 3–4% of total
liver blood flow is supplied by the hepatic artery, which provides blood to both
lobes. The remaining flow, conducted to the right lobe of the liver, is derived
from the portal vein. This hepatic shunt therefore permits the well-oxygenated
umbilical venous blood to preferentially bypass the hepatic microcirculation.

During episodes of acute hypoxaemia, an increase in vascular resistance of
the umbilical veins and the hepatic vasculature occurs, causing a pronounced fall
in liver blood flow, which is characterized by a greater flow in the right than the
left hepatic lobe (Bristow et al., 1983). While constriction of the umbilical veins
distends and recruits vessels in the placenta, thereby increasing the surface area
for gaseous exchange (Edelstone, 1980), constriction of the hepatic vasculature
enhances the shunting of blood flow through the ductus venosus, thus improving
delivery of umbilical venous blood to the upper organs. In addition to facilitating
oxygen delivery, preferential shunting patterns in the fetal circulation also result
in higher concentrations in the ascending aortic blood of metabolic substrates,
the most important of which is glucose (Charlton and Johengen, 1984).

When considering the overall change in umbilical blood flow in response to
acute hypoxaemia, the scientific literature is scant and contradictory, reporting
that umbilical blood flow is either maintained (Cohn et al., 1974; Edelstone,
1980), increased (Goodwin, 1968), or even reduced (Dilts et al., 1969) during
the period of fetal oxygen deprivation. These contradictory reports are largely
due to either point measurements of umbilical blood flow taken at varying
periods following the onset of adverse intrauterine conditions, as with radio-
active microspheres (Cohn et al., 1974; Edelstone, 1980), or to measurement of
umbilical flow in the exteriorized sheep fetus, with additional effects of anaesthe-
sia (Dilts et al., 1969). Clinically, indirect measurements of umbilical blood flow
in human pregnancy, obtained by Doppler flow velocimetry, have also shown
either an increase in the umbilical artery pulsatility index (PI), signifying an
increase in umbilical vascular resistance (Muijsers et al., 1990), or no significant
change in the umbilical artery PI during episodes of hypoxaemia (Morrow et al.,
1990).

The haemodynamic responses of the umbilical vascular bed to an episode of
acute stress in the fetus may not only change with time following the onset of the
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stress, but they may also be affected by anaesthesia. Further investigation of
continuous, direct measurement of umbilical blood flow during basal and stress-
ful intrauterine conditions is therefore a high priority. While most perinatologists
accept that umbilical flow is remarkably constant and unresponsive to a variety
of stresses, including fetal hypoxaemia, recent studies by Gardner et al. (2001a)
have reported that continuous measurements of umbilical blood flow by an
implanted Transonic flow probe around an umbilical artery within the fetal
abdomen in chronically instrumented, unanaesthetized fetal sheep preparations
show important changes in the umbilical circulation during hypoxaemic
conditions. Minute-by-minute analyses revealed that there was a transient
decrease in umbilical vascular conductance at the onset of hypoxaemia. Shortly
after, however, a significant increase in umbilical blood flow occurred, which
remained elevated for the duration of the hypoxaemic challenge (Fig. 3.2).

Mechanisms of the Fetal Cardiovascular Responses to Acute
Hypoxaemia

Both the fetal heart and fetal circulation are under extensive intrinsic (local) and
extrinsic (neural and endocrine) control. Historically, the chronological develop-
ment of knowledge about mechanisms mediating the fetal heart and circulatory
responses to acute hypoxaemia has shed information on neural, then endocrine
and, finally, local pathways. Therefore it seems appropriate to discuss them in
that order.
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Fig. 3.2. Umbilical blood flow responses
to acute hypoxaemia. The figure shows
the umbilical haemodynamic response,
represented by absolute values for mean
umbilical blood flow and per cent
changes from baseline of mean umbilical
blood flow, during the acute hypoxaemia
protocol in seven fetal sheep at
c. 130 days of gestation. Cardiovascular
data were averaged each minute during
a baseline period (1 h normoxia), 1 h of
hypoxaemia (bar) and 1 h of recovery.
Significant differences are: *, P < 0.05,
baseline versus hypoxaemia. (Modified
from Gardner et al., 2001a.)
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Neural afferent and efferent control of fetal cardiovascular responses to acute
hypoxaemia

It is now well established that carotid sinus nerve section alone abolishes the fetal
bradycardia and the initial elevations in femoral vascular resistance and in perfu-
sion pressure, but not the increase in carotid blood flow, observed in intact
fetuses at the onset of acute hypoxaemia (Giussani et al., 1993) (Fig. 3.3). These
effects of carotid sinus nerve section were attributed to interruption of carotid
chemoreflex, rather than baroreflex, signals, due to the relative timings of the
fetal bradycardia and hypertensive responses to acute hypoxaemia: in the intact
fetuses the initial episode of bradycardia occurred prior to any significant eleva-
tion in fetal arterial blood pressure (Giussani et al., 1993). In agreement with this,
Blanco et al. (1983) reported that after transection of the fetal spinal cord at
L1–L2, acute hypoxaemia failed to elicit a significant elevation in arterial pres-
sure, even though the initial fetal bradycardic response still occurred. Confirma-
tion of this was achieved by Bartelds et al. (1993), who injected sodium cyanide
into the caudal vena cava of fetuses in which the carotid or aortic bodies had
been denervated. The injection was found to elicit bradycardia in the aortic-, but
not carotid-, denervated fetuses. Taken together, the data from these studies
demonstrate the importance of the fetal carotid chemoreceptors in initiating fetal
heart rate and peripheral vasoconstrictor responses to acute hypoxaemia.
Accordingly, fetal carotid sinus nerve section has been shown not only to abolish
the initial rise in fetal femoral vascular resistance, but also to abolish the initial
renal (Green et al., 1997) and pulmonary (Moore and Hanson, 1991) vasocon-
strictor responses to acute hypoxaemia in the sheep fetus at 0.8–0.9 of gestation.

Several studies have demonstrated the importance of chemoreflex-
mediated changes in cardiac sympathetic and parasympathetic chronotropic
drive in mediating the fetal heart rate responses at the onset of acute hypo-
xaemia. Establishment of sympathetic innervation of the fetal heart is known to
occur between 85 and 100 days in the sheep (Lebowitz et al., 1972), with
chronotropic and inotropic responsiveness to isoprenaline being present as early
as 60 (Nuwayhid et al., 1975) and 90 (Rawashdeh et al., 1988) days, respec-
tively. Therefore, prior to c. 120 days, the relative influence of cholinergic
mechanisms is less than later in gestation, and the balance of cholinergic and
adrenergic inputs is such that there is no fetal bradycardia during hypoxaemia
(Boddy et al., 1974; Iwamoto et al., 1989). However, in fetuses older than 120
days, fetal bradycardia at the onset of acute hypoxaemia is produced by carotid
chemoreflex-mediated increases in efferent vagal activity (Giussani et al., 1993,
1994a), resulting in relative dominance of cholinergic over adrenergic stimula-
tion of the pacemaker centres of the heart (Fig. 3.4). Accordingly, the initial fetal
bradycardia during an episode of acute hypoxaemia is abolished by carotid
sinus nerve section (Bartelds et al., 1993; Giussani et al., 1993), vagotomy
(Boddy et al., 1974) or muscarinic acetylcholine receptor blockade using atro-
pine (Cohn et al., 1974; Parer, 1984; Giussani et al., 1993). In addition, during
very severe episodes of acute hypoxaemia, a component of the fetal bradycardia
may be attributed to a direct depressive effect of tissue hypoxia in the
myocardium (Lumbers et al., 1986).
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Fig. 3.3. Fetal heart rate, perfusion
(arterial–venous) pressure and
vascular resistance in the carotid and
femoral vascular beds in intact (q)
and carotid sinus-denervated (r)
sheep fetuses during a 1 h episode
of acute hypoxaemia (shaded area)
at 118–125 days of gestation. Values
are mean + SEM. (Taken from Giussani
et al., 1993.)
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Fetal chemoreflexes are also important in initiating peripheral vasoconstric-
tion during acute hypoxaemia (Giussani et al., 1993). In response to an episode
of acute hypoxaemia, carotid chemoreflexes activate the sympathetic nervous
system, resulting in increases in peripheral vascular tone (Fig. 3.4). This includes
femoral vasoconstriction, which is mediated by a-adrenergic efferents (Reuss
et al., 1982; Giussani et al., 1993) and which is used as an index of the redistri-
bution of blood flow away from the peripheral vasculature (Okamura et al.,
1992; Giussani et al., 1996). Several lines of experimental evidence emphasize
the importance of intact sympathetic nervous system efferents in mediating
redistribution of the fetal cardiovascular output (CVO) and increasing peripheral
vascular tone during acute stress. Dawes (1968) demonstrated that sectioning of
the sciatic nerves abolished the normal asphyxia-induced fall in femoral blood
flow present in intact fetuses. More recently, it has been shown that the incre-
ment in fetal femoral vascular resistance during acute hypoxaemia is attenuated
with carotid sinus nerve section or fetal treatment with phentolamine, whereas
combination of both interventions invariably leads to fetal death (Giussani et al.,
1993).

In sympathetic nerve terminals, noradrenaline is co-localized with neuro-
peptide Y (NPY) (Allen et al., 1983), and this peptide may be co-released with
noradrenaline, depending on the frequency and pattern of nerve stimulation
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Fig. 3.4. Carotid chemoreflex pathways in the fetus. Diagrammatic representation of the
fetal carotid chemoreflex showing the principal afferent (solid lines) and efferent (dashed
lines) pathways controlling cardiac and peripheral vasomotor responses during acute
hypoxaemia.
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(Bloom et al., 1988). In the adult, NPY is known to have a wide variety of
actions; however, one of its earliest actions described in the literature is of potent
and long-lasting vasoconstriction, either via a direct effect on NPY-Y1 receptors
in peripheral circulations or by potentiation of the vasopressor effects of constric-
tor agents, such as catecholamines (Edvinsson et al., 1984). Recent evidence
suggests that sympathetic release of NPY may also contribute to the peripheral
vasoconstrictor response to episodes of acute oxygen deprivation in the fetus,
particularly during severe hypoxaemic conditions (Fletcher et al., 2000;
Sanhueza et al., 2003).

Endocrine control of fetal cardiovascular responses to acute hypoxaemia

Once the fetal cardiovascular responses to acute hypoxaemia have been
initiated by activation of fetal chemoreflex pathways, maintenance, modification
or reversal of these responses may then occur, with the subsequent release
of humoral agents into the fetal circulation. These include the secretion of
vasoconstrictor hormones (e.g. catecholamines, arginine vasopressin and angio-
tensin II) to reinforce the peripheral vasoconstriction and redistribution of the
fetal CVO, as well as other humoral agents (e.g. catecholamines and cortisol)
that promote changes in fetal metabolism to enhance survival during the period
of reduced oxygen availability (Giussani et al., 1994a; Hooper, 1995).

During the last third of gestation, episodes of acute hypoxaemia elicit
increases in ovine fetal plasma noradrenaline and adrenaline concentrations
(Jones and Robinson, 1975). Levels of both noradrenaline and adrenaline have
been shown to be increased significantly by 5 min of hypoxaemia, and show
strong inverse exponential correlation with the PaO2 achieved (Cohen et al.,
1982). The fetal adrenal gland has been shown to be the source of most of the
elevation in both fetal plasma adrenaline and noradrenaline concentrations dur-
ing acute hypoxaemia (Jones et al., 1988), as chemical adrenal demedullation
using acid formalin completely abolished the hypoxaemia-induced rise in fetal
plasma adrenaline concentrations and reduced the noradrenaline response to
10% of normal, indicating that the adrenal medulla is the principal source of the
increase in circulating catecholamines during hypoxaemia in fetal sheep. This is
supported by direct measurements of fetal adrenal output of catecholamines
during hypoxaemia, using a method in the sheep fetus based on the ‘adrenal
clamp’ technique first developed by Edwards and colleagues for use in the
conscious calf (Edwards et al., 1974; Hardy et al., 1974). A prompt adrenal
secretion of adrenaline and noradrenaline was demonstrated in the ovine fetus
at the onset of the challenge (Cohen et al., 1984). In those elegant studies,
changes in peripheral plasma catecholamines were usually, although not always,
quantitatively equivalent to those measured directly in the adrenal effluent.

The increase in circulating catecholamines in the sheep fetus during acute
hypoxaemia has important functional consequences. The restoration of fetal
heart rate towards basal levels as the episode of acute hypoxaemia progresses
has been attributed to an increase in cardiac b-adrenoceptor stimulation (Court
et al., 1984). Therefore, b-adrenoceptor antagonism with propranolol augments
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fetal bradycardia, decreases the CVO and reduces myocardial blood flow during
acute hypoxaemia (Court et al., 1984). The increase in circulating catecho-
lamine concentrations may also maintain or augment the redistribution of the
fetal CVO during acute hypoxaemia. For example, a-adrenoceptor blockade
with phentolamine has been shown to attenuate the peripheral vasoconstriction
that occurs throughout the duration of hypoxaemia (Giussani et al., 1993).

Plasma concentrations of arginine vasopressin (AVP) and angiotensin II
increase in the ovine fetus during episodes of acute hypoxaemia (Alexander
et al., 1974; Broughton Pipkin et al., 1974; Rurak, 1978; Robillard et al., 1981;
Wood et al., 1990; Raff et al., 1991; Giussani et al., 1994b; Green et al., 1998;
Gardner et al., 2002a). The release of both peptides during acute hypoxaemia
has been shown to be independent of aortic or carotid chemo- and baro-
receptors (Giussani et al., 1994b; Green et al., 1998), and may be augmented by
concurrent hypercapnia and acidosis (Wood et al., 1990; Raff et al., 1991;
Gardner et al., 2002a). Although the fetal sheep is relatively unresponsive to
AVP at less than 100 days (Wiriyathian et al., 1983), exogenously administered
AVP has dose-dependent effects on fetal heart rate and arterial blood pressure
after 120 days (Rurak, 1978; Tomita et al., 1985). The AVP-evoked hyper-
tension has been shown to be mediated by V1-receptors (Ervin et al., 1992).
The bradycardia associated with AVP infusion is not entirely attributable to
baroreflexes, since some AVP-induced reduction in fetal heart rate persists even
with hexamethonium treatment (Iwamoto et al., 1979).

The fetal and umbilico-placental vasculatures are known to be responsive
to exogenously administered angiotensin II (Iwamoto and Rudolph, 1981;
Rosenfeld, 2001). Infusions of angiotensin II, to produce circulating levels similar
to those measured following haemorrhage in fetal sheep, produce fetal
hypertension and increases in heart rate, CVO, myocardial flow and vascular
resistance values in the gastrointestinal, renal, thyroid and umbilico-placental cir-
culations (Iwamoto and Rudolph, 1981). Angiotensin II is known to be important
in maintaining basal arterial blood pressure and vascular tone during the last
third of gestation, and it has been shown that blockade of angiotensin II produc-
tion (Forhead et al., 2000), or action (Iwamoto and Rudolph, 1979), results in a
reduction in basal arterial blood pressure and umbilico-placental perfusion.

Paracrine control of fetal cardiovascular responses to acute hypoxaemia

Local modulators of chemoreflex, endocrine and vascular function may also
play an important role in the control of the fetal cardiovascular responses to
acute hypoxaemia (Tenney, 1990; Katusic and Shepherd, 1991; Shepherd and
Katusic, 1991). These include agents such as adenosine, nitric oxide (NO),
prostacyclin (PGI2), histamine and bradykinin, endothelin-1, oxygen-derived
free-radicals, prostaglandin H2 and thromboxane A2 (Katusic and Shepherd,
1991; Shepherd and Katusic, 1991). A number of these agents may influence
cardiovascular responses to acute hypoxaemia in the fetus by acting at the
vascular endothelium, and also by modulating chemoreflex and endocrine
functions. For example, the purine nucleoside, adenosine, has been implicated
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in regulating carotid body function during hypoxia in adult animals. First, it is
known that the carotid body expresses the adenosine A2a receptor gene (Kaelin-
Lang et al., 1998). Secondly, adenosine has been reported to increase carotid
body chemoreceptor fibre activity in the cat (McQueen and Ribeiro, 1986).
Thirdly, increased carotid body afferent discharge as a result of hypoxia can be
attenuated by adenosine receptor antagonists (McQueen and Ribeiro, 1986).
Finally, the stimulatory effects of adenosine on ventilation (Monteiro and
Ribeiro, 1987) appear to be mediated within the carotid body. In the fetus, Koos
et al. (1995) reported that treatment of fetal sheep with the non-selective
adenosine receptor antagonist, 8-(p-sulphophenyl)-theophylline (8-SPT),
prevented fetal bradycardia during acute hypoxaemia in a manner similar to
bilateral section of the carotid sinus nerves (Bartelds et al., 1993; Giussani et al.
1993). However, the contribution of adenosine to chemoreflex (neural) or
chemoreflex-independent (non-neural) mechanisms mediating the redistribution
of cardiac output during acute hypoxaemia in the sheep fetus remained
unknown.

One recent study (Giussani et al., 2001a) confirmed that fetal treatment with
the same adenosine receptor antagonist, 8-SPT, attenuated fetal bradycardia
and the increase in fetal arterial blood pressure during acute hypoxaemia, and
reported that adenosine receptor antagonism also markedly attenuated the fetal
femoral vasoconstrictor response to acute hypoxaemia. Since fetal bradycardia
and the initial increase in femoral vascular resistance during acute hypoxaemia
are known to be part of the same carotid chemoreflex (Giussani et al., 1993),
these findings provide further strong support for the hypothesis that adenosine
mediates cardiovascular responses triggered by the carotid body in the fetus.
However, in our study, fetal treatment with 8-SPT not only markedly attenuated
the initial increase in femoral vascular resistance following the onset of acute
hypoxaemia, but substantially reduced femoral vasoconstriction throughout
the hypoxaemic challenge. The findings of that study therefore suggested that
adenosine may, in addition, contribute to non-chemoreflex (endocrine and
local) mechanisms mediating the redistribution of the combined ventricular
output during acute hypoxaemia in the late-gestation sheep fetus. Further data
showed that fetal treatment with 8-SPT prevented the increase in fetal plasma
adrenaline and markedly reduced the increase in fetal plasma noradrenaline
throughout the acute hypoxaemic challenge (Giussani et al., 2001a). The com-
bined data therefore suggest that fetal treatment with 8-SPT abolishes the initial
femoral vasoconstriction by preventing the actions of carotid body reflexes, and
may attenuate sustained vasoconstriction during acute hypoxaemia by reducing
the effects of vasoconstrictors which are released into the fetal circulations by
chemoreflex-independent mechanisms, such as the release of adrenal medullary
catecholamines by the direct actions of hypoxia.

Another example of a local modulator influencing chemoreflex, endocrine
and vascular function is nitric oxide (NO). In the fetus, the role of NO in the
maintenance of basal blood flow in a number of circulations is well established
(van Bel et al., 1995; Green et al., 1996; Harris et al., 2001). However, its role
in mediating the cardiovascular response to acute hypoxaemia in the fetus is
not well understood. Two previous studies have reported that treatment of the
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sheep fetus with the NO-synthase inhibitor NG-nitro-L-arginine methyl ester
(L-NAME) tended to augment the peripheral vasoconstrictor response to acute
hypoxaemia (Green et al., 1996; Harris et al., 2001). However, fetal treatment
with L-NAME alone caused generalized vasoconstriction and a pronounced
increase in arterial blood pressure, altering basal cardiovascular function even
prior to the onset of acute hypoxaemia (Green et al., 1996; Harris et al., 2001).
Therefore, in both those studies changes in peripheral vasoconstrictor function
during acute hypoxaemia were evaluated from a substantially elevated vaso-
constrictor baseline, possibly diluting the effect of hypoxia-induced increases
in NO.

In order to assess the contribution of NO to the cardiovascular response
during acute hypoxaemia without altering basal cardiovascular function, we
have applied the NO clamp technique to the fetus (Morrison et al., 2003). The
technique, which was developed to study adrenal function in the adult animal,
combines treatment of the animal with L-NAME and the NO donor, sodium
nitroprusside (NP) (Hanna and Edwards, 1998). In contrast to treatment with
L-NAME alone, combined treatment with L-NAME and NP prevents generalized
vasoconstriction and pronounced hypertension, not only maintaining basal
cardiovascular function, but also permitting blockade of the de novo synthesis
of NO during acute hypoxaemia, while compensating for the tonic production of
the gas. The results of that study showed that fetal exposure to acute hypox-
aemia during treatment with the NO clamp leads to significant enhancement of
the peripheral vasoconstrictor response, increased sensitivity of chemoreflex
function and greater increments in plasma catecholamine and blood glucose and
lactate concentrations (Morrison et al., 2003). These results confirm that, in the
fetus, hypoxaemia-induced increases in NO offset the peripheral vasoconstrictor
response to acute hypoxaemia (Green et al., 1996; Harris et al., 2001) and these
findings have been extended to suggest that NO-induced opposition of periph-
eral vasoconstrictor function may result, in part, from the inhibitory actions
of NO at the levels of the carotid chemoreflex and/or the adrenal medulla.
Enhanced chemoreflex function and increments in plasma catecholamine con-
centrations may also contribute to the enhanced metabolic responses to acute
hypoxaemia during fetal treatment with the NO clamp (Morrison et al., 2003).

Modulation of the Fetal Cardiovascular Response to Acute
Hypoxia by Irreversible Adverse Intrauterine Conditions:
Acute-on-chronic Hypoxia

Although it is established that the fetus can successfully withstand a single, acute
hypoxaemic challenge during gestation, little is known about what effects
prevailing adverse intrauterine conditions might have on these adaptive mecha-
nisms. This is particularly important since there is increasing clinical evidence to
suggest that prolonged hypoxaemia in utero accompanies fetal growth retarda-
tion (Nicolaides et al., 1989), and that antenatal hypoxaemia may predispose
the fetus to birth asphyxia, with subsequent neurodevelopmental handicap
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(Creasy and Resnik, 1981). Previous studies that have addressed the effects of
prevailing adverse intrauterine conditions on the fetal cardiovascular response to
acute hypoxaemia have induced adverse intrauterine conditions experimentally,
either by reduction in placental size (carunclectomy) (Robinson et al., 1979), by
occlusion of uterine blood flow with a balloon catheter (Block et al., 1984), or by
embolization of the umbilico-placental (Block et al., 1989) or utero-placental
(Block et al., 1990) circulations. In addition, a series of studies has investigated
the fetal cardiovascular responses to acute hypoxaemia in the fetal llama, a
species genetically adapted to the chronic hypobaric hypoxia of life at high
altitude (Llanos et al., 1995; Giussani et al., 1996, 1999a).

It is recognized that chronic hypoxaemia in the fetus rarely occurs in
isolation, and that, in complicated pregnancies, it is most often accompanied by
concurrent acidaemia and/or hypoglycaemia (Nicolaides et al., 1989). However,
the partial contributions of each of these adverse intrauterine conditions on the
subsequent capacity of the fetus to respond to a further acute episode of
hypoxaemia are little understood. A comprehensive study by Gardner et al.
(2002a) reported that prevailing and independently occurring sustained hypox-
aemia, acidaemia or hypoglycaemia alter the cardiovascular responses to a
further episode of acute hypoxaemia in fetal sheep during late gestation (Figs 3.5
and 3.6). Alterations in the cardiovascular responses to acute hypoxaemia in all
spontaneously compromised fetuses included enhanced pressor and femoral
vasoconstrictor responses, which were associated with greater circulating con-
centrations of plasma noradrenaline and vasopressin. However, only fetuses
with prevailing hypoxaemia had significantly elevated basal concentrations of
noradrenaline and enhanced chemoreflex function during acute hypoxaemia.

The series of studies by Block et al. (1984, 1989, 1990) reported that fetuses
compromised in utero exhibited a basal redistribution of blood flow toward the
brain, heart and adrenal glands, and that this basal circulatory compensation
was accentuated during an episode of superimposed acute hypoxaemia. The
presence of developing acidaemia with hypoxaemia further exaggerated the
circulatory compensation during superimposed acute hypoxaemia. These find-
ings are in agreement with those reported by Gardner et al. (2002a) as the
increase in peripheral vascular resistance was significantly enhanced during
acute hypoxaemia in all groups of compromised fetuses (Fig. 3.6). Further, the
enhanced femoral vasoconstrictor response to acute hypoxaemia was associated
with marked elevations in plasma catecholamines and vasopressin in all groups
of compromised fetuses (Gardner et al., 2002a). The increase in plasma vaso-
pressin during acute hypoxaemia was greatest in the spontaneously acidaemic
fetuses, and partial correlation analysis revealed that changes in fetal pHa rather
than PaO2, and in fetal plasma vasopressin rather than total plasma catechol-
amines, during acute hypoxaemia appeared to be the greater determinants
of fetal femoral vasoconstriction (Gardner et al., 2002a). In this regard, it is of
interest to note that: (i) the llama fetus has enhanced femoral vasoconstrictor and
plasma catecholamine, vasopressin and NPY responses to acute hypoxaemia
relative to control sheep fetuses at comparable stages of gestation (Giussani
et al., 1994a, 1996, 1999a,b; Llanos et al., 1995); (ii) chronic hypoxia for
most of the incubation promotes an increase in sympathetic nerve density in
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Fig. 3.5. Acute-on-chronic hypoxaemia: fetal arterial blood pressure and heart rate responses. Data represent absolute changes from
baseline for mean arterial blood pressure and heart rate during acute hypoxaemia in control (n = 14) and spontaneously hypoxaemic
(HYPOX; n = 8), spontaneously acidaemic (AC; n = 5) or spontaneously hypoglycaemic (HG; n = 6) fetuses. Values are means ± SEM of
cardiovascular data (1 min average) for a baseline period (1 h normoxia), 1 h of hypoxaemia (box) and 1 h of recovery. Statistical differences
are: *, P < 0.05 normoxia versus early (first 15 min) or late (last 45 min) hypoxaemia or recovery; †, P < 0.05 control versus HYPOX fetuses;
‡, P < 0.05 HYPOX versus HG fetuses. (Taken from Gardner et al., 2002a.)
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Fig. 3.6. Acute-on-chronic hypoxaemia: fetal femoral blood flow and vascular resistance responses. Data represent absolute changes from
baseline for mean fetal femoral blood flow and vascular resistance (FVR) during acute hypoxaemia in control (n = 14) and HYPOX (n = 8)
or AC (n = 5) or HG (n = 6) fetuses. Values are means ± SEM of cardiovascular data (1 min average) for a baseline period (1 h normoxia),
1 h of hypoxaemia (box) and 1 h of recovery. Statistical differences are: *, P < 0.05 normoxia versus early (first 15 min) or late (last 45 min)
hypoxaemia or recovery; †, P < 0.05 control versus spontaneously compromised (HYPOX or AC or HG) fetuses; ‡, P < 0.05 HG versus
HYPOX fetuses. (Taken from Gardner et al., 2002a.)
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the chick embryo (Ruijtenbeek et al., 2000); and (iii) both llama fetuses
(Giussani et al., 1999a) and chronically hypoxaemic, growth-retarded fetal
sheep (Block et al., 1989) have a greater dependence on a-adrenergic mecha-
nisms to survive episodes of acute hypoxaemia than control fetal sheep. Taken
together, past findings suggest that irreversible adverse intrauterine conditions
may enhance the capacity of the compromised fetus to redistribute blood flow
away from the periphery to serve hypoxia-sensitive circulations, and that the
exact mechanisms recruited to mediate this enhanced response will depend on
the interplay between prevailing hypoxaemia, acidaemia or hypoglycaemia in
complicated pregnancies.

Modulation of the Fetal Cardiovascular Response to Acute
Hypoxia by Reversible Adverse Intrauterine Conditions:
Acute-after-chronic Hypoxia

One important paradox in obstetric practice is that the incidence of perinatal
morbidity arising from birth hypoxia or asphyxia has remained high, despite the
marked improvements in the management of labour in recent years (Hall, 1989).
Perinatal mortality in these circumstances may therefore reflect an undiagnosed
antenatal compromise rather than the conditions encountered during labour per
se. One possibility is that fetal exposure to adverse intrauterine conditions before
labour may result in attenuation rather than enhancement of cardiovascular
defence mechanisms, rendering the fetus more susceptible to the relatively mild
or acute hypoxia/asphyxia of uncomplicated labour and delivery. This implies
that acute-on-chronic hypoxia and acute-after-chronic hypoxia may have
differential effects on the fetal cardiovascular system.

While acute-on-chronic hypoxia may model an irreversible adverse condi-
tion, which can therefore be diagnosed in clinical practice, acute-after-chronic
hypoxia may model labour or an acute challenge following a reversible period of
adversity, which, because of its transient nature, has remained undiagnosed. A
common form of reversible adverse intrauterine conditions is compression of the
umbilical cord, which has been reported to occur at an incidence of ≥ 40% in
human pregnancies (Clapp et al., 1988, 2000; Hall, 1989), either resulting from
nuchal cord (Clapp et al., 2000), torsion of the umbilicus during gestation
(Rayburn et al., 1981), oligohydramnios (Leveno et al., 1984) or compression
during the actual processes of labour and delivery (Wheeler and Greene, 1975).
Despite this, little is known about the effects of fetal exposure to compression
of the umbilical cord upon the fetal cardiovascular capacity to respond to a
subsequent episode of acute hypoxaemia.

Using a computerized system, a recent study (Gardner et al., 2001b)
addressed how temporary reversible compression of the umbilical cord may alter
the capacity of the fetal cardiovascular system to withstand subsequent acute
hypoxia, of the type that may occur during labour and delivery. The umbilical
cord of fetal sheep was compressed to reduce umbilical blood flow by a
programmed 30% from baseline, for 3 days between 125 and 128 days of
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gestation (Gardner et al., 2002b). At 128 days the umbilical occluder was
deflated to allow umbilical blood flow to return to basal conditions. Following full
recovery from cord compression, the fetuses were then subjected to an acute epi-
sode of hypoxaemia, between 2 and 7 days after the end of cord compression.
The cardiovascular, endocrine and local mechanisms mediating their defence
response to acute hypoxaemia were compared with those in appropriate sham-
compressed fetuses. During partial umbilical cord compression, fetuses
developed mild asphyxia, which was characterized by significant falls in pHa,
PaO2 and per cent saturation of haemoglobin, and an increase in arterial PaCO2.
After 1 day of recovery from cord compression, values for all these variables had
returned to basal conditions. When acute hypoxaemia was induced 2–7 days
after the end of cord compression, sham-compressed fetuses responded to the
challenge with the three classical responses: transient bradycardia, an increase in
arterial blood pressure and a redistribution of the combined ventricular output
away from the peripheral circulations, indexed in this instance by a pronounced
increase in femoral vascular resistance. In marked contrast, while the cardiac
response to acute hypoxaemia in cord-compressed fetuses was not affected, the
pressor response was diminished because these fetuses had almost lost their
capacity to constrict the femoral vascular bed (Fig. 3.7) (Gardner et al., 2002b).
Fetal exposure to a period of reversible adverse intrauterine conditions markedly
attenuated the peripheral vasoconstrictor response to subsequent acute hypox-
aemia. The clinical implication of this finding is that adverse antenatal compro-
mise may render the fetus less able to redistribute its blood flow and, hence,
make it more susceptible to subsequent acute challenges, such as those imposed
by relatively uncomplicated labour and delivery. This finding may explain, at
least in part, why perinatal morbidity arising from birth hypoxia or asphyxia has
not been affected by the marked improvements in obstetric practice and the
management of labour in recent years (Rosenfeld et al., 1996). Physiologically,
it is of interest to determine which mechanisms, normally mediating fetal
peripheral vasoconstriction, are being affected by prior compression of
the umbilical cord.

Gardner et al. (2002b) addressed the possibility that short-term compression
of the umbilical cord diminished fetal peripheral vasoconstrictor responses to
subsequent acute hypoxaemia because of reduced secretion of vasoconstrictor
hormones during acute hypoxaemia and/or reduced responsiveness of the
fetal peripheral circulations to constrictor agents. Cord-compressed fetuses
had enhanced concentrations of catecholamines during acute hypoxaemia and
greater femoral vasopressor responses to increasing bolus doses of exogenous
phenylephrine, relative to sham-control fetuses. However, when cord-
compressed fetuses were subjected to acute hypoxaemia during the nitric oxide
clamp, the femoral vasoconstrictor response was completely restored, and, in
some instances, markedly enhanced (Fig. 3.8) (Gardner et al., 2002b). These
data suggest that attenuation of the peripheral vasoconstrictor response to acute
hypoxaemia in cord-compressed fetuses is not due to either reduced release
of catecholamines into the fetal circulation or to reduced sensitivity of the
peripheral vasculature to adrenergic agonists. However, in fetuses previously
compromised by a reversible period of umbilical cord compression, the balance
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between vasodilator and vasoconstrictor influences on the peripheral circula-
tions is shifted, resulting in an up-regulation of vasodilator activity, in particular
nitric oxide. Whether increased nitric oxide activity reflects local up-regulation in
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Fig. 3.7. Acute-after-chronic hypoxaemia: fetal cardiovascular responses. Values
are means ± SEM of cardiovascular data for control fetuses and for fetuses that
had been exposed to a 3-day partial compression of the umbilical cord using the
computerized system (UCC). Data are averaged over each minute during a baseline
period (1 h normoxia), 1 h of hypoxia (bar) and 1 h of recovery. Acute hypoxaemia
was induced in all fetuses by reducing maternal fraction of inspired oxygen (FiO2),
during which saline was infused intravenously at a rate of 0.25 ml/min. Statistical
differences are; *, P < 0.05, baseline versus hypoxia or recovery; †, sham-control
versus UCC fetuses. (Taken from Gardner et al., 2002b.)
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the endothelium of peripheral circulations (Zheng et al., 2000) and/or enhanced
production of nitric oxide-dependent vasodilator factors, such as adenosine
(Read et al., 1993), oestrogen (Rosenfeld et al., 1996) and/or adrenomedullin
(Di Iorio et al., 1998), in the placental and/or fetal circulations remains to be
determined.
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Chronic Hypoxia During Development, Fetal Growth and
Programming of Cardiovascular Disease

The compelling evidence linking small size at birth with later cardiovascular
disease, obtained from epidemiological studies of human populations of more
than seven countries (Barker, 1998), has renewed and amplified a clinical and
scientific interest into the determinants of fetal growth, birthweight and cardio-
vascular development and function before and after birth. As early as the 1950s,
Penrose (1954) highlighted that the greatest determinant of birthweight was
the quality of the intrauterine environment, being twice as great a determinant
of fetal growth as the maternal or fetal genotype. Of course, one of the great
qualifiers of the fetal intrauterine environment is the maternal nutritional status
during pregnancy. As such, the reciprocal association between low birthweight
and increased risk of high blood pressure in adulthood, as first described by
Barker (1998), has literally exploded a new field of research investigating the
effects of materno-fetal nutrition on fetal growth, birthweight and subsequent
cardiovascular disease. However, the fetus also nourishes itself with oxygen,
and, in contrast to the international effort assessing the effects of maternal
nutrition on early development, the effects of materno-fetal oxygen deprivation
on fetal growth, birthweight and subsequent cardiovascular disease have been
little addressed.

The most common form of materno-fetal hypoxia is pregnancy at high
altitude, and in recent studies we have asked whether high altitude is a greater
determinant than maternal nutritional status of intrauterine growth retardation,
low birthweight, and increased infant mortality. And, if so, whether the chronic
fetal hypoxia of pregnancy at high altitude, independent of the maternal
nutritional status, can alone programme fetal origins of adult disease. These
questions have been addressed in Bolivia, as this country is geographically
and socio-economically unique. Bolivia lies in the heart of South America and
it is split by the Andean cordillera into areas of very high altitude to the west of
the country (4000 m), and sea-level areas where the east of the country spans
into the Brazilian Amazon. Facilitating the study design, the two largest cities,
and therefore the most populated, with approximately 2 million inhabitants
each, are La Paz (4000 m) and Santa Cruz (400 m). Bolivia is also socio-
economically unique as both La Paz and Santa Cruz are made up of striking
divergent populations economically (Mapa de pobreza, 1995). In Third World
countries, and especially in Bolivia, there is an unsurprisingly strong relationship
between socio-economic status and nutritional status (Post et al., 1994; Tellez
et al., 1994). Joining strengths with Barker, a recent study investigated whether
the intrauterine growth retardation observed in the high-altitude regions of
Bolivia was primarily due to intrauterine hypoxia or due to the maternal socio-
economic nutritional status (Giussani et al., 2001b). Birthweight records were
obtained from term pregnancies in La Paz and Santa Cruz, especially from
obstetric hospitals selectively attended by wealthy or impoverished mothers.
Plots of the cumulative frequency distribution across all birthweights gathered
revealed a pronounced shift to the left in the curve of babies from high altitude
than from low altitude, despite similarly high maternal economic status
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(Fig. 3.9). Interestingly, when lowland babies born from mothers with high or
low economic status were compared, a shift to the left in birthweight occurred in
low- versus high-income pregnancies; however, this shift was not as pronounced
as the effect of high altitude on birthweight alone. Additional data also showed
that highland babies from poor families did not have the greatest leftward shift of
the relationship as one would have expected. Rather, these babies were actually
heavier than highland babies born from families with a high socio-economic
status. The apparent conundrum is easily explained by assessing the ancestry of
the families. In our study, the low socio-economic group of La Paz contained a
high percentage (92%) of women from Amerindian origin, with Aymara indian
paternal and maternal surnames (Giussani et al., 2001b). In contrast, the high
socio-economic group of La Paz contained a high European admixture. These
findings are reminiscent of the observations of Zamudio et al. (1993) and Haas
et al. (1977), who suggested that fetal growth retardation at altitude is correlated
with the duration of high-altitude residence, independent of maternal nutrition:
the longest-resident population experiencing the least decline and the shortest-
residence groups demonstrating the most reduction in birthweight. Accordingly,
reductions in birthweight at elevations greater than 3000 m above sea level are
greatest in Colorado, intermediate in Andeans and least in Tibetans (Zamudio
et al., 1993). Thus, women from high-altitude residence ancestry, such as the
Tibetans (Zamudio et al., 1993) and the Aymaras (Haas et al., 1977) give birth
to heavier babies than women from low-altitude residence ancestry, such as Han
women in China and women from European or mestizo ancestry in South
America.

While such studies suggest that development under the chronic hypoxia of
pregnancy at high altitude alone, independent of maternal economic–nutritional

76 D.A. Giussani and D.S. Gardner

20

0

40

60

80

100

<2000 <2500 <3000 <3500 <4000 <4500

La Paz Ð high income

La Paz Ð low income

Santa Cruz Ð high income

Santa Cruz Ð low income

D
is
tr
ib
u
ti
o
n
(%

)

Birthweight (g)

Fig. 3.9. The effects of high altitude versus socio-economic status on birthweight. The
curves represent the cumulative frequency distribution across all birthweights in term babies
born from mothers of opposing economic status in La Paz (4000 m) and in Santa Cruz
(400 m), in Bolivia. (Modified from Giussani et al., 2001b.)

86A8047 - 086.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, July 09, 2004 1:44:53 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



status, leads to fetal growth retardation, and that high-altitude residence ancestry
may develop a protection against the effects of high altitude on fetal growth, it
remains to be elucidated whether hypoxia-induced reductions in birthweight are
associated with increased health risks after birth, and whether this risk is different
in native and foreign highlanders. Preliminary data suggest that the rates of
infant mortality, within the first year of newborn life, are positively correlated
with altitude, increasing at a rate of c. 8 deaths per 1000 m increase, and that
this relationship is also independent of the maternal socio-economic status.
However, the negligible number of studies, in which arterial blood pressure was
measured in residents rather than climbers at high altitude, report conflicting
results, suggesting either a higher incidence of hypertension in the inhabitants
of high-altitude regions of Saudi Arabia (Khalid et al., 1994) or lower resting
blood pressure in Peruvian highlanders (Ruiz and Penaloza, 1977). These
inconsistencies may again be related to the high-altitude residence ancestry
of the individuals being studied.

Summary and Perspectives

The first line of fetal defence to an episode of acute oxygen deprivation, of
the magnitude that may occur during labour and delivery, is the cardiovascular
system. The fetal cardiovascular defence responses to an episode of acute
hypoxaemia include transient bradycardia, an increase in arterial blood pres-
sure, and a redistribution of the fetal combined ventricular output in favour of
the adrenal glands, the heart and the brain at the expense of perfusion to the
peripheral circulations. The fetal bradycardia and peripheral vasoconstriction
at the onset of acute hypoxaemia are triggered by a carotid chemoreflex. The
magnitude of the peripheral vasoconstrictor response to acute hypoxaemia will
depend on the balance between the release of vasoconstrictor hormones, such
as catecholamines and vasopressin, and the modulation of the response by local
agents, such as adenosine and nitric oxide.

Recent evidence suggests that adverse intrauterine conditions will modify
the capacity of the fetal cardiovascular system to withstand an episode of acute
hypoxaemia. However, modifications of the fetal cardiovascular defence to
acute hypoxaemia differ markedly if the episode of acute hypoxaemia occurs
during adverse intrauterine conditions, as opposed to after the period of
adversity. While acute-on-chronic hypoxia enhances the fetal peripheral
vasoconstrictor response, acute-after-chronic hypoxia almost suppresses the
fetal vasoconstrictor capacity. Suppression of fetal peripheral vasoconstrictor
responses to acute hypoxaemia following a period of intrauterine adversity may
weaken the redistribution of the fetal cardiac output, thereby rendering the fetal
brain more susceptible to birth asphyxia and subsequent neurodevelopmental
handicap. Additional evidence suggests that acute-after-chronic hypoxia
increases the gain of both sympathetic and nitrergic influences on the fetal
peripheral vasculature. However, the enhancement of nitric oxide activity out-
weighs the increased sympathetic activity, completely masking the peripheral
vasoconstriction. The source of the enhanced nitric oxide activity under these
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circumstances is unknown at present. However, if the source of enhanced nitric
oxide activity is the placenta, it is plausible that once this source is lost following
delivery, the individual will be born with a hyper-reactive sympathetic system.

Studies at high altitude addressing the question of whether chronic fetal
hypoxia during development, independent of the maternal nutritional status,
can alone promote low birthweight and programme fetal origins of adult
cardiovascular disease, have suggested that fetal exposure to hypoxia, rather
than maternal undernutrition, has a greater impact on low birthweight. The
intrauterine growth retardation resulting from the chronic hypoxia of pregnancy
at high altitude is asymmetric, indicating sustained peripheral vasoconstriction,
which shunts blood flow away from the peripheral circulations to spare the brain.
The mechanisms mediating this persistent redistribution of the cardiac output in
the human fetus under these conditions is unknown at present, but may involve
changes in the gain of chemoreflex, endocrine and local influences on the fetal
circulation. Additional data from studies at high altitude suggest that high-
altitude residence ancestry may develop a protection against the effects of
hypoxia on fetal development, and, thereby, against risk of developing cardio-
vascular disease at adulthood. This final point re-emphasizes the need for future
epidemiological studies relating low birthweight with postnatal cardiovascular
dysfunction at altitude to differentiate between native and foreign populations of
the highlands.

References

Akalin-Sel, T. and Campbell, S. (1992) Understanding the pathophysiology of intra-
uterine growth retardation: the role of the ‘lower limb reflex’ in redistribution of
blood flow. European Journal of Obstetrics, Gynecology, and Reproductive Biology,
46(2–3), 79–86.

Alexander, D.P., Bashore, R.A., Britton, H.G. and Forsling, M.L. (1974) Maternal and
fetal arginine vasopressin in the chronically catheterised sheep. Biology of the
Neonate 25, 242–248.

Allen, J.M., Adrian, T.E., Polak, J.M. and Bloom, S.R. (1983) Neuropeptide Y (NPY): in
the adrenal gland. Journal of the Autonomic Nervous System 9, 559–563.

Barclay, A.E., Barcroft, J., Barron, D.H. and Franklin, K. (1939) A radiographic demon-
stration of the circulation through the heart in the adult and in the fetus and the
identification of the ductus arteriosus. British Journal of Radiology 12, 595.

Barker, D.J.P. (1998) Mothers, Babies, and Disease in Later Life. Churchill Livingstone,
Edinburgh, UK.

Bartelds, B., van Bel, F., Teitel, D.F. and Rudolph, A.M. (1993) Carotid, not aortic,
chemoreceptors mediate the fetal cardiovascular response to acute hypoxemia in
lambs. Pediatric Research 34, 51–55.

Beard, R.W. and Rivers, R.P. (1979) Fetal asphyxia in labour. Lancet 2(8152),
1117–1119.

Behrman, R.E. and Lees, M.H. (1971) Organ blood flows of the fetal, newborn and adult
rhesus monkey: a comparative study. Biology of the Neonate 18(5), 330–340.

Bilardo, C.M., Campbell, S. and Nicolaides, K.H. (1988) Mean blood velocities and flow
impedance in the fetal descending thoracic aortic and common carotid artery in
normal pregnancy. Pregnancy and Early Human Development 18(2–3), 213–221.

78 D.A. Giussani and D.S. Gardner

88A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:04 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Blanco, C.E., Dawes, G.S. and Walker, D.W. (1983) Effect of hypoxia on polysynaptic
hind-limb reflexes of unanaesthetized fetal and new-born lambs. Journal of
Physiology 339, 453–466.

Block, B., Llanos, A. and Creasy, R. (1984) Responses of the growth-retarded fetus
to acute hypoxemia. American Journal of Obstetrics and Gynecology 148,
878–885.

Block, B., Schlafer, D., Wentworth, R., Kreitzer, L. and Nathanielsz, P. (1989) Intrauterine
growth retardation and the circulatory responses to acute hypoxemia in fetal sheep.
American Journal of Obstetrics and Gynaecology 161, 1576–1579.

Block, B., Schlafer, D., Wentworth, R., Kreitzer, L. and Nathanielsz, P. (1990) Intrauterine
asphyxia and the breakdown of physiologic circulatory compensation in fetal sheep.
American Journal of Obstetrics and Gynecology 162, 1325–1331.

Bloom, S.R., Edwards, A.V. and Jones, C.T. (1988) The adrenal contribution to the
neuroendocrine responses to splanchnic nerve stimulation in conscious calves.
Journal of Physiology 397, 513–526.

Boddy, K., Dawes, G.S., Fisher, R., Pinter, S. and Robinson, J.S. (1974) Foetal
respiratory movements, electrocortical and cardiovascular responses to hypoxemia
and hypercapnia in sheep. Journal of Physiology 243, 599–618.

Bristow, J., Rudolph, A.M., Itskovitz, J. and Barnes, R (1983) Hepatic oxygen and glucose
metabolism in the fetal lamb Response to hypoxia. Journal of Clinical Investigation
71, 1047–1061.

Broughton Pipkin, F., Lumbers, E.R. and Mott, J.C. (1974) Factors influencing plasma
renin and angiotensin II in the conscious pregnant ewe and its foetus. Journal of
Physiology 243, 619–636.

Carter, A.M. and Gu, W. (1988) Cerebral blood flow in the fetal guinea-pig. Journal of
Developmental Physiology 10(2), 123–129.

Charlton, V. and Johengen, M. (1984) Nutrient and waste product concentration differ-
ences in upper and lower body arteries of fetal sheep. Journal of Developmental
Physiology 6(5), 431–437.

Clapp, J.F., Peress, N.S., Wesley, M. and Mann, L.I. (1988) Brain damage after inter-
mittent partial cord occlusion in the chronically instrumented fetal lamb. American
Journal of Obstetrics and Gynecology 159, 504–509.

Clapp, J.F., Stepanchek, W., Lopez, B. and Schmidt, S. (2000) Antenatal nuchal cord:
prevalence and associated findings. Journal of the Society for Gynaecological
Investigation 7(1), 136.

Cohen, W.R., Piasecki, G.J. and Jackson, B.T. (1982) Plasma catecholamines during
hypoxemia in fetal lamb. American Journal of Physiology 243, R520–R525.

Cohen, W.R., Piasecki, G.J., Cohn, H.E., Young, J.B. and Jackson, B.T. (1984) Adrenal
secretion of catecholamines during hypoxemia in fetal lambs. Endocrinology 114,
383–390.

Cohn, H.E., Sacks, E.J., Heymann, M.A. and Rudolph, A.M. (1974) Cardiovascular
responses to hypoxemia and acidemia in fetal lambs. American Journal of Obstetrics
and Gynecology 120, 817–824.

Court, D.J., Parer, J.T., Block, B.S. and Llanos, A.J. (1984) Effects of beta-adrenergic
blockade on blood flow distribution during hypoxaemia in fetal sheep. Journal of
Developmental Physiology 6, 349–358.

Creasy, R.K. and Resnik, R. (1981) Intrauterine fetal growth retardation. In: Milunsky, A.,
Friedman, E.A. and Gluck, L. (eds) Advances in Perinatal Medicine, Vol. 4. Plenum
Book Medical Company, New York.

Dawes, G.S. (1968) Fetal and Neonatal Physiology. Yearbook Medical Publishers,
Chicago, Illinois.

Hypoxaemia and Cardiovascular Development 79

89A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:05 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Di Iorio, R., Marinoni, E. and Cosmi, E.V. (1998) New peptides, hormones and
parturition. Gynecological Endocrinology 12, 429–434.

Dilts, P.V., Brinkman, C.R., Kirschbaum, T.H. and Assali, N.S. (1969) Uterine and
systemic haemodynamic interrelationships and their response to hypoxia. American
Journal of Obstetrics and Gynecology 103, 138–157.

Edelstone, D.I. (1980) Regulation of blood flow through the ductus venosus. Journal of
Developmental Physiology 2, 219–238.

Edelstone, D.I., Rudolph, A.M. and Heymann, M.A. (1978) Liver and ductus venosus
blood flows in fetal lambs in utero. Circulation Research 42, 426–433.

Edvinsson, L., Ekblad, E., Hakanson, A. and Wahlestedt, C. (1984) Neuropeptide Y
potentiates the effect of various vasoconstrictor agents on rabbit blood vessels. British
Journal of Pharmacology 83, 519–525.

Edwards, A.V., Hardy, R.N. and Malinowska, K.W. (1974) The effects of infusions of
synthetic adrenocorticotrophin in the conscious calf. Journal of Physiology 239(3),
477–498.

Ervin, M.G., Ross, M.G., Leake, R.D. and Fisher, D.A. (1992) V1- and V2-receptor
contributions to ovine fetal renal and cardiovascular responses to vasopressin.
American Journal of Physiology 262, R636–R643.

Fletcher, A.J.W.F. (2001) Glucocorticoids and acute hypoxaemia in fetal sheep:
cardiovascular, endocrine and metabolic responses. PhD thesis, University of
Cambridge, Cambridge, UK.

Fletcher, A.J.W., Edwards, C.M.B., Gardner, D.S., Fowden, A.L. and Giussani, D.A.
(2000) Neuropeptide Y in the sheep fetus: effects of acute hypoxemia and
dexamethasone during late gestation. Endocrinology 141(11), 3976–3982.

Forhead, A.J., Broughton Pipkin, F. and Fowden, A.L. (2000) Effect of cortisol on
blood pressure and the renin–angiotensin system in fetal sheep during late gestation.
Journal of Physiology 526(1), 167–176.

Gardner, D.S., Powlson, A.S. and Giussani, D.A. (2001a) An in vivo nitric oxide clamp to
investigate the influence of nitric oxide on continuous umbilical blood flow during
acute hypoxaemia in the sheep fetus. Journal of Physiology 537(2), 587–596.

Gardner, D.S., Fletcher, A.J.W., Swann, M., Fowden, A.L. and Giussani, D.A. (2001b)
A novel method for controlled, long term compression of the umbilical cord in fetal
sheep. Journal of Physiology 535(1), 217–229.

Gardner, D.S., Fletcher, A.J., Bloomfield, M.R., Fowden, A.L. and Giussani, D.A.
(2002a) Effects of prevailing hypoxaemia, acidaemia or hypoglycaemia upon the
cardiovascular, endocrine and metabolic responses to acute hypoxaemia in the
ovine fetus. Journal of Physiology 540(1), 351–366.

Gardner, D.S., Fowden, A.L. and Giussani, D.A. (2002b) Adverse intrauterine conditions
diminish the fetal defense to acute hypoxia by increasing nitric oxide activity.
Circulation 106, 2278–2283.

Giussani, D.A., Spencer, J.A., Moore, P.J., Bennet, L. and Hanson, M.A. (1993) Afferent
and efferent components of the cardiovascular reflex responses to acute hypoxia in
term fetal sheep. Journal of Physiology 461, 431–449.

Giussani, D.A., Spencer, J.A. and Hanson, M.A. (1994a) Fetal cardiovascular reflex
responses to hypoxaemia. Fetal and Maternal Medicine Review 6, 17–37.

Giussani, D.A., McGarrigle, H.H.G., Spencer, J.A.D., Moore, P.J., Bennet, L. and
Hanson, M.A. (1994b) Effect of carotid denervation on plasma vasopressin levels
during acute hypoxia in the late-gestation sheep fetus. Journal of Physiology 477,
81–87.

Giussani, D.A., Riquelme, R.A., Moraga, F.A., McGarrigle, H.H., Gaete, C.R., Sanhueza,
E.M., Hanson, M.A. and Llanos, A.J. (1996) Chemoreflex and endocrine

80 D.A. Giussani and D.S. Gardner

90A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:05 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



components of cardiovascular responses to acute hypoxemia in the llama fetus.
American Journal of Physiology 271, R73–R83.

Giussani, D.A., Riquelme, R.A., Sanhueza, E.M., Hanson, M.A., Blanco, C.E. and Llanos,
A.J. (1999a) Adrenergic and vasopressinergic contributions to the cardiovascular
response to acute hypoxaemia in the llama fetus. Journal of Physiology 515(1),
pp. 233–241.

Giussani, D.A., Riquelme, R.A., Hanson, M.A., Blanco, C.E., Edwards, C.M.B. and
Llanos, A.J. (1999b) Pronounced increase in plasma neuropeptide Y (NPY): during
acute hypoxemia in the llama fetus during late gestation. Journal of the Society for
Gynaecological Investigication 6(1), 106A.

Giussani, D.A., Gardner, D.S., Cox, D.R. and Fletcher, A.J.W. (2001a) Purinergic
contribution to the circulatory, metabolic and adrenergic responses to acute
hypoxemia in fetal sheep. American Journal of Physiology 280, R678–R688.

Giussani, D.A., Phillips, P.S., Anstee, S. and Barker, D.J. (2001b) Effects of altitude
versus economic status on birth weight and body shape at birth. Pediatric Research
49(4), 490–494.

Goodwin, J.W. (1968) The impact of the umbilical circulation on the fetus. American
Journal of Obstetrics and Gynecology 100, 461–471.

Green, L.R., Bennet, L. and Hanson, M.A. (1996) The role of nitric oxide synthesis in
cardiovascular responses to acute hypoxia in the late gestation sheep fetus. Journal
of Physiology 497, 271–277.

Green, L.R., Bennet, L., Robson, S. and Hanson, M.A. (1997) The role of carotid
chemoreceptors in the effects of hypoxia on renal blood flow in the late gestation
sheep fetus. Experimental Physiology 82, 183–192.

Green, L.R., McGarrigle, H.H., Bennet, L. and Hanson, M.A. (1998) Angiotensin II and
cardiovascular chemoreflex responses to acute hypoxia in late gestation fetal sheep.
Journal of Physiology 507, 857–867.

Gunn, A.J., Quaedackers, J.S., Guan, J., Heineman, E. and Bennet, L. (2001) The
premature fetus: not as defenseless as we thought, but still paradoxically vulnerable?
Developmental Neuroscience 23(3), 175–179.

Haas, J.D., Baker, P.T. and Hunt, E.E. (1977) The effects of high altitude on body size
and composition of the newborn infant in Southern Peru. Human Biology 49(4),
611–628.

Hall, D.M. (1989) Birth asphyxia and cerebral palsy. British Medical Journal 299,
279–282.

Hanna, S.J. and Edwards, A.V. (1998) The role of nitric oxide in the control of protein
secretion in the parotid gland of anaesthetized sheep. Experimental Physiology 83,
533–544.

Hardy, R.N., Silver, M., Addison, K., Malinowska, K.W. and Edwards, A.V. (1974) The
response of the adrenal gland to hypoglycaemia in the conscious calf. Experientia
30(7), 819–820.

Harris, A.P., Helou, S., Gleason, C.A., Traystman, R.J. and Koehler, R.C. (2001)
Fetal cerebral and peripheral circulatory responses to hypoxia after
nitric oxide synthase inhibition. American Journal of Physiology 281,
R381–R390.

Hooper, S.B. (1995) Fetal metabolic responses to hypoxia. Reproduction, Fertility, and
Development 7, 527–538.

Iwamoto, H.S. and Rudolph, A.M. (1979) Effects of endogenous angiotensin II on the
fetal circulation. Journal of Developmental Physiology 1, 283–293.

Iwamoto, H.S. and Rudolph, A.M. (1981) Effects of angiotensin II on the blood flow and
its distribution in fetal lambs. Circulation Research 48, 183–189.

Hypoxaemia and Cardiovascular Development 81

91A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:05 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Iwamoto, H.S., Rudolph, A.M., Keil, L.C. and Heymann, M.A. (1979) Hemodynamic
responses of the sheep fetus to vasopressin infusion. Circulation Research 44,
430–436.

Iwamoto, H.S., Kaufman, T., Keil, L.C. and Rudolph, A.M. (1989) Responses to acute
hypoxemia in fetal sheep at 0.6–0.7 gestation. American Journal of Physiology 256,
H613–H620.

Jackson, B.T., Piasecki, G.J. and Novy, M.J. (1987) Fetal responses to altered
maternal oxygenation in rhesus monkey. American Journal of Physiology 252(1),
R94–R101.

Javorka, K., Tomori, Z. and Pullmann, R. (1978) Effect of inderal on heart rate changes in
rabbit and guinea pig foetuses during hypoxia [author’s transl.]. Bratislav Medical
Journal 69(4), 450–457.

Jensen, A. and Berger, R. (1991) Fetal circulatory responses to oxygen lack. Journal of
Developmental Physiology 16(4), 181–207.

Jensen, A. and Berger, R. (1993) Regional distribution of cardiac output. In: Hanson,
M.A., Spencer, J.A.D. and Rodeck, C.H. (eds) Fetus and Neonate – Physiology
and Clinical Applications: Vol. 1, The Circulation. Cambridge University Press,
Cambridge, UK, pp. 23–74.

Jensen, A., Hohmann, M. and Kunzel, W. (1987) Dynamic changes in organ blood
flow and oxygen consumption during acute asphyxia in fetal sheep. Journal of
Developmental Physiology 9, 543–559.

Jones, C.T. and Robinson, R.O. (1975) Plasma catecholamines in foetal and adult sheep.
Journal of Physiology 248, 15–33.

Jones, C.T., Roebuck, M.M., Walker, D.W. and Johnston, B.M. (1988) The role of the
adrenal medulla and peripheral sympathetic nerves in the physiological responses of
the fetal sheep to hypoxia. Journal of Developmental Physiology 10, 17–36.

Kaelin-Lang, A., Lauterburg, T. and Burgunder, J.M. (1998) Expression of adenosine
A2a receptor gene in rat dorsal root and autonomic ganglia. Neuroscience Letters
246(1), 21–24.

Katusic, Z.S. and Shepherd, J.T. (1991) Endothelium-derived vasoactive factors: II
Endothelium-dependent contraction. Hypertension 18, III86–III92.

Khalid, M.E., Ali, M.E., Ahmed, E.K. and Elkarib, A.O. (1994) Pattern of blood pressures
among high and low altitude residents of southern Saudi Arabia. Journal of Human
Hypertension 8(10), 765–769.

Koos, B.J., Chau, A. and Ogunyemi, D. (1995) Adenosine mediates metabolic and
cardiovascular responses to hypoxia in fetal sheep. Journal of Physiology 488,
761–766.

Lebowitz, E.A., Novick, J.S. and Rudolph, A.M. (1972) Development of myocardial sym-
pathetic innervation in the fetal lamb. Pediatric Research 6, 887–893.

Leveno, K.J., Quirk, J.G. Jr, Cunningham, F.G., Nelson, S.D., Santo-Ramos, R.,
Toofanian, A. and Depalma, R.T. (1984) Prolonged pregnancy: 1 Observations
concerning the causes of fetal distress. American Journal of Obstetrics and
Gynecology 150(1), 465–473.

Liggins, G.C., Qvist, J., Hochachka, P.W., Murphy, B.J., Creasy, R.K., Schneider, R.C.,
Snider, M.T. and Zapol, W.M. (1980) Fetal cardiovascular and metabolic responses
to simulated diving in the Weddell seal. Journal of Applied Physiology 49(3),
424–430.

Llanos, A.J., Riquelme, R.A., Moraga, F.A., Cabello, G. and Parer, J.T. (1995)
Cardiovascular responses to graded degrees of hypoxaemia in the llama fetus.
Reproduction, Fertility, and Development 7(3), 549–552.

82 D.A. Giussani and D.S. Gardner

92A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:06 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Lumbers, E.R., McCloskey, D.I., Potter, E.K. and Courtice, G.P. (1986) Cardiac vagal
action during hypoxia in adult and fetal sheep. Journal of the Autonomic Nervous
System 16, 23–34.

Mapa de pobreza (1995) Una guía para la acción social, 2nd edn. Ministerio de desarrollo
humano, República de Bolivia.

McQueen, D.S. and Ribeiro, J.A. (1986) Pharmacological characterization of the receptor
involved in chemoexcitation induced by adenosine. British Journal of Pharmacology
88, 615–620.

Monheit, A.G., Stone, M.L. and Abitbol, M.M. (1988) Fetal heart rate and transcutaneous
monitoring during experimentally induced hypoxia in the fetal dog. Pediatric
Research 23(6), 548–552.

Monteiro, E.C. and Ribeiro, J.A. (1987) Ventilatory effects of adenosine mediated by
carotid body chemoreceptors in the rat. Naunyn-Schmiedeberg’s Arch Pharmacol
335, 143–148.

Moore, P.J. and Hanson, M.A. (1991) The role of peripheral chemoreceptors in the rapid
response of the pulmonary vasculature of the late gestation sheep fetus to changes in
PaO2. Journal of Developmental Physiology 16, 133–138.

Morrison, S., Fletcher, A.J.W., Gardner, D.S. and Giussani, D.A. (2003) Enhanced nitric
oxide activity offsets peripheral vasoconstriction during acute hypoxaemia via
chemoreflex and adrenomedullary actions. Journal of Physiology 547, 283–291.

Morrow, R.J., Adamson, S.L., Bull, S.B. and Ritchie, J.W. (1990) Acute hypoxemia does
not affect the umbilical artery flow velocity waveform in fetal sheep. Obstetrics and
Gynecology 75(4), 590–593.

Muijsers, G.J., Hasaart, T.H., Ruissen, C.J., Van Huisseling, H., Peeters, L.L.H. and
De Haan, J. (1990) The response of the umbilical and femoral artery pulsatility
indices in fetal sheep to progressively reduced uteroplacental blood flow. Journal of
Developmental Physiology 13(4), 215–221.

Mulder, A.L., van Golde, J.C., Prinzen, F.W. and Blanco, C.E. (1998) Cardiac output
distribution in response to hypoxia in the chick embryo in the second half of the
incubation time. Journal of Physiology 508, 281–287

Nicolaides, K.H., Economides, M.D. and Soothill, P.W. (1989) Blood gases, pH and
lactate in appropriate- and small-for-gestational-age fetuses. American Journal of
Obstetrics and Gynecology 161, 996–1001.

Nuwayhid, B., Brinkman, C.R. III, Su, C., Bevan, J.A. and Assali, N.S. (1975)
Development of autonomic control of fetal circulation. American Journal of
Physiology 228, 337–344.

Okamura, K., Shintaku, Y., Watanabe, T., Tanigawara, S., Endo, H., Akagi, K. and
Yajima, A. (1992) Femoral artery blood flow monitoring has distinct advantages for
examining redistribution of blood flow in fetal acidosis. Journal of Perinatal Medicine
20, 215–222.

Parer, J.T. (1984) The effect of atropine on heart rate and oxygen consumption of the
hypoxic fetus. American Journal of Obstetrics and Gynecology 148, 1118–1122.

Paton, J.B., Fisher, D.E., Peterson, E.N., DeLannoy, C.W. and Behrman, R.E. (1973)
Cardiac output and organ blood flows in the baboon fetus. Biology of the Neonate
22(1), 50–57.

Peeters, L.L., Sheldon, R.E., Jones, M.D. Jr, Makowski, E.L. and Meschia, G. (1979)
Blood flow to fetal organs as a function of arterial oxygen content. American Journal
of Obstetrics and Gynecology 135, 637–646.

Penrose, L.S. (1954) Some recent trends in human genetics. Cardiologia 6 (suppl.),
521–529.

Hypoxaemia and Cardiovascular Development 83

93A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:06 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Post, G.B., Lujan, C., San-Miguel, J.L. and Kemper, H.C. (1994) The nutritional intake of
Bolivian boys. The relation between altitude and socioeconomic status. International
Journal of Sports Medicine 15(suppl. 2), S100–S105.

Purves, M.J. and James, I.M. (1969) Observations on the control of cerebral blood flow in
the sheep fetus and newborn lamb. Circulation Research 25(6), 651–667.

Raff, H., Kane, C.W. and Wood, C.E. (1991) Arginine vasopressin responses to hypoxia
and hypercapnia in late-gestation fetal sheep. American Journal of Physiology 260,
R1077–R1081.

Rawashdeh, N.M., Rose, J.C. and Ray, N.D. (1988) Differential maturation of beta-
adrenoceptor-mediated responses in the lamb fetus. American Journal of Physiology
255, R794–R798.

Rayburn, W.F., Beynen, A. and Brinkman, D.L. (1981) Umbilical cord length and
intrapartum complications. Obstetrics and Gynecology 57(4), 450–452.

Read, M.A., Boura, A.L. and Walters, W.A. (1993) Vascular actions of purines in the
foetal circulation of the human placenta. British Journal of Pharmacology 110,
454–460.

Reuss, M.L., Parer, J.T., Harris, J.L. and Krueger, T.R. (1982) Hemodynamic effects
of alpha-adrenergic blockade during hypoxia in fetal sheep. American Journal of
Obstetrics and Gynecology 142, 410–415.

Richardson, B.S., Carmichael, L., Homan, J., Tanswell, K. and Webster, A.C. (1989)
Regional blood flow change in the lamb during the perinatal period. American
Journal of Obstetrics and Gynecology 160(4), 919–925.

Robillard, J.E., Weitzman, R.E., Burmeister, L. and Smith, F.G. Jr (1981) Developmental
aspects of the renal response to hypoxemia in the lamb fetus. Circulation Research
48, 128–138.

Robinson, J.S., Kingston, E.J., Jones, C.T. and Thorburn, G.D. (1979) Studies on
experimental growth retardation in sheep: The effect of removal of endometrial
caruncles on fetal size and metabolism. Journal of Developmental Physiology 1,
379–398.

Rosen, K.G. and Kjellmer, I. (1975) Changes in the fetal heart rate and ECG during
hypoxia. Acta Physiologica Scandinavica 93(1), 59–66.

Rosenfeld, C.R. (2001) Mechanisms regulating angiotensin II responsiveness by the
uteroplacental circulation. American Journal of Physiology, Regulatory, Integrative
and Comparative Physiology 281(4), R1025–R1040.

Rosenfeld, C.R., Cox, B.E. and Roy, T. (1996) Nitric oxide contributes to estrogen-
induced vasodilation of the ovine uterine circulation. Journal of Clinical Investigation
98, 2158–2166.

Rudolph, A.M. (1984) The fetal circulation and its response to stress. Journal of
Developmental Physiology 6, 11–19.

Rudolph, A.M. and Heymann, M.A. (1967) The circulation of the fetus in utero. Circula-
tion Research 21, 163.

Ruijtenbeek, K., Le Noble, F.A., Janssen, G.M., Kessels, C.G., Fazzi, G.E. and Blanco,
C.E. (2000) Chronic hypoxia stimulates periarterial sympathetic nerve development
in chicken embryo. Circulation 102(23), 2892–2897.

Ruiz, L. and Penaloza, D. (1977) Altitude and hypertension. Mayo Clinic Proceedings
52(7), 442–445.

Rurak, D.W. (1978) Plasma vasopressin levels during hypoxaemia and the cardiovascular
effects of exogenous vasopressin in foetal and adult sheep. Journal of Physiology
277, 341–357.

Sanhueza, E.M., Johansen-Bibby, A.A., Fletcher, A.J., Riquelme, R.A., Daniels, A.J.,
Seron-Ferre, M., Gaete, C.R., Carrasco, J.E., Llanos, A.J. and Giussani, D.A. (2003)

84 D.A. Giussani and D.S. Gardner

94A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:06 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



The role of neuropeptide Y in the ovine fetal cardiovascular response to reduced
oxygenation. Journal of Physiology 546(3), 891–901.

Sheldon, R.E., Peeters, L.L., Jones, M.D. Jr, Makowski, E.L. and Meschia, G. (1979)
Redistribution of cardiac output and oxygen delivery in the hypoxemic fetal lamb.
American Journal of Obstetrics and Gynecology 135(8), 1071–1078.

Shepherd, J.T. and Katusic, Z.S. (1991) Endothelium-derived vasoactive factors: I
Endothelium-dependent relaxation. Hypertension 18, III-76–III-85.

Tazawa, H. (1981) Effect of O2 and CO2 in N2, He, and SF6 on chick embryo blood
pressure and heart rate. Journal of Applied Physiology 51(4), 1017–1022.

Tellez, W., Sam-Miguel, J.L., Rodriguez, A., Chavez, M., Lujan, C. and Quintela, A.
(1994) Circulating proteins and iron status in blood as indicators of the nutritional
status of 10- to 12-year-old Bolivian boys. International Journal of Sports Medicine
15(suppl. 2), S79–S83.

Tenney, S.M. (1990) Hypoxic vasorelaxation. News in Physiological Science 5, 40.
Tomita, H., Brace, R.A., Cheung, C.Y. and Longo, L.D. (1985) Vasopressin dose–

response effects on fetal vascular pressures, heart rate, and blood volume. American
Journal of Physiology 249, H974–H980.

van Bel, F., Sola, A., Roman, C. and Rudolph, A.M. (1995) Role of nitric oxide in the
regulation of the cerebral circulation in the lamb fetus during normoxemia and
hypoxemia. Biology of the Neonate 68, 200–210.

Vyas, S., Nicolaides, K.H. and Campbell, S. (1990) Doppler examination of the middle
cerebral artery in anemic fetuses. American Journal of Obstetrics and Gynecology
162(4), 1066–1068.

Warburton, S.J., Hastings, D. and Wang, T. (1995) Responses to chronic hypoxia in
embryonic alligators. Journal of Experimental Zoology 273(1), 44–50.

Wheeler, T. and Greene, K. (1975) Fetal heart rate monitoring during breech labour.
British Journal of Obstetrics and Gynaecology 82(3), 208–214.

Wiriyathian, S., Porter, J.C., Naden, R.P. and Rosenfeld, C.R. (1983) Cardiovascular
effects and clearance of arginine vasopressin in the fetal lamb. American Journal of
Physiology 245, E24–E31.

Wood, C.E., Kane, C. and Raff, H. (1990) Peripheral chemoreceptor control of fetal renin
responses to hypoxia and hypercapnia. Circulation Research 67, 722–732.

Zamudio, S., Droma, T., Norkyel, K.Y., Acharya, G., Zamudio, J.A., Nirmeyer, S.N. and
Moore, L.G. (1993) Protection from intrauterine growth retardation in Tibetans at
high altitude. American Journal of Physiology: Anthropology 91, 215–224.

Zheng, J., Li, Y., Weiss, A.R., Bird, I.M. and Magness, R.R. (2000) Expression of
endothelial and inducible nitric oxide synthases and nitric oxide production in ovine
placental and uterine tissues during late pregnancy. Placenta 21, 516–524.

Hypoxaemia and Cardiovascular Development 85

95A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:07 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Birthweight and Cardiovascular Disease
J. Rich-Edwards

4 Epidemiology of the Fetal
Origins of Adult Disease:
Cohort Studies of Birthweight
and Cardiovascular Disease

JANET RICH-EDWARDS

Harvard School of Medicine, Department of Ambulatory Care and
Prevention, 113 Brookline Avenue, Boston, MA 02215, USA

Introduction

The question of whether, and how, the fetal environment ‘programmes’ the risk
of adult cardiovascular disease has provoked a lively, and still evolving, debate
among epidemiologists. Experimental evidence reviewed elsewhere in this vol-
ume demonstrates unequivocal evidence that manipulation of fetal environment
can change adult phenotype and alter cardiovascular disease risk, among
species ranging from rats to alligators to sheep (Deeming and Ferguson, 1989;
Langley-Evans et al., 1996; Dodic et al., 2002; Kind et al., 2002). In some cases,
experimental induction of the phenotype of a first generation will alter pheno-
type in second and even third generations, demonstrating non-genetic trans-
mission of phenotype across generations (Dahri et al., 1995; Francis et al., 1999;
Roseboom et al., 2000). Despite this proof of principle, comparable evidence of
programming of cardiovascular disease in human pregnancy has been elusive.
For obvious ethical reasons, experimental data on human pregnancy are scarce.
Inferences regarding human fetal programming must be drawn largely from
observational data, which suffer from three major limitations: environmental
exposures are not randomly assigned, there are decades between fetal exposure
and manifest cardiovascular disease, and it is logistically difficult to obtain
repeated measures of body size and potential environmental confounders
between conception and death among human populations.

To examine evidence of fetal origins of coronary heart disease and stroke,
we are left with the difficult task of interpreting inherently tangled observational
data from large cohorts of mature adults, falling back on imperfectly measured
proxies of fetal environment: birthweight, gestational age, exposure to famine,
gestational weight gain and the like. The epidemiologist may envy the clarity
of the experimentalist’s task. However, the data available from observational
studies are essential, as they provide the only human data available. Cautiously
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interpreted, these data are the best evidence we have at hand to judge the
importance and applicability of public health interventions aimed at reducing
cardiovascular disease by changing the fetal environment.

This chapter will review the observational cohort studies that relate
birthweight to adult cardiovascular disease endpoints, including coronary heart
disease and stroke. It will not review the much larger literature on birth size and
cardiovascular risk factors, which is reviewed by Rachel Huxley in this volume
(Chapter 5). Although there are scattered, and often inconsistent, reports that
birth length, ponderal index, chest and head circumferences and maternal pelvic
size are associated with cardiovascular disease (CVD) or its risk factors (Barker,
1998), this chapter will focus on birthweight as the most consistently reported
measure of newborn anthropometry.

Epidemiological Studies of Birthweight and Cardiovascular
Disease

Ecological and migrant studies

The original studies that launched the ‘fetal origins hypothesis’ were ecological
or geographical observations that geographic regions with high infant mortality
suffered high cardiovascular mortality 50–70 years later (Forsdahl, 1977;
Williams et al., 1979; Barker and Osmond, 1986, 1987). In particular, historical
neonatal mortality (mortality in the first month of life) was a strong predictor
of current-day risk of stroke, while both neonatal and postneonatal mortality
predicted current-day coronary heart disease (CHD) risk (Barker and Osmond,
1986).

These correlation studies prompted speculation that poor conditions in
infancy programmed adult cardiovascular disease. However, such studies relied
on data about groups of people rather than individuals. As such, they could not
establish that the infants with the poorest living conditions were the same indi-
viduals who went on to suffer cardiovascular disease. Furthermore, such studies
lacked information on potential confounders, such as cigarette smoking, which
might have explained associations of high infant mortality with later cardiovas-
cular mortality. Finally, it was impossible to pinpoint the timing of the proposed
environmental insult. It was possible, even likely, that those born into poverty
remained disadvantaged throughout adolescence and into maturity (Bartley
et al., 1994). After all, present infant mortality rates are also positively related to
present cardiovascular disease rates (Williams et al., 1979). These ecological
data permitted several competing hypotheses. Cardiovascular risk could arise
due to factors in the fetal and infant environment, or from an interaction
between infant poverty and more affluent adolescent conditions, or because
those born poor remained trapped in poverty throughout their lives (Williams
et al., 1979; Leon and Ben-Shlomo, 1997). To clarify this issue, one study
reported that the association of historic infant mortality with current cardiovascu-
lar mortality was greatly attenuated by adjustment for current-day regional
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socio-economic status, casting doubt on the unique importance of early life
environment, other than to launch a pattern of lifelong deprivation (Ben-Shlomo
and Davey-Smith, 1991).

Another way to pinpoint the timing of environmental exposure is to study
people who move from one environment to another, whether migrating between
geographic regions or travelling up or down the ladder of socio-economic
position. Such movement provides a naturally occurring (but not randomized)
experiment that permits comparison of early and later environment (Elford and
Ben-Shlomo, 1997). Several studies have examined whether an individual’s
risk of CVD is more closely related to the environment at birth or to the environ-
ment encountered in later life. These studies have shown that migrants tend
to ‘acquire’ the cardiovascular risk of the countries to which they migrate
(Stenhouse and McCall, 1970; Marmot et al., 1975; Alfredsson et al., 1982).
Some studies have also been able to evaluate the extent to which migrants
retain the cardiovascular risk of their birthplace. For example, three studies have
examined CVD rates among migrants within England, Wales and Scotland,
where there is a strong geographical gradient in risk of CVD, with higher rates
in the north. All three studies concluded that risk of CVD is more associated
with region of adult residence than with region of birth. However, two of the
three studies also detected independent associations of CVD risk with region
of birth (Elford et al., 1989; Osmond et al., 1990; Strachan et al., 1995). Studies
of social mobility also reveal that poor social conditions in early life independ-
ently predict cardiovascular risk in adulthood, although the strongest prediction
is provided by consideration of social position throughout life (Davey-Smith,
1997).

While such migrant studies are useful in identifying critical windows of
cardiovascular vulnerability to environmental exposure, they have two major
limitations. Migrants and socially mobile individuals may be selectively healthier
(or unhealthier) than those in their homelands, leading the unwary investigator
or reader to mistake a process of social/health selection for an impact of environ-
mental change. These studies also tend to provide only general indications
of early environment; broad exposures such as ‘born in East Anglia’ or ‘social
class III’ do little to narrow the list of putative agents of fetal or early life
programming.

Clearly, the hypotheses raised in these early ecological studies needed to
be tested in cohorts of individuals. However, the difficulties of obtaining data on
the prenatal and childhood environment of adults now 60 or 70 years old
seemed nearly insurmountable. In the absence of direct measurements of
prenatal environment, birthweight was chosen as a correlate of infant mortality
and a stand-in for fetal conditions. This choice of birthweight as a proxy for
individual exposure enabled the first individual-level follow-up studies examin-
ing whether birthweight was correlated with adult cardiovascular morbidity
and mortality. The cohort studies that examined birthweight as a predictor of
cardiovascular disease events are summarized in Table 4.1, where estimates
of the strength of associations between birthweight and cardiovascular disease
are provided.
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Reference Cohort Endpoint

Crude or age-adjusted change in
risk of endpoint per kg increase
in birthweighta

BMI-adjusted or stratified change
in risk of endpoint per kg increase in
birthweighta

Barker et al.
(1989)

Osmond et al.
(1993)

Martyn et al.
(1996)

Eriksson et al.
(1994)

Frankel et al.
(1996a,b)

Rich-Edwards
et al. (1997;
2003)

Leon et al.
(1998)

Koupilova et al.
(1999)

5654 men in Hertfordshire

5585 women and 10,141
men in Hertfordshire

13,249 men in
Hertfordshire and
Sheffield

855 men in Gothenburg,
Sweden

1258 men in Caerphilly

70,297 female US nurses

14,611 births in Uppsala,
Sweden

1334 men in Uppsala,
Sweden (subset of
Leon et al., 1998)

CHD mortality

CVD mortality

CVD mortality

CHD events

CHD events

CVD events

CVD mortality

CVD mortality

Decrease (NS)

Men: decrease (P < 0.005); approx.
16% decrease/kg

Women: decrease (P = 0.04); approx.
18% decrease/kg

CHD: decrease (P < 0.05); 23%
decrease/kg

Stroke: decrease (P < 0.05); 28%
decrease/kg

Increase (P = 0.05)

Decrease (P = 0.02); approx. 23%
decrease/kg (Frankel et al., 1996a)

CHD: 15% decrease/kg (P = 0.0008)
Stroke: 15% decrease/kg (P = 0.004)

Men:
CHD: 23% decrease/kg (P < 0.05)
Stroke: 29% decrease/kg (NS)
Women:
CHD: 17% decrease/kg (NS)
Stroke: 16% decrease/kg (NS)
CHD: 26% decrease/kg (NS)
Stroke: 53% decrease/kg (P < 0.05)

NA

NA

NA

NA

Decrease (P = 0.01), only with high
adult BMI (Frankel et al., 1996b)

CHD: 17% decrease/kg (P < 0.0001)
Stroke: 16% decrease/kg

(P = 0.001)
NA

CHD: 31% decrease/kg (P < 0.05)
Stroke: 53% decrease/kg stroke

(P < 0.05)

Table 4.1. Cohort studies of the association of birthweight with cardiovascular disease endpoints.
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Forsen et al.
(1999)

Forsen et al.
(1997); Eriksson
et al. (1999)

Eriksson et al.
(2000)

Eriksson et al.
(2001)

Gunnarsdottir
et al. (2002)

3447 women in Helsinki

3641 men in Helsinki

3639 men in Helsinki

4630 men in Helsinki
(new sample)

2399 men and 2376
women in Reykjavik

CHD events

CHD mortality

Stroke events

CHD events

CHD events
in high
birthweight
population

Decrease (P = 0.08 adjusted for
gestation length); approx. 14%
decrease/kg

Decrease (P = 0.05 adjusted for
gestation length); approx. 9%
decrease/kg

Decrease (P = 0.03); approx. 18%
decrease/kg

Decrease (P = 0.006); approx. 29%
decrease/kg

Men: Decrease (P = 0.10); approx.
17% decrease/kg

Women: U-shaped association;
excluding 4 kg+: approx. 28%
decrease/kg; including 4 kg+:
approx. 10% decrease/kg

NA

NA

NA

Thinness at birth associated with
increased risk only among those
with higher BMI in childhood

Adjustment did not change results

aMany papers did not present estimates of the change in CVD risk per unit birthweight (lb or kg). Where odds ratios (OR) were presented
per lb birthweight, they were translated into estimates per kg birthweight [exp(ln OR/0.454)]. Where estimates are qualified as ‘Approx.’, they
have been approximated by comparing disease frequencies or crude estimates of association presented in the original paper for the low : high
birthweight categories. For example, Frankel et al. (1996a) presented age-adjusted CHD incidence as 13.6, 10.6, 12.3 and 8.1 across
ascending quartiles of birthweight. It was assumed that the range of birthweights in the study was 2 kg, and they calculated the odds ratio
of CHD per kg birthweight as exp[(ln(8.1/13.6))/2] = 0.77, or a 23% decrease in CHD risk per kg increase in birthweight. In cases where an
estimate in the highest or lowest category was inconsistent with the general trend across birthweight categories, it was averaged with the
adjacent category, to avoid undue influence of using only highest and lowest categories to estimate trend. The reader should treat these
estimates with a great deal of caution, as they may be quite different from continuous estimates of the association drawn through all points
in the birthweight range.
CHD, coronary heart disease; CVD, cardiovascular disease; BMI, body mass index; NA, not applicable; NS, not significant.
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Cohort studies

The original studies of birthweight and coronary heart disease by Barker and
colleagues at the Medical Research Council (MRC) unit in Southampton made
clever use of health visitor records from 1911 to 1930 in Hertfordshire and
Sheffield, England (Barker et al., 1989; Osmond et al., 1993). Attempts were
made to trace all singleton births for whom birthweight and weight at 1 year had
been recorded by midwives and health visitors. Barker’s team successfully traced
68% of the cohort that had infant and childhood weight measures, or 43% of
the original cohort of 36,944 births. Adult mortality status and cause of death
were determined by record linkage to a national mortality registry. Standardized
mortality ratios for cardiovascular disease fell with increasing birthweight
for both women (183 deaths; P = 0.04) and men (1172 deaths; P < 0.005)
(Osmond et al., 1993). Compared to infants weighing 8–8.5 lb (3.6–3.8 kg) at
birth, low birthweight (< 5.5 lb (< 2.5 kg)) infants had roughly 30–40% higher
risk of mortality from coronary heart disease. These risks dropped consistently
with increasing birthweight, until the largest group of infants, weighing 10 lb
(4.5 kg) or more, at which point cardiovascular risk increased slightly. As adult
social class was known only for those who had died, it was not possible to adjust
for social position; however, there was no apparent association between
birthweight and social class of those who had died. Further follow-up of the men
in Hertfordshire and Sheffield permitted examination of coronary heart disease
and stroke separately. The MRC team reported a 12% (95% confidence interval,
1–22%) decrease in risk of stroke mortality and 10% decrease in risk of CHD
mortality (6–14%) per pound increase in birthweight among men (230 stroke
deaths and 1409 CHD deaths) (Martyn et al., 1996).

Other teams of epidemiologists rushed to replicate these findings, and
to include studies with more detailed data on adult lifestyle factors and socio-
economic conditions that might explain the statistical association of birthweight
with CVD. With the exception of a relatively small cohort (n = 855) of men in
Gothenburg, Sweden born in 1913 (among whom risk of coronary heart disease
increased with increasing birthweight) (Eriksson et al., 1994), investigators
almost unanimously confirmed the inverse association of birthweight with CVD
observed first in Hertfordshire and Sheffield.

Frankel and colleagues examined a group of 1258 men from Caerphilly,
South Wales, who were able to report their own birthweight (45% of an original
cohort of 2818) (Frankel et al., 1996a). Age-adjusted incident fatal and non-fatal
CHD dropped with increasing quartile of birthweight (137 events; P = 0.01).
Adjustment for adult behavioural, nutritional and socio-economic factors made
no material difference to the inverse association of birthweight with CHD risk.
Surprisingly, control for the presumed intermediate variables of cholesterol,
fibrinogen, systolic blood pressure and lung function slightly strengthened the
birthweight–CHD association. The inverse association of birthweight with CHD
risk was statistically significant with and without adjustment for height and adult
adiposity (although somewhat stronger with adjustment for adult body size).
Stratification by adult body mass index (BMI) revealed that the inverse associa-
tion of birthweight with CHD was significant only among obese men, implying
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an interaction between small size at birth and adiposity later in life (Frankel et al.,
1996b). This study was the first to demonstrate that adult social position and life-
style did not explain the inverse association of birthweight with CHD incidence.

In the USA, Rich-Edwards and colleagues examined associations of birth-
weight and non-fatal cardiovascular disease events among 70,297 female nurses
who reported their own birthweight (58% of the original cohort of 121,700)
(Rich-Edwards et al., 1997). Among full-term singletons, the age-adjusted risks
of cardiovascular disease fell consistently with increasing birthweight, for
both coronary heart disease (889 cases; P = 0.11) and stroke (364 cases;
P = 0.003). Adjustment for adult BMI somewhat strengthened the inverse asso-
ciations, revealing an 11% (95% confidence interval, 0–19%) reduction in risk of
CHD and a 23% (11–17%) reduction in risk of stroke for every kilogram increase
in birthweight. Inverse associations with birthweight were evident for both
ischaemic (P = 0.008) and haemorrhagic (P = 0.02) stroke. The addition of
eight more years of follow-up to this cohort tripled the number of cardiovascular
events that were observed in the original study, and led to the more precise
age-adjusted estimates of cardiovascular risk associated with a kilogram increase
in birthweight, of 0.85 (95% confidence interval, 0.78–0.94) for CHD, and 0.85
(0.77–0.95) for stroke, or 15% reductions in risk for every kilogram increase
in birthweight (unpublished data). Like the Caerphilly study, adjustment for
hypertension, hypercholesterolaemia, and diabetes only slightly affected the
risk estimates. This study confirmed that the birthweight associations were
present among women, were robust to adjustment for childhood social class and
adult lifestyle, and were present for both haemorrhagic and ischaemic stroke
subtypes.

The ideal study would follow a complete cohort from birth to maturity,
accounting for the fate of each newborn. The studies in the UK and the USA
suffered either from incomplete tracing of a defined birth cohort or did not repre-
sent a defined birth cohort (cohorts assembled in adulthood only rarely represent
follow-up of a definable group of infants). The failure of these studies to account
for all members of a specified birth cohort laid these studies open to charges of
selection bias, the suspicion that the observed associations of birthweight with
adult disease were an artefact of selective follow-up (although no plausible
selection mechanism was proposed to account for such results). In this storm of
criticism, Leon and colleagues published the results of an almost complete
follow-up of births in an Uppsala hospital from 1915 to 1929 (Leon et al., 1998).
The existence of national personal identity numbers allowed the investigators to
link birth records to mortality records and census data on socio-economic status.
Like the previous studies, the Uppsala study reported reduced mortality from
coronary heart disease and stroke with increasing birthweight. While the risk
reductions associated with a kilogram increase in birthweight were consistent in
direction and magnitude for coronary heart disease (23% for men and 17% for
women) and stroke (29% for men and 16% for women), they were statistically
significant only for coronary heart disease among men. Adjustment for
socio-economic position at birth and in adulthood had little impact on the CHD
association among men. A later sub-study of 1334 men who had undergone
standardized medical examinations at age 50 and age 60 showed somewhat
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stronger inverse associations of birthweight with CHD and stroke, which were
not explained by measured adult BMI or by blood pressure (Koupilova et al.,
1999). Birthweight adjusted for gestational age had a much stronger association
with CHD than did birthweight, leading the investigators to surmise that fetal
growth rate was more important than gestational length in determining future
cardiovascular risk.

Subsequently, Forsen, Eriksson, Barker and colleagues traced 93% of
the 7281 people born between 1924 and 1933 in Helsinki University Central
Hospital who also had Helsinki school records and remained resident in Finland
until national identification numbers were assigned in 1971 (Forsen et al., 1997,
1999; Eriksson et al., 1999, 2000). In both men and women, birthweight had
an inverse, if not consistently dose–response, association with CHD that lacked
statistical significance: 310 CHD deaths among men, P = 0.05 with adjustment
for gestation length (Eriksson et al., 1999); 297 CHD events among women,
P = 0.08 with adjustment for gestation length (Forsen et al., 1999). Stroke
events were also inversely associated with birthweight among men (331 cases;
P = 0.03) (Eriksson et al., 2000). As in the Nurses’ Health Study, birthweight
was inversely associated with both haemorrhagic and thrombotic strokes,
although these associations did not reach statistical significance. The highest risk
of CHD death occurred among men with a low ponderal index at birth who had
a high BMI in childhood (Eriksson et al., 1999).

Eriksson and colleagues drew a new sample of births from Helsinki
University Hospital from 1933 to 1944, for whom serial measurements of height
and weight from birth to age 12 years had been recorded (Eriksson et al., 2001).
In this cohort of 4630 men, there was a very strong inverse association of
birthweight with CHD events (357 cases; P = 0.006), which was evident among
both term and preterm births. Although the association of birthweight with CHD
was not further elaborated in this study, a low ponderal index (kg/m3) at birth
was associated with future CHD risk, particularly among boys who grew to
a larger BMI during childhood. The results of this study, which had ample
information on childhood growth, are discussed further below.

The most recent study to report on birthweight and adult coronary heart
disease obtained birth record data for 4828 (78%) of 6120 participants in
the Reykjavik Study of the Icelandic Heart Association from 1967 to 1997
(Gunnarsdottir et al., 2002). The Icelandic population tends toward high birth-
weight (only 1% of the cohort weighed < 2500 g while 26% weighed more than
4250 g at birth). Even in this higher birthweight range, there was a consistent
inverse association of birthweight with coronary heart disease among men,
although it did not reach statistical significance (440 cases; P = 0.10). Among
women there was a reverse J-shaped association, with an upturn in CHD risk at
4000 g (134 cases; P = 0.11 for linear trend). Adjustment for adult BMI made
no difference to these estimates.

Altogether, there are 13 published studies from eight populations that
provide information on the associations between birthweight and cardiovascular
disease events. With one exception (the smallest study) (Eriksson et al., 1994),
inverse associations were observed between birthweight and CVD. Eight of the
13 studies reported at least one statistically significant inverse association of
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birthweight with cardiovascular disease. The magnitude and statistical strength
of these findings can be compared in Table 4.1. Better estimates of the change in
coronary heart disease risk per kilogram change in birthweight are forthcoming
in a meta-analysis by Huxley and colleagues.

Critics did not fail to point out the potential flaws of each of these studies,
ranging from incomplete follow-up of whole birth cohorts, use of self-reported
birthweight, limitation to fatal or non-fatal disease endpoints, failure to adjust for
childhood and/or adult socio-economic status, and failure to account for adult
lifestyle risk factors, such as smoking (Paneth and Susser, 1995; Kramer and
Joseph, 1996). While no single study is perfect, as a group, they have collectively
dispelled these criticisms. For example, the Swedish study was able to follow a
complete birth cohort (Leon et al., 1998). The UK, Swedish and Finnish studies
were based on birth records, and were able to account for socio-economic status
at various life junctures (Barker et al., 1989; Forsen et al., 1997; Leon et al.,
1998). The US and Swedish studies controlled for such adult lifestyle factors as
cigarette smoking, diet and family history (Rich-Edwards et al., 1997; Leon et al.,
1998). Through all these tribulations, the association between birthweight and
adult cardiovascular disease is remarkably consistent and robust.

Taken as a group, the epidemiological cohort studies of birthweight and
CVD tend to show:

� Approximately 40% lower risk of cardiovascular disease for the largest, com-
pared to the smallest infants. A 1 kg increase in birthweight is associated
with approximately a 20% decrease in risk of CVD (see Table 4.1).

� Generally stronger inverse associations of birthweight with cerebrovascular
disease than with coronary heart disease. Haemorrhagic stroke and throm-
botic stroke are each associated with birthweight (Rich-Edwards et al., 1997;
Eriksson et al., 2000).

� Studies that adjusted for cardiovascular risk factors, such as blood pressure,
diabetes, family history, respiratory function, cholesterol or fibrinogen levels,
found that these factors did not explain the association of birthweight with
cardiovascular disease (Frankel et al., 1996a; Rich-Edwards et al., 1997;
Koupilova et al., 1999).

� Associations of birthweight with cardiovascular disease are generally
strengthened by adjustment for gestational age, implicating fetal growth,
rather than length of gestation, as the predictor of CVD. However, data on
gestational age are notoriously error-prone, and were undoubtedly quite
inaccurate in the first half of the 20th century, before modern concern with
preterm birth and the advent of ultrasound dating. This may have precluded
detection of associations between gestation length and risk of adult disease.
More data are needed on the possible association of gestational duration
with future CVD risk.

� Almost all the studies reported crude or age-adjusted inverse associations
between birthweight and adult cardiovascular events that were at or near
statistical significance. Nevertheless, two studies found that adjustment for
adult BMI somewhat strengthened the associations between birthweight and
coronary heart disease (Rich-Edwards et al., 1997; Koupilova et al., 1999).
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� In some studies, macrosomic infants (> 4000 g) appear to have a slightly
elevated risk of adult coronary heart disease (but not stroke) compared to
average-size infants (Osmond et al., 1993; Leon et al., 1998; Gunnarsdottir
et al., 2002). After accounting for their tendency to a larger body size in
adulthood, they may have similar, or even lower risk of CHD, compared to
average-size counterparts (Rich-Edwards et al., 1997).

� Some, but not all (Koupilova et al., 1999), studies report an interaction
between birthweight and weight in childhood (Eriksson et al., 2001) or body
mass index in adulthood (Frankel et al., 1996b), with stronger birthweight
associations among the heaviest individuals.

Thus, there is a consistently observed inverse association between birth-
weight and CVD. However, establishment of a consistent statistical association
is only the first hurdle that a hypothesis must pass. The interpretation of the
association is a surprisingly complex matter.

Is it Birthweight, or is it Postnatal Growth?

The greatest epidemiological challenge to the fetal origins hypothesis relates to
the interrelation of fetal and postnatal growth patterns. The interpretation of
birthweight, with or without adjustment for adult body size, is a subject of consid-
erable debate and confusion. The confusion centres around disentangling the
presumed opposing effects of prenatal and postnatal weight gain.

Weight at birth and weight in adulthood are modestly correlated, for both
environmental and genetic reasons. Fetal growth is jointly determined by mater-
nal body size, placental function, growth factors, infection, maternal nutrition
and the fetal genome (Tanner, 1990). After birth, genes and environment
continue to interact to determine growth. Body size generally tracks from birth to
adulthood. Larger infants, on average, become larger adults. However, the rate
of growth in infancy (weight centile crossing) may be inversely related to fetal
growth, due to the phenomena of ‘catch-up’ and ‘catch-down’ growth in infancy
(Ong et al., 2000). In the first years of life, ‘catch-up’ growth may reflect libera-
tion from ‘maternal constraint’ of fetal growth, while the less frequently observed
‘catch-down’ growth may indicate rebound from ‘maternal promotion’, perhaps
due to a hyperglycaemic uterine environment.

This complex relationship between size at birth and adult size presents real
analytic and interpretational problems, rendered more difficult by the presumed
opposite, and probably interacting, relationship of early and late growth with
cardiovascular endpoints. While weight gain in early life certainly represents
growth in height as well as increases in muscle mass and adiposity, weight gain
in adulthood generally represents gains in adiposity. The only firm anchor in this
debate is the well-established, direct dose–response association of adult BMI
with cardiovascular risk. Adult adiposity is a strong risk factor for cardiovascular
disease, especially coronary heart disease (Manson et al., 1990). In the face
of this incontrovertible fact, the interpretation of the inverse dose–response asso-
ciation between birthweight and CVD risk becomes problematic, and multiple
interpretations are possible.
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In several, but not all, studies, stratification by childhood or adult BMI
reveals that the highest risk of coronary heart disease occurs in those born at low
birthweight who grow to be large adults (Frankel et al., 1996b; Koupilova et al.,
1999; Eriksson et al., 2001), in contrast to the lower risk among those who track
large or small their whole lives. There are at least three alternative interpretations
of this pattern:

1. Rapid weight gain among those born small (perhaps indicating catch-up
growth) indicates in utero growth restriction or maternal constraint, marking
those whose fetal environment was poor, and thus most likely to have been pre-
natally ‘programmed’. In this scenario, fetal programming is thought to be a
more or less permanent physiological adaptation to poor fetal environment that
is largely unmodified by postnatal environment.
2. Rapid weight gain between birth and adulthood confers risk, above and
beyond that associated with either birthweight or attained adult BMI. In other
words, a steep road to adult obesity is worse than a level path, regardless of start
point. In this scenario, it is the rate of postnatal growth, rather than the absolute
starting or ending body size, that is thought to increase cardiovascular disease
risk.
3. Constrained prenatal growth truly interacts with rapid postnatal growth,
such that those habituated to a poor in utero environment have higher disease
risk when glutted with a rich postnatal environment (the thrifty phenotype
argument). In this scenario, rapid growth is a risk factor only for those born small,
as it represents postnatal nutritional overload of an individual pre-programmed
for a lean postnatal environment. This is fetal programming with postnatal
modification.

These alternative hypotheses are not mutually exclusive, indeed, it seems
likely that some features of newborns have been immutably ‘set’ in utero,
whether by genes or environment, and that these traits are modified by postnatal
environment. It is important to sort out these patterns, because they imply differ-
ent public health and medical interventions. Most studies offer little insight into
which of these mechanisms explains the higher risk observed among those born
small and who grow large. The only way out of this conundrum is to isolate the
impact of different periods of growth by using serial measurements of weight and
height. A few studies have had such data.

Cohort studies with childhood growth data

The first studies to examine weight at birth and in childhood were the original
studies in Hertfordshire and Sheffield, which had recorded weights at 1 year as
well as at birth. For men, weight at age 1 year was inversely associated with CHD
mortality, much as birthweight had been (Barker et al., 1989; Osmond et al.,
1993). CHD mortality was highest among males who had low weights at birth
and at age 1 year. Among women, this pattern was absent (Osmond et al.,
1993). These were the first studies to examine whether the implications of low
birthweight were dependent upon growth in infancy.
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An important dataset with which to analyse the question of postnatal growth
was assembled by Eriksson et al. (2001). A sample of 4630 men born at Helsinki
University Hospital from 1934 to 1944 was traced through voluntary child
welfare clinics, at which they had an average of nine measurings of height and
weight in their first year, and nine more measurings until age 12 years. Hospital
admission and mortality data were collected from national registries; 357 men
had been hospitalized for, or died from, coronary heart disease.

Birthweight was strongly inversely associated with risk of CHD. Compared
to boys born weighing more than 4000 g, low birthweight infants (≤ 2500 g) had
3.6 times the risk of CHD, while those born weighing between 2500 and 4000 g
had twice the risk of CHD of the largest boys (P = 0.006 for the trend in risk
across birthweight categories). At 1 year of age, boys who were small in height or
weight were at increased risk of future cardiovascular disease; there was a strong
graded inverse association of BMI at age 1 year with future cardiovascular
disease risk (P = 0.0004). The increased risk with small size at age 1 year was
evident, regardless of size at birth. When included in the same model, one
standard deviation higher birthweight had a hazard ratio of 0.94 (0.83–1.06)
and one standard deviation higher weight at age 1 year had a hazard ratio of
0.84 (0.75–0.94).

However, some investigators have argued that adjustment of one weight
for a later weight complicates the interpretation of the weight coefficients, as
any impact of actual weight gain between the two time-points would be
shared between the two weight coefficients (Lucas and Fewtrell, 1999;
Cole et al., 2001). In response to this criticism, Osmond reran the Helsinki
data to model simultaneously birthweight and weight gain from birth to age
1 year (i.e. the slope change between the two points). One standard deviation
higher birthweight was associated with a hazard ratio of 0.78 (0.69–0.88)
for CHD, while one standard deviation in infant weight gain was associated
with a hazard ratio of 0.83 (0.74–0.93) (Osmond et al., 2001). The birthweight
coefficient gained strength by modelling first-year weight gain in the place
of year one attained weight because first-year weight gain is negatively
correlated with birthweight, since catch-up growth is greatest in small newborns.
In other words, both greater weight at birth, greater weight at age one, and
greater weight gain between the two time-points predicted reduced CHD risk in
adulthood.

In childhood, the implications of weight gain changed dramatically,
and depended upon size at birth. Among boys with a higher ponderal index
at birth (> 26 kg/m3), those whose weight rank dropped in childhood appeared
to have higher CHD risk. In contrast, among boys who were thin at birth,
increases in weight rank increased CHD risk. The older the thin newborns were
when they gained BMI in childhood, the greater was the adverse implication of
the added weight. This may indicate that early increases in BMI are due to gains
in muscle mass and organ size, while later increases may reflect accumulating
adiposity.

How do these observations inform our understanding of the interacting
implications of fetal and childhood growth for future CHD risk? Among the
Helsinki findings are several useful leads:
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� Weight gain in the first year of life appeared to be protective among all
newborns, regardless of birthweight. This appears to refute the notion that
‘catch-up growth’ marks those at highest risk.

� After infancy, centile-crossing growth was associated with increased CHD
risk among small newborns and decreased CHD risk among large newborns.
This challenges the idea that centile crossing per se is a uniform risk factor
for CHD, at least in childhood. However, adolescent or adult weight gain
(more likely to be adipose tissue) may be similarly associated with increased
CHD risk among those born small or large.

� Small infants who tracked small throughout childhood were at no, or only a
modest, increased risk of future CHD. In contrast, small newborns who grew
large were at considerably higher risk. This observation supports the thrifty
phenotype hypothesis, as well as the possibility that consistently small
people (perhaps born to genetically small parents) are not at heightened risk
of CHD.

Overall, the observations from Helsinki, presaged by the earlier work from
Hertfordshire and Sheffield, lend support to the notion that the child whose in
utero growth is consistent with its postnatal growth, showing neither growth
accelerations nor growth faltering, has the lowest cardiovascular risk in adult-
hood. This may be an indication of children whose resources were adequate
enough to prevent stunting, but not so overfed as to accumulate large burdens
of body fat. Studies of adult BMI, which additionally capture weight change
in adolescence and adulthood, indicate that centile-crossing is harmful to all
adults, but especially harmful to those born small. This lends further support to
the thrifty phenotype notion, that those adapted to scarcity are ill-equipped
to handle nutritional overload.

To date, only the Helsinki study has provided data to test the impact of
different patterns of growth on CHD risk. Future studies may or may not repli-
cate the Helsinki findings. Furthermore, no study has measured weights at birth,
throughout childhood and adolescence, and into adulthood. Even the Helsinki
study, which relied on registries to collect data about adult CHD outcomes, did
not include measures of adult BMI. Other studies that have data on adult BMI
and birthweight lack information on BMI through childhood. Finally, no study
has yet considered the implications of longitudinal growth patterns on stroke risk.

Thus, ‘the jury is still out’ regarding the interpretation of the inverse
association of birthweight with CVD, given that the heightened CHD risk among
low birthweight babies is primarily found among those with rapid postnatal
growth. Even if it is established that size at birth is an independent predictor of
later CVD risk, we must dig deeper to understand the biological meaning behind
the statistical association.

Birthweight: Sham and Straw Man

We need to maintain a healthy scepticism as we interpret the significance of
birthweight. Birthweight was first seized upon for its correlation with infant
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mortality because it was the only reliably recorded indicator of fetal health.
Where investigators might have wished for measures of maternal micronutrient
intake, placental vasculopathy, umbilical artery blood flow, chorioamnionitis
and levels of cytokines and glucocorticoids, they had birthweight. Birthweight is,
however, not a good proxy of anything except neonatal mortality. First, birth-
weight is the product of many environmental and genetic factors that might, or
might not, be relevant to the developing cardiovascular system. Thus, it is a
non-specific marker. Secondly, as a proxy, birthweight may fail to reflect some
quite potent fetal determinants of cardiovascular risk (as in several animal studies
where manipulation of fetal environment affects the cardiovascular system with-
out changing birthweight; Nwagwu et al., 2000). In this sense, it is an insensitive
marker. Even the widespread assumption that the observed birthweight associa-
tion implicates restricted fetal growth as a programmer of future cardiovascular
risk is something of a leap of faith. It could be that another factor, related only
coincidentally to fetal growth and birthweight, determines future cardiovascular
risk.

Thus, birthweight is both a sham and a straw man. Those who maintain that
the inverse associations between birthweight and adult disease prove the role of
maternal nutrition (or even fetal growth) in determining cardiovascular risk have
surely promised more than birthweight can deliver. On the other hand, those
who would shoot down the notion of fetal programming, by pointing out where
birthweight associations are weak or inconsistent, may be committing a similar
error, mistaking a weak signal from an imprecise marker as evidence against
fetal programming. It seems more reasonable to consider the existence of a
birthweight association only a vague pointer toward more interesting exposures.
The prime suspects include genes linked to both fetal growth and cardiovascular
development, maternal nutrition, placental function, infection and growth
factors, all of which are likely to be interrelated. The evidence for these, more
specific, risk factors, which may explain the observed birthweight associations, is
reviewed elsewhere in this volume.

Future Directions

For the time being, we should continue to refine our understanding of
the implications of interacting fetal, infant, childhood and adult growth on
cardiovascular disease risk. In particular, it will be helpful to have data from
ongoing studies that feature serial growth measures from birth to adulthood.
Better yet, future studies may also include measures of fetal size obtained
by ultrasound, allowing us truly to investigate ‘fetal growth’. However, it will
be even more useful to gather and test data with regard to the specific
biological mechanisms that underlie the birthweight–cardiovascular disease
association.

Other epidemiological approaches have yielded useful information in this
regard. For example, the follow-up of children whose mothers were randomized
to receive nutritional supplements during pregnancy (Belizan et al., 1997), or
preterm infants randomized to various milk regimens (Lucas, 1998; Herrmann
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et al., 2001) give more specific information regarding prenatal or preterm nutri-
tional exposures. Similarly, the follow-up of preterm infants whose mothers
received dexamethasone injections can provide unique insights (Lucas, 1998).
The tracing of adults whose mothers were pregnant during famines provides
another, albeit crude, ecological look at whether restricted caloric intake
programmes the fetus (Stanner et al., 1997; Roseboom et al., 2000). The
observation of twins, whose in utero growth is often constrained, has provided
some insights (Poulter et al., 1999; Hubinette et al., 2001; Johansson-Kark et al.,
2002). However, these studies have generally been limited by their low statistical
power. While they are useful for examining cardiovascular risk factors such as
blood pressure, BMI, or glucose tolerance, they have very limited ability to
observe cardiovascular disease events.

Retrospective cohort studies that have stored biological samples and
exposure data, such as the US National Collaborative Perinatal Project from
the 1960s, will soon provide more data with regard to hormone exposures and
placental characteristics. Current pregnancy cohorts, although they will not be
able to observe cardiovascular events in our lifetimes, will provide much more
detailed information on environmental exposures that can be used to examine
cardiovascular risk factors. Genetic studies may yield insight into the question of
whether the birthweight phenomenon is partly or wholly the product of genes
controlling growth and cardiovascular development. Experimental data from
other species may continue to generate the best data regarding specific biologi-
cal mechanisms. For the foreseeable future, we will continue to ‘triangulate’ on
the question of fetal origins of cardiovascular disease, gathering imperfect
evidence from these disparate sources. Only by identifying the particular bio-
logical mechanisms underlying the apparent phenomenon of fetal programming
will we be able to design appropriate public health interventions to reduce
cardiovascular disease.
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Introduction

Early origins of the hypothesis

The concept that events occurring in early childhood could have an impact on
health in later life was originally conceived by Kermack and coworkers in the
1930s (Kermack et al., 1934). It was later revived in the late 1970s by Forsdahl,
who postulated that poverty in adolescence combined with later affluence
contributed to coronary heart disease (CHD) mortality (Forsdahl, 1977). Within
the past couple of decades the hypothesis has subsequently been revived,
refined and reformulated into the fetal origins of adult disease hypothesis
(Barker, 1993).

The fetal-origins hypothesis, in its initial form, postulated that maternal
and fetal undernutrition, at critical time-points in pregnancy, could initiate physi-
ological adaptations or metabolic ‘programming’ within the fetus that enable it to
survive the less than optimal conditions of the in utero environment (Barker,
1993). Such adaptations, however, are suggested to result in impaired fetal
growth, as reflected by a lower birthweight or a disproportionate body size at
birth. Moreover, these same adaptations, that are suggested to confer a survival
advantage on the fetus, are proposed to increase an individual’s predisposition
towards the development of CHD risk factors in adult life, including hypertension
(Barker and Martyn, 1997), type 2 diabetes (Barker, 1999a) and dyslipidaemia
(Barker, 1999b). By suggesting a causal role for the early-life environment in
‘programming’ later disease risk, the hypothesis marks a departure from more
traditional theories that typically emphasize the role of adult lifestyle factors, such
as cigarette smoking, high-fat diets and low levels of physical activity, in the
aetiology of CHD (Magnus and Beaglehole, 2001).
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The evolution of the fetal-origins hypothesis began with observations made
from ecological studies, that areas of England and Wales with high rates of infant
mortality in the earlier part of the 20th century were those same areas that
experienced some of the highest rates of CHD mortality 60–70 years later
(Barker and Osmond, 1986). As the primary cause of infant mortality at the
turn of the century was low birthweight, it was hypothesized that the same
mechanisms, responsible for the high rates of low birthweight and subsequent
infant mortality, were also responsible for the observed high incidence of CHD
mortality (Barker and Osmond, 1986). These ecological observations were
subsequently followed by a series of research papers, based on findings from
historical cohort studies that examined the relationship between low birthweight
and CHD mortality in adults for whom birth records were available. These
studies, based on birth records of men and women born in Hertfordshire,
Preston and Sheffield in the 1920s and 1930s, suggested that low birthweight
and a variety of other birth measurements, including increased ratio of placental
weight to birthweight, small abdominal circumference, low ponderal index and
reduced head circumference, were associated with elevated levels of CHD risk
factors and increased CHD mortality (Barker et al., 1989a).

The innovative concept that impaired fetal and neonatal development could
have a profound and sustained impact on the health of the infant in adult life
has stimulated flourishing research into the possible biological mechanisms
underlying fetal growth with later disease. This is of importance as, if maternal
nutrition during pregnancy is indeed causally related to the subsequent health of
the infant in adult life, then this could potentially provide a novel means by
which to intervene in the primary prevention of CHD. Hence, determining
whether the reported associations between size at birth and later disease are truly
causal would have substantial implications for public health.

Over the course of the past couple of decades, the fetal-origins framework
has expanded to incorporate a wide spectrum of disorders, other than cardio-
vascular disease, each of which has been suggested to be causally associated
with impaired fetal growth (Table 5.1). In addition, much emphasis has been
given to the possible influence of the early postnatal environment, in conjunction
with the prenatal experience, on health outcomes (Eriksson et al., 1999). For
example, some (Eriksson et al., 1999) but not all studies (Barker et al., 1989b),
have reported that higher weight gain in infancy is associated with an increased
likelihood of heart disease in later life. The chief aim of this chapter, however,
will not be to describe the possible mechanisms that may underlie the reported
associations between size at birth and later disease, but rather to investigate
whether or not these associations are causal, by assessing the strength of the
epidemiological evidence for some aspects of the fetal-origins hypothesis.

How do we distinguish causation from association in epidemiological
studies?

In epidemiological studies, whenever a statistically significant association is
reported between an exposure and an outcome, it is first necessary to consider
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(and, where possible, discount) alternative explanations before inferring a causal
relationship. Significant findings may have arisen as a result of random error (i.e.
‘chance’), which is especially pertinent to small studies, or as a consequence
of different forms of bias, such as selection or publication bias. Alternatively,
associations may be driven by factors other than the exposure, that are related
independently to both the exposure and the outcome of interest, otherwise
known as confounders. This is particularly true for observational rather than
experimental studies, where it is impossible to control completely for all factors
that may influence the relationship in question. Only after these alternative
explanations have been rejected, would there be sufficient evidence to infer reli-
ably a causal relation between an exposure and an outcome. To do this normally
requires evidence from large-scale randomized trials, or from meta-analyses of
trials. However, in practice, in the absence of trial data, deducing the causal
nature of relationships often rests on the findings and subsequent interpretation
of data from observational epidemiological studies. As a result of the bias
and confounding that are inherent within such study designs, the findings from
such studies tend to be less reliable and potentially misleading (MacMahon and
Collins, 2001). Therefore, although useful in generating hypotheses, in the
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Increased cardiovascular disease (CVD) mortality and possible CVD risk factors:
� Raised blood pressure (Barker and Martyn, 1997)
� Impaired glucose tolerance/type 2 diabetes/gestational diabetes (Barker, 1999a)
� Dyslipidaemia: higher cholesterol, LDL-cholesterol and triglycerides levels (Barker, 1999b)
� Obesity (Fall et al., 1995)
� Higher plasma levels of fibrinogen, Factor VII and other blood-clotting factors (Martyn

et al., 1995)
� Renal disease/Increased mean albumin:creatinine ratio (Garrett et al., 1993)
� Reduced arterial compliance (Leeson et al., 1997)
� Higher plasma leptin concentrations (Lissner et al., 1999)
� Increased thyroid function (Phillips et al., 1993)
� Higher sympathetic nervous system activity (Phillips and Barker, 1997)
� Higher plasma cortisol levels (Phillips et al., 2000)
Psychological disorders:
� Increased risk of schizophrenia (Hoek et al., 1996)
� Increased risk of depression (Thompson et al., 2001)
� Increased risk of suicide (Barker et al., 1995a)
Respiratory disorders:
� Increased risk of asthma (Xu et al., 2002)
� Increased risk of chronic obstructive pulmonary disease (Barker et al., 1991)
Early menarche (dos Santos Silva et al., 2002)
Early menopause (Cresswell et al., 1999)
Ovarian cancer (Barker et al., 1995b)
Osteoporosis (Dennison et al., 2001)
Lower IQ scores (Sorensen et al., 1997)
Lower rates of marriage (Phillips et al., 2001)

LDL, low-density lipoprotein.

Table 5.1. Reported associations between impaired fetal growth with various outcomes.
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majority of situations it would be unwise to base causal inference solely on
evidence from observational studies.

Reducing error in estimates of effect size in observational epidemiology

Systematic overviews or ‘meta-analyses’ are becoming an increasingly common
research tool in epidemiology. By systematically integrating the results of
separate independent studies, the impact of random error can be reduced, and
hence meta-analysis can often provide more reliable and precise estimates of an
effect size than can be obtained from any individual study alone (Egger and
Davey-Smith, 1997). In addition, meta-analysis is a useful process in that it
can be used to identify sources of bias and important sources of heterogeneity
that may give rise to differences in estimates of effect size across studies. The
following section will discuss the findings from a meta-analysis of the fetal-origins
literature, of the reported association between birthweight and subsequent blood
pressure (Huxley et al., 2002). The possible implications that these analyses may
have for the fetal-origins hypothesis of adult disease will also be discussed.

Meta-analysis of the association between birthweight and subsequent blood
pressure

An inverse relationship between birthweight and later blood pressure was one of
the first causal associations to be reported, and has been considered to provide
the strongest evidence in support of the fetal-origins hypothesis (Leon, 1999;
Robinson, 2001). An early systematic review of the literature, which included
28 studies, and information on approximately 15,000 people, suggested a
2–4 mmHg lower systolic blood pressure per kilogram higher birthweight (Law
and Shiell, 1996). Furthermore, it was suggested that the effect was ‘amplified’
with age, that is, the association appeared to be much stronger in late adult life as
compared with childhood (Law and Shiell, 1996).

An update of this review was conducted to include data from several large
cohorts, including data on more that 367,000 people. It continued to suggest an
inverse association between birthweight and blood pressure, with the magnitude
of association being somewhere between 1 and 2 mmHg/kg, as well as continu-
ing to support the idea that the effect is magnified with age (Huxley et al., 2000)
(Fig. 5.1).

However, there were several potentially important issues that these early
reviews overlooked, which may have contributed to the generation of the
reported inverse association.

� Many published studies were excluded from contributing to the quantitative
estimates from the earlier reviews because they did not report regression
coefficients in their analyses or, in the case of longitudinal studies, they had
reported the association for the same individuals at more than one age.
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Fig. 5.1. Regression coefficients (95% confidence intervals) adjusted for current
weight from studies reporting on the association between birthweight and systolic
blood pressure (SBP), ordered by age.
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� No allowance was made for the size of the contributing studies, which
meant, in effect, that the results from the small studies (typically with only a
couple of hundred of individuals) were accorded the same importance as
the results from the much larger, and therefore more reliable, studies, some
of which included data on several tens of thousands of people.

� The impact of potential confounders, including social class and parental
blood pressure, on the size and direction of the association was not
examined.

� Nearly all of the studies that had contributed to earlier estimates were
adjusted for current body size. Within the individual studies, the effect of
this was often to strengthen, or in some cases reverse, the direction of the
association between birthweight and blood pressure.

� Twin studies were excluded from previous reviews, based on a suggestion
that twins might undergo a special type of growth retardation (Vågerö
and Leon, 1994). But since twins share similar pre- and postnatal
environments, studies of twin pairs may help to reduce the impact of
confounding, and restricting analyses to those of monozygotic twins would
eliminate the potential impact of any genetic effects (Christensen et al.,
2001).

To examine the impact that these issues may have had on the strength of
the reported inverse association between birthweight and blood pressure, a
reappraisal of the literature was conducted. The following section describes the
methods used and the principal findings from this overview.

Methods

In brief, all published studies that had reported by March 2000 on the
association between birthweight and subsequent blood pressure had previously
been identified for two systematic reviews of the available literature. Overall,
there were 55 eligible studies that had reported regression coefficients of
systolic blood pressure on birthweight, and a further 48 studies that did
not report regression coefficients but did indicate the direction of this associa-
tion. In addition, eight studies of twins were identified and analysed separately
from those of singletons. To allow comparison between the smaller and larger
studies, the analyses presented here involved weighting the contribution
of each study according to an estimate of its ‘statistical size’ (or ‘information
content’) derived from the inverse of the variance of the regression coefficient,
and combining these estimates using a ‘fixed-effects’ model (Shadish and
Haddock, 1994; Collaborative Group on Hormonal Factors in Breast
Cancer, 1997). In addition, the impact of adjustment for current body size,
and for potential confounding factors, on quantitative estimates of the strength
of the association was assessed by obtaining regression coefficients with,
and without, such adjustments from the principal investigators of the
largest, most informative, studies (i.e. those involving more than 1000
individuals).
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Results

Impact of study size on the size of the association between birthweight and
systolic blood pressure

One of the main arguments used in support of a causal role of birthweight on
subsequent blood pressure is the apparent consistency of the reported inverse
association across different study populations (Barker et al., 2000). The basis for
this assertion was that of the 55 regression coefficients included in the previous
reviews, all but three reported an inverse association between birthweight and
later blood pressure. However, when the studies are ordered by their statistical
study size, what becomes apparent is that the association is much smaller in the
larger studies (Huxley et al., 2002) (Fig. 5.2).

In those studies that typically involved fewer than 1000 participants, the
mean inverse-variance-weighted estimate was an approximately 2 mmHg lower
systolic blood pressure per kilogram higher birthweight, as compared with an
estimate of −0.5 mmHg/kg from those studies with more than 3000 participants.
Furthermore, most of the smaller studies involved the research group that
initiated the hypothesis and the weighted estimate from these studies is much
larger than that for all remaining studies (Fig. 5.3).

Even after exclusion of studies from the hypothesis-generating group, there
is still a significant trend towards much weaker associations in the larger studies.
This finding is suggestive of the existence of publication bias, which refers to
the often frequent occurrence in the scientific literature of a greater likelihood
of small studies to be published if they report extreme or interesting results
(Dickersin, 1997).

A frequently used method of testing for the existence of publication bias in
a meta-analysis is by graphically representing the studies according to their
statistical ‘precision’ (usually measured as the reciprocal of the standard error)
and the reported size of effect. The resulting graph is known as a ‘funnel plot’,
since, in the absence of publication bias, the distribution of studies resembles a
funnel in shape (Egger et al., 1997). However, if the distribution of values is
heavily skewed on either side of the line of no effect, with very few studies
on either side of this line, this provides some evidence for the existence of
publication bias, as exemplified in Fig. 5.4.

Impact of excluded studies on the size of the association between birthweight
and systolic blood pressure

In addition to the 55 studies that contributed to previous estimates for the size of
an association between birthweight and blood pressure, there were a further 48
studies which were excluded from contributing because they did not report
regression coefficients or had reported the association at more than one age. Of
these 48 studies, only half of them had reported an inverse association (Table
5.2), with the remaining studies finding either a positive or no association
between birthweight and later blood pressure. Consequently, if data from these
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Stocks -(w.18) 0.96
Leon -(w.19) 1.06

Macintyre -(w.20) 1.16
Stocks -(w.18) 1.20

Macintyre -(w.21) 1.28

Rabbia -(w.21) 1.50

Rabbia -(w.21) 1.50

Wadsworth -(w.22) 1.50

Woelk -(w.23) 1.60
Wadsworth -(w.22) 1.71

Forrester -(w.24) 3.42

Taylor -(w.25) 3.84

Yiu -(w.26) 4.26

Taylor -(w.25) 4.35

Bergel -(w.27) 6.00

Alves -(w.28) 6.31

Laor -(w.29) 6.31

Whincup -(w.30) 8.07

Vancheri -(w.31) 8.31

Whincup -(w.32) 9.17

Kolacek -(w.33) 9.99

Laor -(w.29) 10.32
Vancheri -(w.31) 10.32

Kolacek -(w.33) 33.23

Donker -(w.34) 33.23

Curhan -(w.35) 150.06

Nilsson -(w.36) 196.00

Curhan -(w.37) 227.31

Curhan -(w.37) 1067.11
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-10 -5 0 5 10
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size

Difference in SBP (mmHg) per kg higher birthweight

Fig. 5.2. Trend toward smaller differences in systolic blood pressure (SBP) per 1 kg differ-
ence in birthweight in larger, more informative, studies that reported regression coefficients
for the association (adjusted in most cases for current weight). Statistical size of study is
defined in terms of the inverse of the variance of the regression coefficient. Black squares =
point estimates (with area proportional to statistical ‘information’, based on inverse of variance
of regression coefficient, provided by each study) and horizontal line = 95% confidence inter-
val (CI) for observed effect in each study. Dotted line = inverse-variance-weighted regression
line through point estimates. The ‘w’ prefix refers to the web-page reference from the original
study (Huxley et al., 2002). (Reprinted, with permission from Elsevier, from the Lancet (2002)
360, 659–665.)
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excluded studies had been able to contribute to the previous quantitative
estimates, then it is likely that the magnitude of the reported inverse association
would have been reduced even further.
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Subgroups
of studies

Number of:
Studies

Test  for
trend

Difference in SBP (mmHg) and 95% CI
per kg higher birth weightPeople

<1 27
≥1 <5 13
≥5

HGG studies
Other groups

15

Source of study

Size of study

18
37

8,654
15,337

356,244

6,135
374,100

−5 −4 −3 −2 −1 0

−5 −4 −3 −2 −1 0

χ2
1 = 58.8

(P < 0.001)

χ2
1 = 27.7

(P < 0.001)

Fig. 5.3. Impact of study size and source on weighted estimates of the difference in systolic
blood pressure (SBP) per 1 kg difference in birthweight (derived from studies that reported
regression coefficients for the association, adjusted in most cases for current weight). Con-
ventions are as in Fig. 5.1 for particular inverse-variance-weighted combinations of studies.
Statistical size of study is defined in terms of the inverse of the variance of the regression
coefficient. HGG, hypothesis-generating group of investigators. (Reprinted, with permission
from Elsevier, from the Lancet (2002) 360, 659–665.)
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Fig. 5.4. Funnel plot of studies reporting on the size of the association between
birthweight and systolic blood pressure.
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In addition to the above studies that had reported on the association
between birthweight and blood pressure, one further study was identified (Said
et al., 1998), in which the investigators chose not to report on the association
of birthweight with blood pressure, despite reporting associations with other
measures of size at birth, such as ponderal index. Such selective emphasis on
particular study results is likely to have introduced further bias in estimating the
strength of this association, and raises the possibility that other studies may not
have been reported mainly because their results were less extreme.

Impact of confounding on the size of the association between birthweight and
systolic blood pressure

As discussed previously, one of the major limitations of observational studies
is the difficulty in distinguishing between a causal and a chance association,
as it is impossible to fully account for all known and unknown confounders
of the relationship. Known confounders of an association between birthweight
and blood pressure include sex and ethnicity; for example, male babies are,
on average, heavier at birth and are also more likely to have higher blood
pressures in later life. Other potential confounders are likely to include current
and parental social class and parental blood pressure. For example, higher
maternal blood pressure, both before and during pregnancy, is associated
with lower birthweight and higher blood pressure in offspring (Walker et al.,
1998). However, besides gender, very few of the studies included in the earlier
reviews had sufficient information to be able to adjust for these variables (Table
5.3).

114 R. Huxley

Numbers in cohort and
previous contribution

Lower SBP associated with higher birthweight

Yes No

< 1000 individuals
Contributing
Non-contributing

≥ 1000 individuals
Contributing
Non-contributing

All studies
Contributing
Non-contributing

35
21

17
4

52
25

3
19

0
4

3
23

SBP, systolic blood pressure.
Heterogeneity between contributing and non-contributing studies: c2

1 = 24.5;
P < 0.0001.

Table 5.2. Direction of association between birthweight and subsequent blood
pressure in the 55 studies that contributed to previous quantitative estimates and in
the 48 studies that did not.
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Only seven studies attempted to adjust for parental social class and,
similarly, only two studies included measures of current socio-economic status in
their regression models, despite the impact of social class on lifestyle choices
(such as smoking, physical inactivity and poor diet) that are both related to
birthweight (Kramer, 1987) and independently to cardiovascular risk factors
(including raised blood pressure) (Elford et al., 1991; Joseph and Kramer,
1996). Moreover, indicators such as smoking and diet are only crude measures
of the true differences in socio-economic status and so residual or ‘left-over’
confounding is likely to remain even after adjustment for these indicators is
attempted. Thus, a proportion of the reported inverse association between
birthweight and blood pressure may be explained by a low socio-economic
status, and other known and unknown confounders, that influence both
birthweight and adult lifestyle factors that are related to CHD risk (Greenland,
1980; Clarke et al., 1999).

Evidence from twin studies

Previous reviews excluded studies in twin pairs due to the post hoc suggestion
that twins may undergo a different type of intrauterine growth retardation
(Vågerö and Leon, 1994). However, because twins experience similar environ-
ments before birth and in childhood and adolescence, studies within twin pairs
may be less prone to the effects of confounding than studies of singletons.
Furthermore, restricting analyses to studies of monozygotic twin pairs will
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Potential confounding factor Number of studies adjusting for factor

Current weight
Sex
Height
Parental socio-economic status
Current socio-economic status
Parental blood pressure
Alcohol consumption
Race
Gestational age

49
48
13
7
2
9
3
6
8

Other factors adjusted for (and number of studies that adjusted for each factor):
ambient temperature or exercise (four studies), sphygmomanometer cuff size (three
studies), amount of TV watched, anticipated venepuncture, heart rate, maternal
body mass index, parity, person who measured blood pressure, Tanner’s stage of
puberty or town (two studies), and Apgar score, birth rank, calcium in pregnancy,
father’s height, maternal age, maternal haemoglobin, maternal oedema, tar dose or
time of day (one study).

Table 5.3. Adjustment for potential confounding factors in the 55 studies that
reported regression coefficients for the association between birthweight and
subsequent blood pressure.
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eliminate any genetic effects on any association, which is useful as it has
previously been suggested that genetic polymorphisms may explain associations
between birthweight and the subsequent development of cardiovascular disease
risk factors, such as insulin resistance (Frayling and Hattersley, 2001). In addi-
tion, because one twin is often born considerably lighter than the other (on
average approximately 900 g), any effect of birthweight on later cardiovascular
risk is probably going to be most apparent in twins. But, as with many of the
studies in singletons, most studies that have been conducted in twin pairs have
been relatively small, and consequently the random errors in the estimates from
such studies tend to be large. As a result, the estimates from these studies differ
quite markedly in terms of both the strength and the direction of association.
However, when the results from all twin studies are combined, the overall mean
inverse-variance-weighted estimate is very similar to that derived from the larger
studies in singletons: −0.6 mmHg/kg (95% confidence interval −2.2 to 1.0)
(Fig. 5.5) (Huxley et al., 2002). In addition to these twin studies, two large twin
registries from Sweden and Denmark, of several thousand twin pairs, did not
find twins to be at increased risk of death from cardiovascular disease or other
causes, despite the significant difference in birthweight (Vågerö and Leon, 1994;
Christensen et al., 1995).
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Baird (w74) 0.01 
Dwyer (w.75) 0.02 
Poulter (w.76) 0.05 
Ijzerman (w.77) 0.14 
Zhang (w.78) 0.15 
Loos (w.79) 0.32 

Christensen (w.80) 0.79 
Johansson-Kark (3) 0.48 

Overall 1.95 
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reference)
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size

Difference in SBP (mmHg) per kg higher birthweight

Fig. 5.5. Association between birthweight and later systolic blood pressure (SBP) in
published studies of monozygotic twin pairs. Conventions as in Fig. 5.1, with a diamond
indicating the inverse-variance-weighted combined point estimate and 95% CI. All of these
regression coefficients were adjusted for current weight including body mass index (BMI),
except for Dwyer et al., which involved adjustment for fat mass. The ‘w’ prefix refers to the
web-page reference from the original study (Huxley et al., 2002). (Reprinted, with permission
from Elsevier, from the Lancet (2002) 360, 659–665.)
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Inappropriate adjustment for current body size

A controversial aspect in relation to studying potential associations between size
at birth and later cardiovascular risk concerns the suitability of adjusting for
current body weight in statistical analyses. For example, 49 of the 55 regression
coefficients included in the review of the association between birthweight and
blood pressure were adjusted for current body weight. Consequently, these
estimates largely represent the association between birthweight and subsequent
blood pressure at a given body weight. As birthweight is a positive antecedent
of current body weight (Pietilainen et al., 2001), and current body weight is
positively associated with blood pressure (National Institute of Health, 1998),
depending on the relative strength of these separate associations, adjustment for
current body weight might produce a spurious inverse association between
birthweight and subsequent blood pressure (Lucas et al., 1999). In addition, in
several studies it is often the case that an inverse association between birth size
and a later disease risk factor only becomes apparent, or statistically significant,
after adjustment for current weight is performed (Stocks and Davey-Smith,
1999).

Furthermore, even allowing for the existence of a small inverse association
between birthweight and blood pressure at any particular current weight, this
effect may well be overshadowed by the deleterious increase in blood pressure
that would occur with the somewhat higher current weight associated with a
higher birthweight. The net effect of removing the adjustment for current body
weight in the larger studies is about a halving of the magnitude of the associa-
tion, from −0.6 mmHg/kg to −0.4 mmHg/kg. If we were then to add to this the
impact of residual confounding and of publication and reporting bias, it is likely
that the association between birthweight and blood pressure would be further
attenuated (Huxley et al., 2002).

Role of measurement error on the size of the association between birthweight
and systolic blood pressure

It has been argued that one possible reason for the discrepancies in the
magnitude of the birthweight–blood pressure relationship between the smaller
and larger studies is due to error in the measurement of either birthweight or
blood pressure, or both (Hennessy, 2002). It is possible that smaller studies
would have more reliable measurements of both blood pressure and birthweight,
by using actual birth records, rather than self-report, to obtain information on
birthweight, and by conducting more accurate assessments of blood pressure, as
compared with the larger studies which may have used ‘rounding’ to the nearest
5 or 10 mmHg. And, indeed, errors in the assessment of birthweight would,
due to ‘regression dilution’ bias (Clarke et al., 1999), tend to produce some
underestimation of the true magnitude of the association between birthweight
and subsequent health outcomes. In the previous reviews (Law and Shiell, 1996;
Huxley et al., 2000), most of the studies obtained information on birthweight
from birth records, but some – especially the much larger studies – used
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self-reported values or parental recall, which had been validated by comparison
with birth records in smaller samples. Consequently, assessment of birthweight
using these methods may involve greater errors. However, although this may
explain some of the difference in the strength of the association between small
and large studies, it does not seem to account for much of it. For example, the
mean inverse-variance-weighted estimate for those studies which used birth
records as the source of information for birthweight was −0.9 mmHg/kg, versus
−0.6 mmHg/kg in those that used parental recall or self-reported birthweight.
This small difference is consistent with a correlation of about 0.7 between
birthweight measures obtained from birth records versus those from parental
recall or self-reports (Curhan et al., 1996). Consequently, after adjusting for
regression dilution, it would lead to an increase of about a third in the regression
coefficient between birthweight and blood pressure. This expectation is sup-
ported by the small difference between the observed associations in studies, of
more than 1000 people, that used different methods to assess blood pressure:
−0.8 mmHg/kg with direct measurements versus −0.6 mmHg/kg with self-reports
(Huxley et al., 2002).

In contrast, errors in the assessment of blood pressure would not be
expected to produce any significant underestimation in the strength of the
association, since systematic error would only add a constant to the mean blood
pressure value, and random error would not change the mean value associated
with any particular birthweight (Rodgers and MacMahon, 1995).

Evidence from studies of maternal nutrition in pregnancy

Evidence from animal studies has been used to provide support in favour of the
fetal-origins hypothesis. For example, low-protein diets in animal studies have
been linked to raised blood pressure in offspring (Langley-Evans and Jackson,
1994). However, experimental evidence in humans regarding the impact of
maternal diet in pregnancy on later health outcomes in offspring is limited and
often contradictory. In addition, few studies have actual information on maternal
dietary intake during pregnancy, and consequently, the adequacy of fetal nutri-
tion has had to be inferred indirectly from size at birth. At the time of writing,
only a very small number of studies, which have been able to explore the impact
of maternal nutrient status on offspring’s blood pressure in later life, has been
published. Two studies were ecological and based on populations that had been
exposed to famine during the Second World War: the Dutch Famine Study
(Roseboom et al., 1999) and the Leningrad Siege Study (Stanner et al., 1997).
No differences in adult blood pressure were observed between individuals pre-
natally exposed to the Dutch famine in early, mid- or late gestation (Roseboom
et al., 1999), or between those conceived before, during or after the Leningrad
siege famine (Stanner et al., 1997).

The evidence from cohort studies is sparse and is not wholly consistent
with the fetal-origins hypothesis. One study, comprising 626 individuals whose
mothers’ food intake had been recorded in pregnancy, reported that higher
maternal intakes of protein were associated with raised blood pressure, but only
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in late gestation (Campbell et al., 1996). These findings conflict with data from
animal studies that have suggested that it is low protein intake in pregnancy that
corresponds to higher blood pressure in offspring. In contrast, a follow-up study
of individuals born to 400 pregnant women in Oxford, UK, during the Second
World War found no associations between markers of maternal nutritional
status, including protein, with blood pressure and other cardiovascular risk
outcome in middle-aged offspring (Lucas and Morley, 1994). Likewise, in a
randomized trial of the effects of nutrition in preterm infants, there was no
difference in blood pressure in childhood between groups fed the standard or
the nutritionally enhanced dietary regimens (R. Huxley, unpublished data). Of
note, however, was the observation that dietary regimens producing larger
weight gains were associated with significantly higher (rather than lower) blood
pressures at follow-up in this cohort (Singhal et al., 2001).

Summary

The findings from this meta-analysis suggest that previous reports of a strong,
inverse association between birthweight and subsequent blood pressure are
likely to have been driven by small study size, inadequate control for con-
founders, inappropriate adjustment for current body weight and publication
bias. Although an inverse relationship between birthweight and blood pressure
has been considered to provide the strongest support for the fetal-origins
hypothesis, it is only one of a large number of relationships encapsulated by
the hypothesis. As detailed earlier, impaired fetal growth has been suggested
to be causally associated with a wide range of diseases and chronic disease
risk factors. However, to determine the size and strength of each of these
proposed relations necessitates similar critical overviews of the literature to be
performed.

Is impaired fetal growth materially associated with cholesterol metabolism in
later life?

Based on the findings from a small number of observational studies, it has been
suggested that impaired fetal growth is causally associated with disturbances
in cholesterol metabolism in later life (Barker et al., 1993; Martyn et al., 1998). In
particular, findings from one small study of 219 middle-aged men and women
suggested that reduced abdominal circumference (described as a proxy marker
of liver size at birth) is associated with increased cholesterol concentrations
(Barker et al., 1993), but since abdominal circumference at birth is not routinely
measured, it has not been possible to replicate these study findings. Instead,
several studies have been published that have reported on the relationship
between birthweight and subsequent cholesterol level. Whereas some of these
studies reported inverse associations (Martyn et al., 1998), others have reported
positive associations (Rona et al., 1996) or no apparent association (Cowin and
Emmett, 2000) between birthweight and subsequent blood total cholesterol
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concentration. Evidence from animal studies, which has traditionally been used
to provide support for the fetal-origins hypothesis, tends to suggest that maternal
undernutrition and lower birthweight are associated with lower, not higher,
cholesterol levels in offspring. For example, in animal experiments, Lucas et al.
(1996) found that protein deficiency in pregnant rats led both to reduced
birthweight and to reduced blood total cholesterol concentrations in the adult
offspring. Similarly, in human populations, data from the Dutch Famine Study
suggest that individuals who were exposed in utero to maternal undernutrition
during mid- or late gestation had lower blood total cholesterol in adult life
compared with non-exposed controls (Roseboom et al., 2002). Furthermore, no
association between birthweight and subsequent blood total cholesterol was
found in either the Dutch Famine or the Leningrad Siege Studies (Stanner et al.,
1997).

A recent systematic review of 29 published studies, that had reported on
the association, concluded that there was a weak inverse association between
birthweight and total cholesterol that ‘was of limited public-health importance
when compared with the effects of childhood obesity’ (Owen et al., 2003). The
estimated size of effect was equivalent to a 0.05 mmol/l reduction in cholesterol
per kilogram higher birthweight. Since birthweight is so highly correlated with
other birth measures, including abdominal circumference, there is little reason
to postulate specific effects of other measures of birth size – such as abdominal
circumference (which might reflect impaired hepatic growth) (Barker et al.,
1993) – on cholesterol metabolism in later life.

Likely significance to public health of small increases in birthweight

Over the past two decades, evidence has accumulated to suggest that
poor maternal and fetal nutrition resulting in impaired fetal growth is causally
associated with many adverse health outcomes, ranging from increased rates of
cardiovascular disease to reduced rates of marriage (Table 5.1). Hence, from a
public-health perspective it is important to examine, first, what the evidence is
for the efficacy of interventions aimed at increasing birthweight, and, secondly,
what impact any subsequent change in the population distribution of birthweight
would have on reducing the overall burden of disease.

Most observational studies that have examined the impact of maternal diet
in pregnancy on infant outcome have concluded that maternal diet has little
impact on birthweight, although some studies have suggested that it is the
combination of particular macronutrients that may be important (Campbell
et al., 1996). This finding of a null association between maternal diet and
birthweight receives support from randomized trials of nutritional supplement-
ation programmes which, overall, have shown, disappointingly, that there is little
benefit to be gained in terms of increases in birthweight with the provision of
dietary supplements to women (Kramer, 1993). One large trial even suggested
a possible hazard of excessive protein intake in pregnancy on infants’ birth-
weight (Rush et al., 1980). The resilience of birthweight to change, following
alterations in the maternal diet, can be seen in data from the Dutch famine,
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which showed that despite prolonged periods of severe undernourishment,
women gave birth to infants whose birthweights were only reduced by, on
average, 200–300 g. Currently, encouraging women to stop smoking during
pregnancy remains the most effective strategy at preventing intrauterine growth
retardation, with the mean difference in birthweight of offspring of women who
smoked or were non-smokers in pregnancy being about 100 g (Secker-Walker
and Vacek, 2003).

If we were then to allow that causal associations existed between birthweight
and CHD risk factors, and that the sizes of effect are approximately those derived
from meta-analysis, from a public-health perspective the expected impact of
interventions that could increase birthweight would be of limited significance
to overall levels of CHD mortality. If we were to assume that the size of the
inverse association between birthweight and blood pressure is approximately
0.5 mmHg/kg, and that realistically, nutritional interventions and smoking cessa-
tion programmes in pregnancy can only increase birthweight by a maximum of
100 g, then the reduction in blood pressure associated with a 100 g increase in
birthweight would be 0.05 mmHg, which would prevent approximately 0.2% of
CHD events each year worldwide (A. Rodgers, personal communication). In
contrast, modest weight loss of between 3 and 4 kg is associated with a reduction
in systolic blood pressure of between 2 and 3 mmHg (De Onis et al., 1998).
A reduction in blood pressure of this magnitude would be expected to lower
global CHD mortality by about 6% and stroke by 10% (A. Rodgers, personal
communication).

A recent review of the literature of the association between birthweight
and subsequent total blood cholesterol concluded that a 1 kg increase in
birthweight is associated with a 0.05 mmol/l lower total blood cholesterol. If we
were to assume a causal relation between these two variables of this magnitude
and direction of effect, then the reduction in cholesterol associated with a 100 g
increase in birthweight would be approximately 0.005 mmol/l. A meta-analysis
of prospective observational studies indicated that a 0.6 mmol/l (about 10%)
reduction in total blood cholesterol is associated with a 26% lower risk of CHD at
ages 45–54 years (Trials of Hypertension Prevention Collaborative Research
Group, 1992). From this, a reduction in cholesterol of 0.001 mmol/l would
correspond to a reduction in CHD events of approximately 0.04%. In contrast,
a meta-analysis of randomized dietary intervention studies in free-living
populations has suggested reductions in total blood cholesterol of approximately
0.4 mmol/l (i.e. 5–6%) (Tang et al., 1998), which would correspond in the
long term with about a 16% lower coronary risk in the 45–54-year age group.
There is also consistent evidence from randomized trials that lowering
blood low-density lipoprotein (LDL) cholesterol concentrations with drugs
or diet rapidly reduces the risks of vascular events and death. (Huxley
et al., 2004). Hence, producing material changes in blood total cholesterol
that would impact on coronary risk seem likely to be more definite and easier
to achieve through alterations in dietary fat intake in childhood and later life
(as well as by modification of other lifestyle factors, such as increasing physical
activity level) than through strategies aimed at increasing size at birth
(Fig. 5.6a,b).
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Further doubt regarding the relevance of birthweight to later disease
comes from analyses of temporal trends of birthweight and coronary heart
disease mortality. Data from the past 25 years indicate that mean birthweight
has actually been increasing in both developed and developing countries,
including the UK, (Power, 1994) the USA (Arbuckle and Sherman, 1989)
and India (Singhal et al., 1991). Recent data from Canada (Kramer et al.,
2002) suggest that increases in maternal anthropometry, reduced cigarette
smoking and improvements in socio-economic factors are likely to be
partly or wholly responsible for increases in mean birthweight, at least in
westernized societies. Paralleling this rise in mean birthweight has been the
dramatic increase in cardiovascular mortality (World Health Organization,
2002) over the past two decades, particularly in lower- to middle-income
countries, including China and India. It is therefore difficult to attribute the
huge rise in cardiovascular mortality to poor fetal growth, rather it is likely
that the ‘westernization’ of these countries, as evidenced by the concurrent
increases in smoking rates, the prevalence of obesity and the adoption of more
sedentary lifestyles within these populations, is chiefly responsible for the CHD
pandemic.
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Fig. 5.6. (A) The expected reductions in systolic blood pressure (SBP) associated
with modification of possible risk factors.
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Conclusion

In summary, the evidence reviewed here provides little support for a significant
causal role of birthweight in the determination of blood pressure and cholesterol
levels in adult life, and suggests that claims of other causal associations between
size at birth and disease risk factors be subject to similarly rigorous appraisals.
Even allowing for a small inverse association between birthweight and risk
factors, from a public-health perspective, strategies aimed at reducing the burden
of chronic disease through the modification of adult lifestyle factors, such as
cigarette smoking, diet and physical activity, are likely to be far more achievable
and have a much greater impact than interventions aimed at reducing the
burden of disease through increases in birthweight.
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Introduction

As described in Chapter 4 of this volume, a number of epidemiological studies in
large human cohorts have indicated that there are associations between indices
of impaired fetal growth and cardiovascular disease in later life. Barker and
colleagues have repeatedly reported that risk of coronary heart disease, hyper-
tension and stroke-related mortality is increased in individuals who were of lower
weight at birth or otherwise showed evidence of disproportion at birth (Barker,
2002). Although initially highly contentious, these reports of Barker and cowork-
ers have now been widely accepted and have informed the development
of health and social policy in the UK. The heavy investment of government
research funds into this particular field of medical research has appeared justified
on the basis of the replication of the Barker findings in other populations around
the world, by independent research groups (Curhan et al., 1996; Forrester et al.,
1996; Moore et al., 1996; Leon, 1999).

Increasingly, however, questions are being raised about the validity and
importance of the observed associations. Most recently Huxley et al. (2002) have
suggested that associations between birthweight and later blood pressure are
artefactual (see Chapter 5, this volume) and other critics have pointed out that
the epidemiological studies may be heavily confounded by uncontrolled factors
relating to social class and to genetics (Bartley et al., 1994; Kramer and Joseph,
1996). Most importantly, the central tenet of the fetal origins of adult disease
hypothesis is that the association between impaired fetal growth and later
disease is explained by nutritionally mediated programming (Barker, 2002). This
is a weak starting point for studies in humans. There is very little evidence to
support the suggestion that undernutrition results in reduced birthweight or dis-
proportionate birth, other than in populations in the developing world (Prentice
et al., 1987; Thame et al., 1997) (see Chapter 2, this volume). In well-nourished
populations, normal variations in maternal nutritional status have only a minor
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impact, if any, upon fetal growth (Godfrey et al., 1996; Mathews et al., 1999).
There is evidence that exposure to undernutrition in the fetal period may associ-
ate with blood pressure in later life independently of fetal growth changes, but this
is based upon small-scale studies of a somewhat serendipitous nature (Godfrey
et al., 1994; Campbell et al., 1996). There is no information upon the long-term
impact of maternal nutritional supplementation or similar interventions and,
understandably, such studies are not embarked upon very readily.

Given the obvious constraints of epidemiological approaches to the study
of the programming of cardiovascular disease, the development of animal
models has been an essential element of research in this area. The degree of
control over experimental conditions and the possibilities for invasive measure-
ments have allowed intensive study of the pathophysiological consequences of
fetal undernutrition.

Experimental Models of Programming

A broad range of experimental models has now been developed in a number of
different species and it is becoming clear that quite diverse nutritional manipula-
tions generate very similar physiological outcomes, acting through a relatively
limited number of common mechanisms (Fig. 6.1). However, these studies
cannot be employed as the only means of investigating cardiovascular
programming. Experimental studies in humans should become the priority for
the coming decade. Although studies of rodents are very informative in terms
of confirming cardiovascular programming as a biological response to early
undernutrition and in developing initial hypotheses regarding programming
mechanisms, there are constraints on drawing parallels between animals and
humans. One major drawback of the rodent studies is that these species are
generally resistant to atherosclerosis and do not develop coronary heart disease.
Much of the following discussion will therefore focus upon blood pressure and its
regulatory mechanisms.

Dietary manipulations in rodents

Balanced dietary restriction

Modelling the human diet using animal models, although desirable, is an impos-
sible task. In developing suitable animal models of nutritional programming, it
has been argued that the approach most representative of human undernutrition
is a balanced, or global, restriction of nutrient intakes (Bertram and Hanson,
2001). The suggestion is that, in human populations that are subject to chronic
or episodic undernutrition, it is most likely that food intake per se is reduced
rather than they suffer from deficiencies of specific nutrients. This is arguable,
as in populations such as that of the UK, there are a number of subgroups
with increased prevalence of disorders related to marginal nutrient intakes. For
example, vegetarians and vegans may find it difficult to consume requirements
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for protein, calcium and iron (Wagener et al., 2000). Younger women may be
at particular risk of micronutrient deficiencies and, given the high number of
children born in the UK to mothers under the age of 18, this is of considerable
relevance to the nutritional programming debate. The 2000 Diet and Nutrition
Survey of British children aged 4–18 indicated that a quarter of adolescent girls
had very low intakes of iron and calcium, and also highlighted magnesium
intake as a cause for concern (Gregory et al., 2000). Iron-deficiency anaemia is
the most common nutritional disorder worldwide.

Consideration needs to be given to which human populations experimental
studies should actually be modelling. At the present time, it is probably true to
say that most experiments in this area are seeking to demonstrate the biological
principles of programming. Some of these adopt the global restriction approach
as this may be truly representative of populations exposed to periodic famine
or for which food security is permanently poor. However, most of the epidemio-
logical studies that have suggested that programming may be relevant to human
disease states have focused upon populations in affluent nations, where, for the
majority, food supply is assured and global nutrient restriction is unlikely.

A number of rodent models have been developed to explore the impact of
global nutrient restriction upon long-term vascular functions, generally with blood
pressure as the main outcome measure. One of the first studies that specifically
attempted to test the fetal origins of adult disease hypothesis utilized an unusual
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Fig. 6.1. Impact of maternal dietary manipulations in pregnant animals upon
offspring blood pressure. Data shown are the maximal changes in blood pressure
(BP) (systolic or mean arterial pressure) in rodent species following restriction of the
diet or feeding of high-saturated fat diets. Generally, larger changes in pressure are
noted following restriction of maternal intakes of specific nutrients than when global
nutrient restriction is applied. Sat., saturated; LP, low protein; GP, guinea-pig. (Data
were obtained from Langley-Evans et al., 1994a; Crowe et al., 1995; Langley-Evans,
1996; Woodall et al., 1996; Dunn et al., 2001; Battista et al., 2002; Bergel and
Belizan, 2002; Kind et al., 2002.)
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approach to the manipulation of fetal nutrition (Persson and Jansson, 1992).
The guinea-pig fetus is particularly vulnerable to the growth-retarding effects of
severe maternal undernutrition (Lechner, 1984) and has often been used as a
model of undernutrition in pregnancy, due to the similarities between humans
and cavies in terms of their placentation (Garnica and Chan, 1996). In the
guinea-pig the uterus is divided into two horns, with equal division of nutrients to
the 1–3 pups that may develop in each. Persson and Jansen (1992) exploited
the vulnerabilities of the guinea-pig fetus by ligating one horn of the pregnant
uterus. Surgical ligation of one horn resulted in profound growth retardation of
pups on that side relative to their littermates in the untreated horn. When all of
the animals had their blood pressure determined in young adulthood, there was
a significant relationship between the degree of growth retardation and blood
pressure (Persson and Jansson, 1992). The most severely growth-retarded
guinea-pigs, relative to their normal littermates, displayed the greatest increases
in blood pressure relative to their normal littermates.

This study appeared to support the concept that growth retardation may be
linked to later cardiovascular disease, and prompted other groups to develop
nutritional models aimed primarily at limiting fetal growth in order to explore its
consequences. One of the best characterized of these models was first reported
by Woodall et al. (1996). In this approach, pregnant rats are provided with a
greatly reduced food intake, thereby providing a balanced nutrient restriction
that impacts upon all macro- and micronutrients equally. Food intake is
restricted to just 30% of the ad libitum intake of pregnant rats of similar size and
gestation. This has major effects upon maternal weight gain, and presumably
body composition, in pregnancy.

In the rat, the first half of pregnancy is a time of anabolic metabolism, with
heavy storage of both fat and protein stores (Naismith and Morgan, 1976).
Weight gain is moderate (see Fig. 6.2), with approximately 25 g of stores laid
down. Over the second half of pregnancy these stores are partially mobilized,
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Fig. 6.2. Gain in maternal and conceptus weight in rat pregnancy. Weight gain in
pregnant rats reflects the biphasic nature of protein metabolism in this species. In
early gestation anabolic processes predominate and most of the weight gain over
the first half of pregnancy is attributable to the deposition of stores, and increase
in fluid volume. In the second half of pregnancy stores are metabolized and a rapid
increase in fetal and placental growth rate is noted from days 14 to 22.
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fuelling rapid fetal growth. Remaining stores will be used for lactation. Over this
period weight gain accelerates and the dams will gain approximately 70 g in
weight, of which approximately 60 g will be fetal and placental material. In the
global food restriction model reported by Woodall et al. (1996), this normal
pattern of weight gain is abolished and the pregnant animals lose weight in
mid-gestation, suggesting that there is only minimal, if any, deposition of the
necessary stores to drive later fetal growth. The outcome is a significant reduc-
tion in weight of the offspring at birth. Blood pressure measurements indicate
that in early postnatal life, the cardiovascular system is largely unaffected by the
fetal growth restriction. This appears contrary to the fetal-origins hypothesis
as Barker and colleagues suggest that cardiovascular changes are present even
at birth and become amplified with age (Law et al., 1993; Barker, 2002).
However, by 30 weeks of age, the growth-retarded rat offspring exhibit a small
(6 mmHg) but significant increase in blood pressure relative to the offspring of
well-nourished control animals (Woodall et al., 1996).

Whereas this particular global restriction model appears to support the
nutritional programming hypothesis in general terms, a less severe global nutri-
ent restriction in rat pregnancy produces less clear-cut effects. A 50% reduction
of food intake in the second half of pregnancy did not increase blood pressure in
the resulting offspring, despite exposure to undernutrition during the most rapid
phase of fetal growth and development (Holemans et al., 1999). These animals
did, however, exhibit subtle changes in vascular function in the small mesenteric
resistance arteries. Sensitivity to exogenous nitric oxide was increased, whereas
endothelium-dependent relaxation was reduced.

This study may have been aberrant, as less severe food restriction in rat
pregnancy does, in fact, impact upon blood pressure in the offspring. Rats
allowed to consume 70% of ad libitum intake produced pups that were hyper-
tensive relative to control animals from 13 weeks of age (Ozaki et al., 2001).
Blood pressure was increased by 13 mmHg in males and to a lesser extent in
females. Similarly, a very mild global nutrient restriction in guinea-pig pregnancy
(85% of ad libitum intake) also programmed later blood pressure. At around 14
weeks of age, guinea-pig pups exposed to undernutrition in utero had blood
pressures that were 9% higher than those in control animals (Kind et al., 2002).

Studies in which rodents are subject to global nutrient restriction thus appear
simply to model the epidemiological studies of Barker and others. Nutrient
restriction retards fetal growth, manifesting as lower birthweight. These growth-
retarded animals develop high blood pressure and/or altered vascular function in
later life. A common feature of all of these studies is that the cardiovascular
effects of fetal undernutrition are small and are subject to some delay before their
appearance in postnatal life. A rather different picture emerges with many of the
studies of specific nutrient restriction.

Restriction of specific nutrients

PROTEIN. As described above, many nutrients in the human diet are likely to be
limiting in terms of fetal growth and development. Much of the work with animal
models that has considered the programming effects of restricting single nutrients

Models of Hypertension and Cardiovascular Disease 133

143A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:24 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



has utilized low-protein feeding. This is of considerable relevance in the study of
human health. Across the globe there is wide variation in protein intakes, with
women from affluent nations consuming approximately 60–80 g/day, whereas
women from poorer countries, who depend solely on plant sources, consume
40–50 g/day and may well have marginal protein intakes. Within the UK, protein
intakes are lower in pregnant women from lower socio-economic classes
(Table 6.1). In a 2002 study of 300 British women, we found that 6–8%
had first- or third-trimester protein intakes below the UK Reference Nutrient
Intake (51 g/day) and that 55% of these individuals were from the lower
socio-economic groups (social classes IV and V).

Importantly, one of the few clear examples of a direct relationship between
maternal nutritional status and offspring health in humans implicates protein in
programming. Campbell et al. (1996) demonstrated that, in a cohort of men
aged 43–48 years, blood pressure was inversely related to maternal animal
protein intake in pregnancy, among women with high carbohydrate intakes.

Historically, low-protein diets have been widely used for inducing fetal
growth retardation in rats, and numerous studies have demonstrated that severe
restriction can markedly reduce fetal and placental growth. Many of these studies
have compared diets containing 4–5% protein (diet by weight) with control diets
containing up to 24% protein (Zeman and Stanbrough, 1969; Hastings-Roberts
and Zeman, 1977; Merlet-Benichou et al., 1994). These studies were not operat-
ing within physiologically likely ranges however, as the protein requirement for
the rat in pregnancy is approximately 12% by weight (Clarke et al., 1977). Our
own studies of nutritional programming have utilized a low-protein diet based
upon casein as the sole protein source. The control diet for these studies contains
18% casein, and a variety of levels of restriction have been applied, ranging from
12% to 6% by weight. Most of the work with this maternal low-protein diet
(MLP) model has used a 9% casein diet (Langley-Evans, 2001). This matches
the protein requirement of the non-pregnant rat and is therefore only a mild
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Trimester 1 Trimester 3

Socio-economic
group

Protein intake
(g/day)

Protein intake
(% energy)

Protein intake
(g/day)

Protein intake
(% energy)

I
II
III M III NM
IV
V

75.7 ± 13.8*

69.0 ± 14.0*

71.9 ± 14.8*

68.7 ± 15.9*

64.8 ± 22.8*

14.1 ± 2.1
13.8 ± 1.9
14.1 ± 2.0
13.4 ± 2.0
13.8 ± 2.5

72.6 ± 14.3*

73.0 ± 14.7*

70.8 ± 13.2*

67.6 ± 13.8*

63.6 ± 15.6*

13.8 ± 2.2
15.3 ± 6.2
13.5 ± 2.2
13.9 ± 2.3
14.0 ± 3.1

A total of 220 and 172 women from Northampton, UK, were studied in the first and third
trimesters of pregnancy, respectively. Daily protein intake was estimated using 5-day food
records. Women were grouped on the basis of their partner’s occupation. *Indicates signifi-
cantly different to social class I (P < 0.05). Data are mean ± SD. Social class I represents
professional occupations, class IV represents unskilled labour and V is unemployed.
M represents manual, NM represents non-manual.

Table 6.1. Maternal protein intakes in the first and third trimesters of pregnancy.
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protein restriction. The energy content of MLP diet is matched to control diet by
increasing the carbohydrate content in proportion to the protein restriction. The
carbohydrate is provided as a 2:1 (w/w) mixture of starch and sucrose, and fat is
provided as corn oil.

MLP diets exert effects upon fetal growth that are both quantitatively and
qualitatively different to global nutrient restriction models. Feeding a 9% casein
diet appears to accelerate the early growth of the fetus, such that by day 14 out
of the 22 days of rat gestation, MLP-exposed fetuses are significantly larger than
well-nourished controls (Fig. 6.3). This effect is amplified if the MLP feeding is
targeted only to the first 7 days of gestation (Langley-Evans et al., 1996a;
Langley-Evans and Nwagwu 1998). More rapid fetal and placental growth con-
tinue with MLP up until day 20 gestation. In normal rat pregnancy, the fetus
will double in weight over the last 2 days of gestation. MLP feeding appears to
attenuate this rapid late gestation surge in growth, and fetuses that were larger
than controls at day 20 were subsequently born at low to normal birthweight
(Langley-Evans et al., 1996a). The pattern of growth noted in MLP-exposed
fetuses and their associated placentas depends to some extent upon the plane of
nutrition prior to conception. Fetuses whose mothers are habituated to MLP
prior to pregnancy exhibit accelerated growth for a longer period than those
whose mothers begin protein restriction on the first day of pregnancy (Langley-
Evans and Nwagwu, 1998). In general terms, however, MLP feeding appears to
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Fig. 6.3. Fetal and placental weight at day 14 gestation in rat pregnancy. Pregnant
rats were fed either a control diet (CON) or maternal low-protein (MLP) diet. MLP
feeding was either targeted to 7-day blocks (d0–7 or d8–14) or maintained through-
out pregnancy (d0–14). Rats were killed at day 14 and fetal (shaded bars) and
placental (open bars) weights determined. Data are shown as means ± SEM and *

indicates a significant difference when compared with control animals (P < 0.05).
Low-protein feeding stimulated more rapid growth of fetus and placenta. The effect
was more marked when targeted to the first week of gestation only. n = 46–62
fetuses per group. (Data taken from Langley-Evans and Nwagwu, 1998.)
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exert growth-promoting effects in early gestation and growth-retarding effects in
late gestation. In the latter period of pregnancy the most vulnerable organs
are those of the trunk, whereas the growth of the brain is relatively spared
(Langley-Evans et al., 1996a).

The offspring of rats fed the MLP diet in pregnancy can be viewed as being
undernourished only during the prenatal period. All dams, regardless of diet in
pregnancy, are fed the same standard chow diet upon littering, and experiments
using the MLP feeding protocol standardize litter sizes for the suckling period,
to reduce the impact of fluctuations in the quality and quantity of milk by rats
fed MLP in pregnancy. We have shown recently that, on postnatal day 1, the
protein concentrations in milk from dams fed control and MLP diets are similar
(Bellinger and Langley-Evans, unpublished observation), which supports the
view that recovery from protein restriction is rapid.

The offspring of rats fed the MLP diet exhibit elevated systolic blood
pressure from an early age. Among animals aged 3–4 weeks, pressures are
increased by 15–30 mmHg relative to control animals (Langley-Evans et al.,
1994a). This effect does not depend upon the level of protein restriction as
experiments with 12, 9 or 6% casein diets suggest that they all exert a similar
effect upon blood pressure (Langley and Jackson, 1994). The effect of prenatal
protein restriction appears to be permanent, and blood pressures remain
elevated well into adult life (Langley-Evans and Jackson, 1995). The effects
of low-protein feeding on cardiovascular function are not restricted to the rat.
Similar experiments have demonstrated that the feeding of MLP diet throughout
mouse pregnancy also produces hypertension in the offspring. In this case, the
effect is accompanied by reduced weight at birth (Dunn et al., 2001).

One of the basic elements of the programming hypothesis is that exposure to
insults during critical periods of development exerts permanent physiological or
metabolic effects. Rat pregnancy may be conveniently divided into three critical
phases: embryogenesis, tissue differentiation and tissue maturation. Exposure
to MLP during any of these phases appears to produce significant effects upon
the vasculature. Kwong et al. (2000) reported that MLP feeding during the first
4 days of gestation led to significant elevation of blood pressure in the offspring
at 4 weeks’ postnatal age. This is remarkable, as the rat embryo at 4 days is still
at the pre-implantation stage. Our own experiments show that MLP feeding
from days 0–7 increased blood pressure to a similar degree as that noted when
restriction was timed between days 8 and 14, a time of tissue differentiation
(Langley-Evans et al., 1996b). Greater elevation of blood pressure was associ-
ated with restriction over the rapid fetal growth phase (days 15–22), but the
largest programming effect of a low-protein diet was seen with restriction
throughout pregnancy (Fig. 6.4).

Low-protein diets may exert some of their effects on blood pressure through
structural adaptations within the vasculature and the kidney. In the kidney,
reduced numbers of nephrons are present at the time of birth in the offspring rats
subject to MLP feeding throughout pregnancy (Langley-Evans et al., 1996b,
2002). Mid-late gestation appears to represent a critical period of vulnerability
for this organ. Nephron deficits at birth are not recovered postnatally. It is argued
that to maintain renal haemodynamic functions, local blood pressure increases
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are necessary, thereby maintaining glomerular perfusion. Rising pressures lead
to loss of more nephrons and hence to still greater increases in pressure to main-
tain function further. Thus the animal enters a cycle of rising systemic pressure
and progressive nephron loss, which eventually establishes hypertension and
renal disease (Mackenzie and Brenner, 1995).

Martyn and Greenwald (2001) argue that programming of vascular structure
may also contribute to hypertension. Relative deposition of elastin and collagen
within the arterial wall determines stiffness and hence vascular compliance.
Consistent with this hypothesis, we have demonstrated that MLP feeding in
the rat produces noticeable changes within the ascending aorta from as early
as 4 weeks’ postnatal age. MLP-exposed rats have thinner-walled vessels, with
reduced functional elasticity and significantly lower elastin content (Greenwald,
Langley-Evans, Martyn and Phillips, unpublished observations).

One of the problems with rodent models of cardiovascular disease is the
resistance of these species to atherosclerosis and hence coronary heart disease.
In the rat low-protein diet model of nutritional programming, there has been little
investigation of susceptibility to heart disease beyond studies of blood pressure
and its regulation. However, it may be argued that in a atherosclerosis-prone
species, some programming effect may be evident. One of the primary stages
of plaque formation is oxidation of low-density lipoprotein (LDL)-cholesterol.
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Fig. 6.4. Systolic blood pressure in rats following prenatal exposure to a maternal
low-protein (MLP) diet. Pregnant rats were fed a control (CON) diet or MLP diet.
MLP feeding was maintained throughout pregnancy (d0–22) or targeted to 7-day
blocks (d0–7, d8–14, d15–22). Blood pressure was determined in the resulting
offspring at 4 weeks of age. The data shown are mean systolic blood pressures ±
SEM for 34–45 rats per group. * Indicates a significant difference when compared
with the control group (P < 0.05). The findings indicate that protein restriction at any
period in rat pregnancy may programme later hypertension, but that late gestation
appears to be the most vulnerable period. (Data taken from Langley-Evans et al.,
1996b.)
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While some reports suggest that total cholesterol and LDL-cholesterol concen-
trations are lowered by prenatal protein restriction, it is clear that, overall, MLP-
exposed animals have impaired antioxidant defences in adult life and are more
vulnerable to oxidative processes (Langley-Evans et al., 1994b; Langley-Evans
et al., 1997).

This vulnerability may also manifest as an increased rate of ageing, which is,
in part, determined by oxidative processes that activate apoptosis. Aged rats
exposed to MLP diet in utero exhibit abnormalities of bone mineralization
(Mehta et al., 2002) and more rapid decline in renal integrity and function
(Nwagwu et al., 2000) when compared to control rats of equivalent age.
Moreover, life span is reduced by fetal exposure to maternal low-protein diets
(Jennings et al., 1999; Sayer et al., 2001). However, in the rat it is difficult to
discern the extent to which earlier death is attributable to cardiovascular
programming.

Whereas many studies show that low-protein diets in pregnancy programme
later hypertension in the developing fetus, this is not true of all. An extensive
body of work by the late Joseph Hoet and his group in Louvain and by Hales
et al. in Cambridge, has examined the nutritional programming of pancreatic
function and type 2 diabetes by low-protein feeding in rat pregnancy and lacta-
tion. These studies employ a diet containing 8% protein (provided as casein),
with carbohydrate provided mainly in the form of glucose and fat as soybean oil.
This diet elicits structural changes within the developing pancreas, leading to
glucose intolerance and insulin resistance. However, this low-protein diet does
not programme blood pressure changes (Langley-Evans, 2000). This observa-
tion suggests that the overall food matrix is the critical element in nutritional
programming, and that imbalances of nutrient supply act as a stressor that
activates simple, probably hormonally mediated, mechanisms.

In comparing the diet used in our own studies with that of Hales and Hoet, it
is clear that variation in the source of fat and/or carbohydrate may explain the
discrepancies. It is therefore of considerable importance for the full composition
of diets used in studies of programming to be published in papers. Other groups
have also published data suggesting that a low-protein diet in utero does not
programme vascular disease in rodents (Tonkiss et al., 1998). It is overly simplis-
tic to assume that there is commonality between all rodent models utilizing
low-protein diets without a greater depth of understanding of the metabolic
adjustments and nutritional demands necessary to deal with suboptimal nutrition
or frank malnutrition. If some nutrients are lacking in the diet and stores are
depleted, others, which depend on the limiting elements for their metabolism,
will effectively be present in excess. The effects of this excess may be just as
important in programming as the effects of the primary nutrient deficiencies.

The finding that relatively short periods of protein restriction during fetal
life can induce long-lasting elevation of blood pressure in adult life has raised
interest in the role of specific amino acids. Rees et al. (1999) reported that low-
protein feeding in rat pregnancy reduced the threonine concentration in fetal
serum without impacting upon any other amino acid. Changes in maternal
amino acid profiles suggested that threonine may be used to generate glycine,
which is conditionally essential in pregnancy. Glycine is required in numerous
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metabolic pathways and, in both rat and human pregnancy, may be a limiting
nutrient, particularly if protein intakes are low. Experiments in which MLP diet is
supplemented with glycine show that this reverses the hypertensive effect of the
diet upon the offspring (Jackson et al., 2002). This effect was specific to glycine
and was not reproduced by supplementing with an equivalent quantity of amino
nitrogen in the form of urea, or a non-essential amino acid (alanine).

It has been proposed that the importance of glycine may lie in its use in the
metabolism of methionine and homocysteine (Fig. 6.5) (Rees et al., 1999). In the
absence of an adequate supply of glycine from the diet or endogenous synthesis,
first maternal and then fetal homocysteine may accumulate. This amino acid is
toxic and hence likely to exert adverse effects upon fetal development. The ratio
of S-adenosyl methionione and S-adenosyl homocysteine, intermediates in the
methionine–homocysteine cycle, dictates that capacity for DNA methylation,
which may also impact upon programming (see Chapter 14, this volume).
In adults raised plasma homocysteine is a known risk factor for cardiovascular
disease. It has been argued that the low-protein diet used in MLP rat experiments
contains an excess of methionine, which would exacerbate fetal homocystein-
aemia, and that this may explain the discrepancy between our studies and that
of Hales and Hoet. However, work by McCarthy and Pickard has shown that this
is not the case. Pregnant rats fed a low-protein diet that was also low in
methionine produced offspring that developed hypertension equivalent to that
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Fig. 6.5. Pathways of methionine and homocysteine metabolism. The methionine–
homocysteine cycle normally permits the clearance of excess methionine through
conversion to homocysteine, and then to cysteine via the trans-sulphuration
pathway. When methionine supply is limited, the capacity exists to convert
homocysteine to methionine through the addition of a single carbon group from
methyl tetrahydrofolate, which may, in turn, be synthesized from glycine. In fetal life
the trans-sulphuration pathway is not active. In situations where glycine is limiting,
homocysteine formed from methionine will accumulate, as recycling back to
methionine will be constrained.
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induced by a standard MLP treatment (Pickard et al., 1996). Similarly, we have
shown that feeding an MLP diet with lower methionine content does not reverse
renal defects associated with prenatal MLP exposure, and a high methionine,
18% protein diet, does not induce such defects (Langley-Evans, Makinson and
McMullen, unpublished data). This indicates that the role of methionine in
programming of blood pressure may be overstated by Rees et al. (1999).

OTHER NUTRIENTS. Feeding a low-protein diet in rodent pregnancy is not
the only approach that has been used to study nutritional programming of the
vasculature. Subtle shifts in the composition of the diet in pregnancy can
produce potent effects. The substitution of corn oil (rich in polyunsaturated fats)
with coconut oil (rich in saturated fats) in the diet of pregnant rats produces an
elevation of blood pressure in their offspring (Fig. 6.6), that is the equivalent of
feeding a low-protein diet (Langley-Evans, 1996). Interestingly, high-saturated
fat combined with a low-protein diet does not produce any additional effect
upon blood pressure.

Low intakes of micronutrients in pregnancy also appear to impact upon
long-term cardiovascular health in laboratory rats. Low-iron diets, sufficient
to produce anaemia in pregnant rats, reduced the early postnatal growth of
the heart in the associated offspring. Initially these offspring had lower blood
pressure than the offspring of iron-replete dams. However, by 6 weeks of age a

140 S.C. Langley-Evans

110

115

120

125

130

135

140

145

150 *

*
*

Control Low protein Control/coconut Low
protein/coconut

Maternal diet

S
ys

to
lic

 b
lo

o
d

 p
re

ss
u

re
 (

m
m

H
g

)

Fig. 6.6. Programming of high blood pressure in rats by feeding diets rich in
saturated fatty acids. Pregnant rats were fed control or low-protein diets throughout
gestation. These diets provided fat as 10% corn oil. Two further groups were fed the
same diets, but providing the fat as 9% coconut oil and 1% corn oil. Blood pressure
was determined in the offspring at 8 weeks of age. Data are shown as means ± SEM.
* Indicates a significant difference when compared with the control group. Blood
pressure was elevated in rats exposed to low-protein diets and also in rats exposed
to adequate protein but supplied with coconut oil. Combining a low-protein diet with
coconut oil did not reveal any additive effect of the two manipulations. (Data taken
from Langley-Evans, 1996.)
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significant elevation of blood pressure was observed (Crowe et al., 1995). Low-
sodium diets in rat pregnancy also elevated blood pressure by 7–8 mmHg in the
offspring from around 6 weeks of age, through a mechanism that appears to be
dependent upon renin–angiotensin system components (Battista et al., 2002).

Bergel and Belizan (2002) studied the possible role of calcium in nutritional
programming. Rats were fed a calcium-deficient diet, a control diet or a diet
containing excess calcium for 1 month prior to mating and throughout preg-
nancy. Blood pressure in the offspring was measured monthly and appeared to
be strongly related to maternal calcium intake. High consumption of calcium
raised blood pressure slightly (4.3 mmHg at 1 year of age), whereas the offspring
of calcium-deficient mothers had blood pressures 12 mmHg above the control
value.

Dietary excess

One of the main discrepancies in the original fetal origins of adult disease
hypothesis, as stated by Barker (2002), is the mismatch between trends in
disease patterns and dietary practices. Cardiovascular disease is more prevalent
in westernized countries and is associated with nutritional excess, specifically
excessive intakes of fats and protein. Within the UK population, the average
energy intake from fat has fallen over the past two decades, but remains in
excess of the recommended 35%. Similarly, the average protein intake of British
women during pregnancy (approximately 70 g/day) is well in excess of the
Reference Nutrient Intake (51 g/day) and a high proportion of women may
consume considerably more. In the developing world, where undernutrition is
more prevalent, rates of cardiovascular disease morbidity and mortality are low.
It is surprising, therefore, that there have been few attempts to model the impact
of high-fat or high-protein diets in pregnancy upon later cardiovascular function
and health.

Prenatal high-protein diets are generally considered to be a risk factor for
low birthweight in human pregnancy (Sloan et al., 2001). However, there have
been no animal experiments directed at exploring the potential programming
effects of excessive dietary protein. Daenzer et al. (2002) have demonstrated that
feeding a high-protein (40% by weight) diet in rat pregnancy resulted in a greater
fat mass in the offspring at 9 weeks of age. This suggests that high-protein diets
may have the capacity to programme energy metabolism and may thus impact
indirectly upon cardiovascular disease risk.

Similarly, there has been little evaluation of the programming effects of
high-fat feeding upon cardiovascular function. Holemans et al. (2000) reported
that feeding a high-saturated fat diet to the pregnant offspring of diabetic rats
altered vascular sensitivity to acetylcholine and noradrenaline, but no assess-
ment was made of the offspring. High-fat diets, rich in saturated or unsaturated
fatty acids, fed to rats throughout pregnancy and lactation, had opposing effects
on glucose metabolism, but no assessment was made of cardiovascular function
markers (Siemlink et al., 2002). However, our own studies of feeding a relatively
low-fat diet, providing mainly saturated fatty acids, suggest that fats may play a
role in programming blood pressure (Langley-Evans, 1996).
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Dietary manipulations in large animal species

Large animal species arguably provide better models for human health than
rodents. Rodents, with the exception of the guinea-pig, are very immature at
birth. Farm animal species, such as the sheep and pig, are more mature, and
their larger size allows for more detailed investigation in utero and in the early
postnatal period.

Studies of the pig have indicated the existence of similar relationships
between characteristics at birth and later cardiovascular function to those noted
in humans. Poore et al. (2002) showed that basal mean arterial blood pressure
was inversely related to birthweight and positively related to the ratio of head
length to birthweight. These effects were accompanied by reduced renal
angiotensin-converting enzyme activities and increased plasma noradrenaline.
However, as with epidemiological studies in humans, these associations with
birthweight tell us little about the mechanism of programming and are difficult
to assign a cause to. In the pig there is considerable variability in birthweight,
with up to threefold variation within a single litter. This variation is explained by
nutrient restriction due to reduced placental size and transport. However, the
nature of the nutrient restriction and prevailing endocrine milieu is not well
understood.

The sheep is a much more widely studied large animal species in terms of
the effects of nutrient restriction upon fetal and placental growth (Owens et al.,
1987). However, there is very little information upon the long-term cardiovascu-
lar impact of nutrient restriction in utero. The information available indicates that
the endpoint of nutritional programming in this species is a reduction rather than
an increase in blood pressure.

There are two main advantages associated with using the sheep as a model
of programming. First, nutrient intake can be restricted very effectively through
placental reduction or carunclectomy. The caruncular structure of the ovine
placenta allows for the removal of a significant proportion and hence a restric-
tion of the nutrient-transfer capability (Owens et al., 1987). Secondly, with an
animal of this size, it is possible to chronically instrument the developing fetus for
physiological measurements. Such measurements indicate that nutrient restric-
tion impacts upon the fetal cardiovasculature: a 15% restriction of maternal
nutrient intake over the first 70 days of gestation (term 147 days) lowered basal
systolic and diastolic blood pressures and reset baroreflex control mechanisms
(Hawkins et al., 2000).

These effects persist postnatally and, to some extent, are related to indices of
fetal growth. Blood pressure is higher in sheep that were of greater weight at
birth and appears related to kidney size (Gopalakrishnan et al., 2002). This
is directly the opposite of observations in humans. Furthermore, exposure to
nutrient restriction in early pregnancy (Pearce et al., 2002), resulted in lower
blood pressure in lambs at 6 months of age, but, in keeping with the rat studies of
Holemans et al. (1999), these animals demonstrated increased sensitivity to
vasoconstrictors.
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Hormonal manipulations and programming

It is now evident that nutritional factors are not solely responsible for the
programming of the cardiovascular system. The interaction of the environment,
as represented by maternal nutritional status, with the expression of key genes
involved in regulation of development, is mediated by maternal hormonal status.
Studies of these nutrient–hormone–gene interactions are at an early stage, but
glucocorticoids and the hypothalamic–pituitary–adrenal axis have come under
closest scrutiny.

Initial interest in a potential role for glucocorticoids in the fetal programming
of later blood pressure arose from investigations of a rare genetic defect leading
to premature death associated with early onset hypertension. The syndrome of
apparent mineralocorticoid excess (AME) is characterized by the inappropriate
binding of cortisol to aldosterone receptors in the kidney (New, 2002). As
cortisol is secreted in concentrations in huge excess relative to aldosterone, and
in response to completely different stimuli, blood pressure becomes massively
and chronically elevated.

The inappropriate mineralocorticoid receptor (MR) binding that leads to the
symptoms of AME is due to a lack of the enzyme 11b-hydroxysteroid dehydro-
genase (11b-HSD) (New, 2002). The role of 11b-HSD is to metabolize active
glucocorticoids (cortisol in humans, corticosterone in the rat) to inactive forms
that do not bind the MR. Interestingly the type 2 isoform (11b-HSD-2) of this
enzyme, found in kidney, is also present in placenta. Edwards et al. (1993)
hypothesized that one of the functions of the placental enzyme is to prevent the
fetal tissues from being exposed to glucocorticoids of maternal origin during
early to mid-gestation. In most species the fetal adrenal becomes active in the
last phase of development, and prior to this time the concentrations of active
glucocorticoids present in fetal circulation are approximately one-thousandth
of the concentrations seen in maternal circulation. This allows the fetal
hypothalamic–pituitary–adrenal axis to develop independently of the maternal
system.

Protection of the fetal tissues from maternal glucocorticoids by 11b-HSD-2
may also be critical for the normal development of other organ systems. Gluco-
corticoids are potent regulators of gene expression and promote tissue matura-
tion over growth and differentiation. Exposure of the fetus at inappropriate
times in development may thus retard growth and promote the development of
abnormal structures and premature maturation (Liggins, 1969; Reinisch et al.,
1978).

At a time when the inverse association between birthweight and adult
blood pressure reported by Barker and coworkers (2002) seemed secure, it was
interesting to note that, in rat pregnancy, activity of 11b-HSD was inversely
related to fetal weight in late gestation and positively related to placental weight
(Benediktsson et al., 1993). This appeared to suggest that this gatekeeper
enzyme plays a key role in programming. The assertion was reinforced by the
observation that treatment of pregnant rats with daily doses of dexamethasone
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(a synthetic glucocorticoid that is not metabolized by 11b-HSD) resulted in lower
birthweights and higher blood pressure in adult life (Benediktsson et al., 1993).
Although the association between birthweight and blood pressure in humans
may now be in some doubt (Huxley et al., 2002), or might be considered some-
thing of an irrelevance, these early observations by Benediktsson et al. (1993)
remain of major importance. It is clear from a wide range of studies of animal
models that exposure to glucocorticoids has a key role in the programming of
blood pressure and other aspects of health and well-being (Chapter 16, this
volume).

In situations where placental 11b-HSD activity or expression is low, high
blood pressure in later postnatal life appears to be the consequence (Langley-
Evans et al., 1996c). This is perhaps best illustrated by experiments in which
the enzyme is inhibited with the liquorice derivative, carbenoxolone (CBX).
Treatment of pregnant rats with CBX produces a similar physiological
phenotype to that generated by nutritional manipulations, such as MLP (Lindsay
et al., 1996). Moreover, when CBX treatments are targeted at specific periods
of rat pregnancy, the final week of gestation appears to be the critical period,
during which increased glucocorticoid exposure programmes blood pressure
(Langley-Evans, 1997a) (Fig. 6.7). Experiments considering the timing of
nutrient restriction in rats also identify late pregnancy as a critical period
(Langley-Evans et al., 1996b).
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Fig. 6.7. Effect of 11b-hydroxysteroid dehydrogenase (11b-HSD) inhibition upon
blood pressure. Pregnant rats were fed either a control diet (CON) or a diet low in
protein (MLP). Rats fed a protein-replete diet were injected with carbenoxolone
(CBX) daily, either throughout pregnancy (d0–22) or for specific 7-day periods
(d0–7, d8–14, d15–22). Blood pressure was determined in the offspring at 4 weeks
of age. Data are shown as mean ± SEM. * Indicates a significant difference when
compared with the control group (P < 0.05). Blood pressure was significantly
elevated in the offspring of rats subject to carbenoxolone treatment. Late-gestation
treatment had the greatest programming effect upon blood pressure. (Data taken
from Langley-Evans, 1997a.)

154A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:29 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Studies of sheep are also suggestive of a role for glucocorticoids in the
programming of vascular function. Moss et al. (2001) treated pregnant ewes with
either single or repeated doses of glucocorticoids in late gestation. Repeated
maternal treatments resulted in lower lamb weight at birth and reduced mean
arterial blood pressure at 3 months of age. Single injections, or direct injections
of the fetus with betamethasone, did not produce these effects. The lack of
hypertensive effect of glucocorticoids in this species may reflect the timing
of the treatment. Single dexamethasone injections between 23 and 28 days of
gestation produced persistent hypertension in the resulting offspring, and this
effect was associated with altered expression of angiotensin II receptors (ATR) in
the brain (Dodic et al., 2002).

Appropriately timed glucocorticoid treatment of pregnant animals thus
produces similar physiological endpoints to those seen with nutritional
manipulations. A similar pool of data for humans should be available in due
course, as the same synthetic glucocorticoids are used clinically in pregnancies at
risk of premature delivery. Epidemiological studies also indicate relationships
between those birth characteristics that are predictive of adult cardiovascular
disease and glucocorticoid status. Children who were of low weight at birth tend
to excrete greater amounts of glucocorticoid metabolites (Clark et al., 1996).
Similarly, adults in three populations worldwide have been shown to have
circulating cortisol concentrations that are inversely related to their weight at
birth (Phillips et al., 2000). Animal models and human observations therefore
strongly indicate a common programming pathway towards high blood pressure
that involves both nutritional and endocrine influences.

Common pathways to cardiovascular disease

The role of placental 11b-HSD as a gatekeeper for glucocorticoid access to
the fetal tissues is pivotal in the fetal programming of hypertension. Maternal
nutritional status and synthetic glucocorticoid administration appear to deter-
mine long-term cardiovascular function through a common mechanism. Under-
nutrition perturbs the balance of glucocorticoids between the maternal and fetal
compartments by down-regulating 11b-HSD in placenta.

Feeding an MLP diet in rat pregnancy results in low activity of 11b-HSD in
placenta at day 20 gestation. This is a consequence of reduced gene expression
that is evident at both day 14 and day 20 (Langley-Evans et al., 1996c). The
ensuing increase in fetal glucocorticoid exposure has been difficult to demon-
strate directly, as the small amount of fetal plasma that can be collected makes
corticosterone determination difficult. However, the use of indirect measures,
such as glucocorticoid-inducible enzyme activities, indicates that the fetal tissues
in MLP-associated pregnancies are subject to a greater hormone exposure
(Langley-Evans and Nwagwu, 1998). Importantly, the programming of blood
pressure that is associated with MLP feeding in rats is a glucocorticoid-
dependent phenomenon. When MLP-fed dams are treated with an inhibitor
of glucocorticoid synthesis, their offspring do not develop hypertension.
When these pharmacologically adrenalectomized animals are also provided
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with replacement doses of corticosterone, the MLP-associated hypertension is
restored (Langley-Evans, 1997b) (Fig. 6.8).

The evidence thus favours the hypothesis that undernutrition acts as a
glucocorticoid-mediated stressor to the fetus. The precise regulation of placental
11b-HSD is not fully understood, but it certainly appears sensitive to nutritional
status in sheep, as well as in rodents (Whorwood et al., 2001). The existence of
this simple hormonal signal of nutritional status may explain why such a broad
range of nutritional manipulations (low protein, low calcium, global restriction,
low iron) can programme physiological outcomes that are so strikingly similar
(Fig. 6.9).

Glucocorticoids may also continue to act during postnatal life to mediate
some of the programmed effects of fetal undernutrition. In this context, the
observations of high circulating cortisol concentrations in humans of low weight
at birth become of greater interest (Phillips et al., 2000). In rats exposed to the
MLP diet in utero, hypertension is dependent upon postnatal glucocorticoids as
well as prenatal glucocorticoid action (Fig. 6.10). Surgical adrenalectomy of
young adult animals exposed to MLP in fetal life normalized their blood pressure
within 14 days, without any effect upon the blood pressure of animals subjected
to control diet in utero (Gardner et al., 1997). Replacement of corticosterone but
not aldosterone restored the hypertensive state.
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Fig. 6.8. Glucocorticoid-dependence of nutritional programming of blood pressure.
Pregnant rats were fed control or maternal low-protein (MLP) diets throughout preg-
nancy. Rats were injected twice daily with metyrapone (Met) or arachis oil (Oil) vehi-
cle over days 0–14 of pregnancy. Blood pressure was determined in the offspring
at 7 weeks of age. Data are mean ± SEM and * indicates significantly different from
all other groups (P < 0.05). Metyrapone is an inhibitor of maternal glucocorticoid
synthesis. This treatment had no effect upon blood pressure in offspring of rats fed
a protein-replete diet, but in offspring exposed to MLP the hypertensive effect of
the diet was abolished, demonstrating the glucocorticoid-dependence of nutritional
programming during the fetal period. (Data taken from Langley-Evans, 1997b.)
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The postnatal effect of glucocorticoids may be mediated through a pro-
grammed hypersensitivity to the hormones. Studies of MLP-exposed rats indi-
cate that circulating corticosterone concentrations are normal, but the activities
of classical glucocorticoid-inducible enzymes in liver and brain are elevated
(Langley-Evans et al., 1996d). This enhancement of the effect of normal concen-
trations of hormone is apparently mediated through increased expression of the
glucocorticoid receptor (GR) gene, and there are certainly increased numbers of
receptors in key target tissues (Langley-Evans et al., 1996d; Bertram et al.,
2001). In humans there is also evidence of increased sensitivity to exogenously
administered glucocorticoids, which is consistent with the more detailed work
from animal experiments (Walker et al., 1998).

Increased glucocorticoid activity will promote increases in blood pressure
through a range of mechanisms. Of most interest is the renin–angiotensin
system, which will be dealt with in greater detail in Chapter 11 of this volume.
Glucocorticoids up-regulate this system and hence promote vasoconstriction
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Fig. 6.9. Common mechanism linking varied maternal nutritional manipulations to
later cardiovascular dysfunction. A broad range of maternal nutritional manipulations
in animal species produces similar physiological endpoints. Down-regulation of key
placental enzymes responsible for metabolism of hormones of maternal origin, e.g.
11b-HSD, results in increased hormone transfer into the fetal circulation. Ensuing
changes to organ structure, hormone responsiveness and gene expression have
all been demonstrated in animal models and are believed to contribute to the
development of hypertension. HPA, hypothalamo-pituitary–adrenal.
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and increases in peripheral resistance. Studies of the offspring of rats fed MLP
diets in pregnancy and prenatally undernourished lambs have shown that
several components of the renin–angiotensin system are up-regulated relative
to controls. Angiotensin-converting enzyme, which produces the vasoactive
hormone angiotensin II, is greater in the plasma and lungs of MLP-exposed rats
(Langley and Jackson, 1994; Langley-Evans and Jackson, 1995). The angio-
tensin II receptors have also been shown to be subject to programming by under-
nutrition in kidneys of both sheep and rats (Trowern et al., 2000; Whorwood
et al., 2001) (Fig. 6.11). This may directly increase blood pressure, and we
have demonstrated that MLP-exposed rats are more sensitive to the effects of
low-dose intravenous angiotensin II (Gardner et al., 1998). Treatment of these
animals with antihypertensive drugs targeted at the renin–angiotensin system
normalizes blood pressure and, if this treatment is applied during the suckling
phase, the normalization is permanent (Sherman and Langley-Evans, 2000).
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Fig. 6.10. Postnatal glucocorticoid-dependence of nutritional programming of
blood pressure. Pregnant rats were fed control or low-protein (MLP) diet throughout
pregnancy. At 7 weeks of age their offspring were adrenalectomized (ADX) or sham
operated. ADX animals were given twice-daily injections of a replacement dose of
corticosterone (Rep) or vehicle. Blood pressure was determined prior to surgery and
14 days later. Data shown are mean ± SEM for 6–8 animals per group. * Indicates a
significant difference compared with sham-operated rats exposed to the control diet
in utero (P < 0.05). † Indicates a significant difference at day 14 compared with day
0 (P < 0.05). Rats exposed to the MLP diet in utero had a significantly reduced blood
pressure when subject to ADX, whereas the surgery had no significant effect on
ADX animals exposed to the control diet. Corticosterone replacement increased
blood pressure in both groups to a similar extent. (Data taken from Gardner et al.,
1997.)
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This indicates that a critical window for programming blood pressure in the rat
also exists in the early postnatal period. Appropriate treatments in this period can
overcome the programming effects of undernutrition in fetal life and this raises
interesting prospects in terms of the future treatment of disease (Harrap, 1998).

Conclusion

An epidemiological approach to the study of cardiovascular programming has
suggested that factors operating before birth are responsible for the establish-
ment of a predisposition to hypertension and coronary heart disease in adult life.
Limited evidence from human populations implicates maternal undernutrition in
this process. A much larger body of experimental research utilizing animal mod-
els suggests that imbalances in maternal nutrition may programme raised blood
pressure in a variety of species. The detailed mechanism linking fetal exposure to
undernutrition and later cardiovascular dysfunction is unclear, but there is strong
evidence to suggest that glucocorticoid transfer from mother to fetus is of major
importance.
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Introduction

Earlier chapters in this volume have set out the case for long-term programming
effects of the early environment upon health and disease. These arguments,
based upon both epidemiological and experimental data, have led to the sugges-
tion that exposure to less than optimal nutrition during fetal life may programme
increased risk of hypertension and coronary heart disease. As shown in Chapter
4, most of the epidemiology relating to the programming of cardiovascular
disease has been focused upon exploring relationships between markers of
poor fetal growth, principally birthweight, and later disease. Whereas these
associations have come under close critical scrutiny and may be considerably
weaker than originally reported (Huxley et al., 2002), associations between
infant anthropometric indices at birth and over the first year of life may provide
more robust indicators of risk of developing glucose intolerance, insulin
resistance and type 2 diabetes.

Evidence of Programming

There is a wealth of data relating to the aetiology of type 2 (non-insulin-
dependent) diabetes in human populations. This condition is a disorder of
insulin and glucose metabolism, which is characterized by glucose intolerance
and insulin resistance, and is an independent risk factor for coronary heart
disease (Stolar and Chilton, 2003). As insulin plays an important role in
determining fetal growth (Fowden, 1989), and because there is a known familial
predisposition to the condition (Gloyn, 2003), type 2 diabetes was an early
target for investigations of possible links between early life events and disease
processes.
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The Hertfordshire and Preston cohorts

The first large-scale evaluation of the relationship between early life and adult
diabetes was reported by Hales and coworkers (Hales, 1991), who studied a
cohort of men aged 64 years who had been born in Hertfordshire, an area of
England where unique birth records had been obtained and preserved. Glucose
tolerance tests were performed on these men and it was noted that the propor-
tion of men with impaired glucose tolerance (2-hour plasma glucose between
7.8 and 11.0 mM) or with frank diabetes (2-hour plasma glucose in excess of
11.0 mM) increased with decreasing birthweight (Hales, 1991). The relationship
between birthweight and 2-hour glucose concentration was continuous across all
birthweight categories and, most strikingly, the men who had been smallest
at birth were 6.6 times more likely to have impaired glucose tolerance or type
2 diabetes than were those who had been heaviest at birth (Fig. 7.1), even after
correction for adult body mass index.

Normal glucose metabolism is dependent upon the function of the endo-
crine pancreas. In humans the development of the pancreas continues into
postnatal life, with approximately half of the adult b-cell mass being attained by
the age of 1 year (Van Assche and Aerts, 1979). Within the Hertfordshire cohort
it was apparent that growth between birth and the age of 1 year was also related
to the risk of developing glucose intolerance, or type 2, diabetes (Hales, 1991).
Glucose concentrations 30 min and 2 h after a 75 g glucose load were
significantly greater in men who were smaller at the age of 1 year, and these
individuals also tended to have lower plasma insulin concentrations after 2 h.
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Fig. 7.1. Odds ratios for type 2 diabetes among 64-year-old men from the
Hertfordshire cohort. Decreasing weight at birth increased risk of diabetes in later
life. Odds ratios were corrected for current body mass index. (Data redrawn from
Hales, 1991.)
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This relationship between infant weight and glucose clearance was modulated
by adult body mass index, such that the highest plasma glucose concentrations
following loading were noted in men who had been of low birthweight, low
weight at 1 year and with highest body mass index at age 64 (Hales, 1991). This
suggests that factors in early life combine with an adult lifestyle that favours
obesity, to increase susceptibility to glucose intolerance and diabetes.

The metabolic syndrome, or ‘syndrome X’, is characterized by glucose
intolerance, hypertension and raised serum triglycerides and is most commonly
noted in obese individuals. The Hertfordshire cohort defined the metabolic
syndrome on the basis of fasting plasma triglycerides over 1.4 mM, 2-hour
glucose concentrations over 7.8 mM and systolic blood pressure over
160 mmHg (Barker et al., 1993). Using this definition, a striking relationship
between the prevalence of the syndrome and birthweight was noted, with an
odds ratio, comparing the men who had been smallest at birth with those who
were largest at birth (Fig. 7.2), of 18.0 (Barker et al., 1993). In considering the
metabolic syndrome, only small shifts in weight at birth appeared to greatly
increase later risk.

Information available for the Hertfordshire cohort was limited to weight at
birth and at the age of 1 year. A further cohort of men and women studied in
Preston, in northern England, provided the opportunity to study individuals for
whom more detailed birth anthropometry was available, including placental
weights, length at birth and head circumference (Phipps et al., 1993). Glucose
tolerance testing of 266 of these individuals showed, as with the Hertfordshire
data, that glucose intolerance was more common among those of lower weight
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Fig. 7.2. Odds ratios for the metabolic syndrome among 64-year-old men from
the Hertfordshire cohort. Decreasing weight at birth increased risk of the metabolic
syndrome in later life. Odds ratios were corrected for current body mass index.
(Data redrawn from Barker et al., 1993.)
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at birth, but, more importantly, revealed that relative thinness or shortness at
birth was predictive of impaired glucose handling (Phipps et al., 1993).

The Hertfordshire and Preston cohorts have also been used to explore the
possible mechanistic basis of the relationship between events in fetal life and
later diabetes. Studies with animals have suggested that exposure to adverse
conditions in utero has a negative impact upon the developing pancreas, such
that the b-cell mass is reduced (Snoeck et al., 1990). The likely consequence of
this is that the ability of the pancreas to secrete insulin will be reduced. There is
some evidence that, in humans, fetal growth retardation reduces the number of
pancreatic b-cells and also that patients with non-insulin-dependent diabetes
have a reduced b-cell mass relative to weight-matched healthy controls (Kloppel
et al., 1985; Hellerström et al., 1988). Determination of plasma 32–33-split pro-
insulin in samples from the men in the Hertfordshire cohort revealed a significant
inverse association with weight at 1 year (Hales, 1991). The finding of elevated
concentrations in men who had been small in infancy, particularly in those who
had a higher body mass index as adults, suggested that a poor early environ-
ment could programme b-cell dysfunction, and that the programming of type 2
diabetes is a consequence of impaired pancreatic development. However, this
assertion was not supported by data from the Preston cohort, which found no
association between insulin secretion following a glucose challenge and any
anthropometric measures at birth (Phillips et al., 1994).

In contrast to the lack of strong evidence to link fetal development to insulin
deficiency, there is a reasonable body of data to support the assertion that insulin
resistance may be programmed in utero. In addition to data from Preston and
Hertfordshire, studies of Mexican–American and non-Hispanic white people in
San Antonio, Texas, have shown that there is a higher prevalence of insulin
resistance syndrome among those of lower birthweight, although this finding was
heavily dependent upon current body mass index (Valdez et al., 1994).

Insulin resistance and the associated hyperinsulinaemia have been argued
to be the main basis of the other features of the metabolic syndrome (Reaven,
1988). Hypertension, abnormalities of fat metabolism and cholesterol transport
may all lie downstream of insulin resistance, and, as such, the programming of the
insulin axis in utero may be a critical step in determining disease risk (Reaven,
1988). It is therefore of considerable importance to understand how insulin
resistance may develop. One possibility is that growth-retarding influences in
early life may have a negative impact on the development of muscle mass.

It is well known from studies of farm animals that undernutrition in
pregnancy leads to the production of offspring that have reduced muscle mass,
with lower numbers of muscle fibres and a redistribution of the type of fibres
present (Hegarty and Allen, 1978; Handel and Stickland, 1987; Dwyer et al.,
1994). The numbers of muscle fibres within a specific muscle are set at around
the time of birth in most mammals, with the exception of rodents (Brameld et al.,
2003). Postnatal growth of muscle involves increases in fibre size rather than
increases in the numbers of fibres. Hence the processes of myogenesis take place
predominantly in utero and are followed by postnatal hypertrophy.

The formation of muscle fibres takes place in two phases, with primary fibres
forming first and secondary fibres developing around the primaries (Maltin et al.,
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2001; Picard et al., 2002; Wigmore and Evans, 2002). There are specific
myoblast precursors for the different populations of fibres. In humans and large
animal species, the embryonic myoblasts form primary muscle fibres in early to
mid-gestation, and fetal myoblasts form secondary muscle fibres in mid- to late
gestation. In general, the primary fibres tend to become slow, oxidative (type I)
muscle fibres, while the secondary fibres tend to become faster fibre types (types
IIA, IIB) (Brameld et al., 2003). However, there is plasticity in postnatal life such
that primary fibres have the potential to become fast fibres in ‘fast’ muscles, and
secondary fibres to become slow fibres in ‘slow’ muscles (Maltin et al., 2001;
Picard et al., 2002). Rodent muscle appears vulnerable to undernutrition,
including in utero manipulations of the maternal diet that are known to
programme glucose intolerance in the resulting offspring (Vickers et al., 2001;
Bayol et al., 2003). Muscle from animals subjected to global undernutrition
in fetal life contains a reduced density of fibres, although the types of fibres
present are generally unchanged (Bayol et al., 2003). However, we have
shown recently that a low-protein diet in utero altered the ratio of type I to
type II fibres in rat muscle (Hurley, Brameld and Langley-Evans, unpublished
observation).

Insulin resistance in humans is associated with a lesser proportion of type I
muscle fibres and an increase in the proportion of IIB (Lillioja et al., 1987). Mus-
cle is the major insulin-sensitive tissue, and it has been suggested that a reduc-
tion in overall muscle mass, and hence a change in the substrate utilization and
metabolism of skeletal muscle, may provide a link between early life events, later
insulin resistance and associated sequelae. This possibility has been investigated
in small numbers of individuals recruited from the Preston cohort. In both men
and women, muscle mass, estimated by urinary creatinine excretion, was related
to weight at birth, but not to thinness at birth (Phillips, 1995). However, reduced
muscle mass was not related to glucose intolerance or insulin resistance in this
group. Similarly, biopsies taken from a further subset of this cohort revealed no
association between activity of glycogen synthase and markers of intrauterine
growth (Phillips et al., 1996). Glycogen synthase is a rate-limiting step for insulin
action within muscle. Together, these data suggest that programmed changes
in muscle do not underpin associations between early life events and human
diabetes, and further investigations are, instead, focusing heavily upon the
possible programming of adiposity as a mediator of insulin resistance.

Studies of children and young adults

Studies such as those of the cohorts in Preston and Hertfordshire are likely to be
confounded by a number of important factors. Relationships between character-
istics at birth and risk of glucose intolerance and insulin resistance 50–70 years
later are complicated by the interaction with adult lifestyle, socio-economic sta-
tus and adiposity, in a manner that cannot be wholly controlled for statistically.
The epidemiological link between events in fetal life and infancy is thus greatly
strengthened by observations that show similar trends among children and
younger adults.
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Two studies have demonstrated that even in very young children, variation
in glucose tolerance can be related to characteristics at birth. In the UK, a group
of 7-year-olds from Salisbury were subjected to a standard oral glucose tolerance
test (Law et al., 1995). Remarkably, there was a significant inverse relationship
between plasma glucose concentrations at 30 min post-loading and ponderal
index at birth. For both girls and boys, the clearance of the glucose challenge was
impaired in those who had been thinnest at birth. Similarly, a study of 4-year-old
children in Pune, India, showed that 30-min glucose concentrations were
inversely related to birthweight, in a manner analogous to the Hertfordshire
study of adult men (Yajnik et al., 1995). This study also indicated that insulin
concentrations were inversely related to birthweight, suggesting that these young
children were already firmly on the path to insulin resistance and type 2 diabetes.

Studies of young adults also suggest that insulin resistance may be program-
med in utero. Flanagan et al. (2000) reported a study of 163 20-year-olds from
Adelaide, Australia, in which low birthweight and relative shortness at birth were
related to low insulin sensitivity and increased insulin secretion, independently of
current body mass index or fat distribution (Flanagan et al., 2000). However,
these effects tended to be gender-specific and were not observed in young
women.

The observations of children are of major importance, as they largely remove
the confounding factors associated with postnatal growth, adolescence and the
attainment of adult body mass and adiposity. The close temporal association of
impaired glucose metabolism and insulin resistance with birth and fetal events
permits a stronger argument that the two are linked, particularly in the light of
animal experiments in this area (see Chapter 8, this volume). It is apparent that
the prenatal and postnatal environments interact to a high degree in the determi-
nation of type 2 diabetes risk. Bavdekar et al. (1999) studied 477 8-year-old chil-
dren in India, and found that lower weight at birth was associated with impaired
glucose tolerance, raised plasma insulin and insulin resistance, as estimated
using the Homeostasis Model Assessment (HOMA) scale. The highest levels of
insulin resistance were noted in those children who were smallest at birth and
with highest fat mass at age 8. These data indicate that, in India, as in western-
ized countries, the greatest concern is the increasing level of obesity among
children (Bundred et al., 2001; Wright et al., 2001), which may superimpose
an independent risk of metabolic syndrome over and above that determined by
prenatal programming factors. Given the suggestion that obesity itself may be
subject to prenatal programming influences (Jackson et al., 1996; Martorell et al.,
2001) (see Chapters 9 and 10, this volume) it is interesting to speculate that risk
of type 2 diabetes may be determined in utero via multiple routes.

The Mechanism of Programming

The fetal insulin hypothesis

In seeking an explanation for the association between fetal growth impairments
and later disease, it is attractive to seek a simple mechanism that explains both
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factors. In the area of diabetes there has been considerable interest and invest-
ment in the exploration of genetic basis for insulin resistance syndromes (Gloyn,
2003). In the context of fetal programming of type 2 diabetes, Hattersley and
Tooke (1999) have proposed that the underlying reason for the association
between impaired fetal growth and later disease is that there are genes that
cause both low birthweight and type 2 diabetes, and this proposal has been
termed the ‘fetal insulin hypothesis’. Insulin is known to be an important growth
factor in fetal life (Fowden, 1989) and genetic defects of insulin secretion or
action could limit fetal growth, the accrual of muscle mass and determine insulin
resistance later in life. This view is supported by the finding that mutations in the
gene encoding glucokinase have been identified as contributors to both low
birthweight and maturity-onset diabetes (Hattersley et al., 1998).

One of the weaknesses of the fetal insulin hypothesis is that mutations such
as that of glucokinase are extremely rare, whereas type 2 diabetes is increasingly
common. Extensive searches for other gene candidates have, as yet, failed to
yield promising results. Given the manner of inheritance of insulin-related genes,
the fetal insulin hypothesis would suggest that a child’s birthweight and insulin-
mediated growth pattern would be inversely related to paternal insulin resistance
(Yajnik et al., 2001). Among Pima Indians this is the case, and the children of
diabetic fathers tend to be of low weight, after appropriate adjustment for mater-
nal gestational diabetes (Lindsay et al., 2000). Detailed studies of the contribu-
tion of maternal and paternal genes to fetal growth patterns in India suggest that
paternal body size, and specifically body mass index, predicts infant size at birth,
whereas paternal metabolic indices (including insulin resistance) were only
weakly related (Yajnik et al., 2001). These studies therefore, do not appear to
support the fetal insulin hypothesis.

At the present time there are no clear genetic markers for insulin resistance.
Direct testing of the fetal insulin hypothesis through appropriately sensitive
molecular genetic analyses is therefore currently impossible. In contrast, the
thrifty phenotype hypothesis, described below, presents a framework of ideas
that is testable through the currently available models, human cohorts and
technologies.

Thrifty phenotype hypothesis

The ‘thrifty phenotype hypothesis’ was proposed by Hales and Barker in 1992,
in order to account for the epidemiological observations arising from the
Hertfordshire cohort. The thrifty phenotype hypothesis postulates that type 2
diabetes and the metabolic syndrome have a predominantly environmental
basis. Variations in fetal growth, such as low birthweight or disproportion, pro-
vide a useful and easily measured marker for disease risk, as opposed to retarded
growth and metabolic disorders having a common genetic cause (Hales and
Barker, 1992).

The basis of the hypothesis is the occurrence of fetal malnutrition. If a grow-
ing fetus is malnourished, it is likely to adopt a number of adaptive strategies in
order to maximize its chances of postnatal survival. Fetal malnutrition may arise
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from several diverse causes, including maternal malnutrition and placental dys-
function, but will elicit a relatively small number of adaptive responses. Primarily,
it is believed that the fetus has the capacity to selectively redistribute nutrients
to preserve the function of key organs (Rudolph, 1984). This has the effect of
altering relative growth rates of different organs, such that some are compro-
mised while others maintain normal development. Brain growth is most likely to
be preserved at the expense of other organs, such as liver, pancreas and muscle,
and this phenomenon is termed brain sparing (Rudolph, 1984).

There do not seem to be any significant and convincing data to demonstrate
the existence of brain sparing in humans, and the phenomenon is largely
inferred from the co-occurrence of disproportionate head size at birth and dis-
ease processes or physiological effects. The example generally cited in this con-
text is the relationship between increased head circumference at birth and later
atopy (Langley-Evans, 1997). This is felt to show the consequences of selective
nutrient diversion away from the immune system in order to spare brain growth.
However, studies of thymic development suggest that there is no mismatch
between the growth of this tissue and that of the head in atopic individuals (Benn
et al., 2001). The lack of clear evidence is primarily because accurate measure-
ments of body proportions at birth have rarely, if ever, been combined with
sequential ultrasonography to identify fetuses whose growth has been con-
strained in utero. However, animal studies have shown that where specific nutri-
tional insults are applied during fetal development, growth of the truncal organs
is affected more severely than that of the brain (Langley-Evans et al., 1996).

The consequence of such a redistribution of nutrients will be a reduction of
functional capacity in metabolically active organs and, as a result, metabolic pro-
gramming will occur. In order to preserve basic functions in the face of reduced
functional capacity, cells and tissues must harness the available resources more
effectively. Such adaptations will therefore favour thrift, or in other words, a
capacity to metabolize and store energy substrates more efficiently. Metabolic
changes in the offspring increase its chances of surviving conditions of poor
postnatal nutrition, but these adaptations are detrimental to health in the
long term if the individual experiences overnutrition and/or becomes obese
postnatally (Fig. 7.3).

The thrifty phenotype hypothesis is something that can be readily assessed
in the context of available epidemiological data. Ecological data from several
populations are highly suggestive that type 2 diabetes may be a consequence of
an adaptation to conditions where metabolic thrift would be a survival advan-
tage (Zimmet et al., 1984; Cohen et al., 1988). In rural populations in Africa
(McLarty et al., 1989) and other areas, such as the highlands of Papua New
Guinea, rates of type 2 diabetes are frequently below 1%. Within such communi-
ties, scarcity of food for pregnant women, at least in comparison to developed
nations, is commonplace and remains the norm for their offspring. The thrifty
phenotype that these offspring may acquire in utero is therefore not challenged.

The westernization of populations that were previously underdeveloped
and where undernutrition was rife, is frequently associated with an explosion of
obesity and type 2 diabetes. The best-studied examples of this phenomenon are
populations in the Pacific region, such as the Nauruan islanders. Nauru was an
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impoverished community reliant on a subsistence lifestyle prior to the 1950s,
when it became wealthy on the back of phosphate mining. The transition
to affluence brought with it an epidemic of non-insulin-dependent diabetes
(Zimmet et al., 1984).

Studies of twins are also generally supportive of a thrifty phenotype as the
basis for type 2 diabetes, as opposed to a largely genetic origin. A study of Italian
twins, aged 32 years, suggested that the intrauterine environment had a more
powerful influence on glucose metabolism than their genetic background (Bo
et al., 2000). Consideration of monozygotic and dizygotic twins pairs, that were
discordant for diabetes or glucose intolerance, showed that the members of each
pair showing hyperinsulinaemia and hyperglycaemia following an oral glucose
tolerance test, had lower birthweights than their siblings with normal glucose
tolerance and insulin responses. In other words, insulin resistance was more
prevalent in the twins of lower birthweight, whose growth in utero may be
considered to have been constrained. The smaller twins also had higher levels of
triglycerides, insulin, total cholesterol and C-peptide, suggesting that they may
have gone on to develop the full metabolic syndrome (Bo et al., 2000).

Similar findings were reported from a Danish study of middle-aged
monozygotic and dizygotic twins who also were discordant for type 2 diabetes
(Poulsen et al., 1997). As with the Italian study, the diabetic twins in each pair
tended to be of lower birthweight. In this particular study, a greater period of
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Fig. 7.3. The fetal origins of diabetes. Routes to diabetes from fetal life may be the
consequence of the expression of genes that encode for both fetal growth factors and
controllers of glucose metabolism (fetal insulin hypothesis: left side of figure), or may result
from the acquisition of a thrifty phenotype (right side of figure).
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time had elapsed between birth and development of disease, and the postnatal
environment was poorly defined, allowing some doubt as to the strength of
the influence of the intrauterine environment. However, in the Italian study
the postnatal environmental conditions were known and were similar in the
insulin-resistant and unaffected twins, thereby indicating that intrauterine
environmental conditions do have a major influence on susceptibility to
metabolic abnormalities in adult life (Poulsen et al., 1997; Bo et al., 2000).

Evidence from the studies of individuals born during the Dutch famine of
1945 also provides general support for the thrifty phenotype hypothesis. This
relatively short period of moderate undernutrition at the end of the Second
World War is described in more detail in Chapter 9 of this book. The occurrence
of a famine situation in a well-developed European nation presents a unique
opportunity for follow-up and evaluation of possible programming effects on the
population who were exposed in utero. Oral glucose tolerance tests of men and
women who had been in utero during the period of the famine showed that
these individuals had high plasma glucose concentrations at 2 h, with the
greatest impact being on the offspring whose mothers were caught by the famine
in the last trimester of pregnancy (Roseboom et al., 2001). Within this Dutch
population, as with other cohorts, the strongest predictor of glucose intolerance
was low weight at birth and obesity in adult life, suggesting an interaction of pre-
natal and postnatal factors. In this population however, there is clear and
unequivocal evidence that the poor intrauterine growth was, at least in part, the
product of nutrient restriction. As such, the pre–postnatal interaction is consistent
with the concept of programming thrift in utero, that is inappropriate for
the excess nutrition of adult life in an affluent environment that is profoundly
different from that which prevailed in the fetal period.

The late 20th and early 21st centuries have seen a rapidly escalating
epidemic of insulin resistance and obesity in India (Yajnik, 2001). This, too,
seems consistent with the acquisition of a thrifty phenotype in early life. Small
size at birth, deprivation and relatively poor maternal nutrition have been
predominant features in this population for many generations, but modern
Indians appear to be particularly prone to adiposity in later life. This is especially
apparent in Indian populations who have migrated to the UK, where they are the
population group most at risk of obesity and its associated disease sequelae
(Bhopal et al., 1999). However, it is difficult to dissociate what may be indicators
of the programming of a thrifty phenotype from possible genetic effects. A study
of trends in birthweights across first and second generations of Asian migrants
to the UK showed no trend for an increase, and second-generation babies
remained significantly smaller at birth than the national average (Margetts et al.,
2002). It is not possible to distinguish a genetic influence from poor socio-
economic indicators as risk factors for insulin resistance in such a population.

Future Perspectives

The association between early growth and the later development of type 2
diabetes is well established and appears more robust than equivalent studies
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of cardiovascular disease. Low weight at birth, or thinness at birth, are good
markers of later risk for insulin resistance, particularly if coupled to a rapid
increase in adiposity during childhood. As they go through a transition in diet
and lifestyle, populations in China and the Indian subcontinent may be at
particular risk of an epidemic of insulin resistance and associated disease in the
early decades of the 21st century, possibly due to effects of programming that
promote metabolic thrift. Developing an understanding of the mechanisms,
whether genetic or epigenetic, through which risk of type 2 diabetes or the
metabolic syndrome may be transmitted between generations is therefore of
prime importance for the development of global disease-prevention strategies.
The development of appropriate animal models for intrauterine programming of
insulin resistance will provide the main vehicle for elucidating the molecular
basis of these processes.
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Introduction

The mechanism by which fetal malnutrition increases the risk for glucose intoler-
ance and type 2 diabetes is not well understood. Besides the insulin resistance
that has been postulated to develop as a consequence of the lack of nutrient
availability during early life, a primary insult in b-cell development has also
been observed. Fetal malnutrition would lead to inappropriate b-cell ontogeny,
resulting in a population of b-cells that does not cope adequately with metabolic
or oxidative stress later in life. Since, obviously, this hypothesis can not be
verified in humans, various animal models have been established.

The time course of development is different from one species to another.
For instance, humans and guinea-pigs are born more mature than rats or mice.
The same is true at the level of the endocrine pancreas. In humans, the initial
formation of the endocrine cells in the pancreas occurs at 10 weeks’ gestation
(Bouwens et al., 1997). In the guinea-pig, islet formation and remodelling also
begin at an early stage of gestation and continue for a longer time after birth. In
rodents, the islets develop relatively late in gestation and undergo a remodelling
2 weeks after birth. This means that the critical window for islet development is
narrower in rodents than in other species. This could be an advantage for the
identification of mechanisms involved when the consequences of nutritional or
other experimental manipulations are analysed. However, results from such
studies should be viewed with caution until confirmed in other species, before
extrapolating them to humans.

Development of the Endocrine Pancreas in the Rat

Endocrine cells of the pancreas are organized in highly vascularized and
innervated microorgans distributed throughout the exocrine tissue. These
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microorgans, called ‘islets of Langerhans’, contain four endocrine cell types
and represent only 1% of the pancreatic tissue at adulthood: a-cells produce
glucagon, b-cells produce insulin, d-cells produce somatostatin and PP-cells
produce pancreatic polypeptide. The most abundant cell is the b-cell, which
represents 60–80% of the islet cell population. The development of the pancreas
is a fascinating event, starting from a pool of common progenitor cells (multi-
potent endodermal progenitors) which will be committed into the endocrine or
exocrine cell lineage or duct cell. Then, within the endocrine compartment, the
cells will have to differentiate further into a-, b-, d- or PP-cells. This is regulated
by the expression of distinct genes, under the control of a hierarchy of various
and specific networks of transcription factors. It is thus obvious that any
disturbance in the environment of the future endocrine cell, for instance by
intrauterine malnutrition or other injuries, will alter the relative participation of
factors involved in this network, and may drive the b-cell mass into the corner,
contributing to b-cell failure and diabetes later in life.

Figure 8.1 illustrates the different steps of pancreas development The
pancreas develops from two anlagen of the primitive gut, which fuse to form
both the exocrine and endocrine pancreas. In the mouse and rat, the dorsal
pancreatic bud appears at embryonic day (E) 9.5 closely followed by the ventral
bud. The buds fuse together at E16.5. A branched structure is distinguishable
at E14.5 and the endocrine cells can be identified by E15.5. The endocrine
tissue is derived from epithelial duct cells by rotation of the polarity of the mitotic
axis. These cells will divide to form small clusters budding out from the pancre-
atic ducts. These immature endocrine cell clusters become vascularized and
coexpress several pancreatic hormones and neuropeptides, eventually becoming
‘islets of Langerhans’ (Reusens et al., 2000).

One of the important components of the early specification of the pancreatic
programme within the region of the gut endoderm involves the exclusion of
the expression of the hedgehog gene family (Shh and Ihh). The hh signalling
molecules are expressed throughout the primitive gut endoderm except in the
regions destined to become the pancreas (endocrine and exocrine). In other
words, the hh molecules promote the intestinal differentiation but impair pancre-
atic development. The classical way of specifying a particular cell fate within the
field of initially equivalent cells is the lateral specification mediated by the Notch
pathway. Notch signalling involves the cell expressing high quantities of ligands
(Delta or Serrate) that signal to activate Notch receptors on the neighbouring
cells in which the activated intracellular Notch receptors (IC) suppress the primi-
tive cell fate (Edlund, 2001). In the Notch-signalling pathway, IC interacts with
the DNA-binding protein RBP-Jx to activate expression of repressor genes such
as hes genes that, in turn, repress expression of other genes that otherwise will
promote the primary fate. Notch signalling controls the choice between differen-
tiated endocrine and progenitor cell fate in the developing pancreas. Blocking
the activation of Notch receptor results in high neurogenin-3 gene (ngn3)
expression, and promotes the endocrine fate. Neurogenin-3 downstream of
the endoderm factors will specify which cells in the pancreatic epithelium will
differentiate into endocrine cells and will initiate the differentiation programme.
In contrast, cells with active Notch signalling adopt the exocrine fate and/or
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Fig. 8.1. Schematic representation of the different steps in the development of the
pancreas (adapted from Grapin-Botton et al., 2001; Wilson et al., 2003). See text for
explanation.
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remain as undifferentiated progenitor cells (Edlund, 2001). As stated before, the
endocrine cells delaminate from the epithelium upon differentiation and migrate
into the mesenchyme where they cluster. This migration is likely to result in
a decrease in the Notch signal among the progenitor cells and will allow the
formation of the islets.

The final fate of the individual endocrine cells is determined by the expres-
sion of a series of transcription factors specific for each type of endocrine cell.
Some of them are early markers, such as Pax4, Nk2.2 and Nk6.1, co-expressed
with neurogenin-3, whereas others are late markers, such as Pax6, isl1, HB9 and
PDX-1. The transcription factor network is highly complex and several factors
involved are expressed more than once during the differentiation process and
play more than one role. One of the key players is the homeodomain transcrip-
tion factor PDX-1, which is not only important in the regulation of insulin gene
expression, but is also required for the differentiation of the mature pancreas. At
embryonic day 8.5 in the mouse (1 day before the appearance of the dorsal pan-
creatic bud), cells of the endoderm are already committed to the pancreatic fate
(Reusens et al., 2000) and will give rise to all pancreatic tissues. These cells
already express Pdx-1, also known as Sft-1, Idx-1 or Ipf-1 (Sandler and German,
1997), and hb9 (Wilson et al., 2003) under the control of signals coming from
the surrounding tissues. Cells expressing Pdx-1 between E9.5 and E11.5 give rise
to pancreatic duct, endocrine islets and exocrine acinar cells. Cells expressing
Pdx-1 at E8.5, or after E11.5, only give rise to exocrine acini or endocrine islets.
Stated otherwise, the duct progenitors express detectable PDX-1 only around
E10.5, while the endocrine and exocrine progenitors express PDX-1 throughout
embryogenesis. The lineage for pancreatic duct and the rest of the pancreas must
thus separate before E12.5 (Gu et al., 2003). Expression of Pdx-1 in undifferen-
tiated ductal epithelium is associated with the glucose transporter GLUT 2. By day
15 in the rat, both remain in the developing b-cell but are lost in the acinar cell.

Early morphogenetic signalling in the formation of the pancreas may
depend on the interplay between peptide growth factors and tissue transcription
factors, an interaction which is apparent throughout islet formation. Indeed,
it was found in chick and mouse embryo that activin-bB (a member of the
transforming growth factor family (TGFb)) and fibroblast growth factor-2 are
notochord factors that can repress endodermal Shh, permitting expression of
pancreas genes, including Pdx-1 and insulin (Hebrok et al., 1998). Other growth
factors, such as platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF)-7, which are expressed
within the pancreatic stroma adjacent to the ductal epithelium, may also inter-
vene. The ongoing proliferation and developmental differentiation of b-cells,
once formed, is highly dependent on the expression of the insulin-like growth
factors (IGFs) within the islets, as we will see below.

b-Cell Function and Insulin Action

In adults, b-cells store insulin and C-peptide within their granules. After stimula-
tion by glucose uptake via the low-affinity glucose transporter GLUT 2, glucose
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enters the cell, is phosphorylated by glucokinase, and metabolized, leading
to a rise in the ATP/ADP ratio. This increase induces a blockage of the K+

ATP-dependent channels, which in turn will lead to membrane depolarization
and, subsequently, to the activation of the voltage-dependent Ca2+ channels.
Ca2+ will enter into the b-cell and stimulate the release of insulin by exocytosis.
In addition to glucose, amino acids have been shown to stimulate insulin release
in the absence of glucose, the most potent secretagogues being leucine, arginine
and lysine (Fajans and Floyd, 1972). In the fetus, insulin secretion is more
sensitive to amino acids than to glucose (de Gasparo et al., 1978), its full
response to glucose beginning after birth. Fetal pancreas is capable of insulin
synthesis and release in response to agents that increase cyclic AMP, activate
protein kinase-C or raise calcium levels. In humans, as well as in rats, fetal b-cells
show an immature or poor response to nutrients, especially to glucose. In
contrast to the adult pancreas, fetal b-cells never display a biphasic pattern
(Hughes, 1994).

Insulin promotes the storage of glucose as glycogen in the liver and muscle,
the incorporation of amino acids into the muscle proteins and the accumulation
of triglycerides in adipose tissues. In muscle and adipose tissue, the action of
insulin on glucose uptake is mediated through the translocation of the glucose
transporter GLUT4 from the intracellular site to the plasma membrane. To
achieve this action, insulin binds to the a and b receptors (type a predominates
during development, while type b predominates in adulthood). These receptors
are composed of an extracellular ligand-binding domain that controls the activity
of an intracellular tyrosine kinase. Insulin fixation on the a-subunit of the recep-
tor activates the b-subunit kinase activity and induces tyrosine phosphorylation
of the insulin receptor substrate (IRS) family (IRS1, 2, 3 and/or 4). IRS-1 and
IRS-2 function as scaffold proteins to coordinate separate branches of the insulin
cascades (and IGFs). IRS proteins couple insulin to the phosphatidylinositol (PI)
3-kinase and extracellular signal-regulated kinase (ERK) cascades. The phos-
phorylation of IRS proteins recruits the phosphatidylinositol 3-kinase (PI3K) by
its association with the regulatory subunit p85a. PI3K is central in the action of
insulin, including the stimulation of glucose uptake and inhibition of lipolysis
(Shepherd et al., 1998). It is a heterodimereric enzyme, comprising a regulatory
subunit (p85) and a catalytic subunit (p110). PI3K activation is an absolute
requirement for the insulin-induced translocation of GLUT4, from both the
endosomal and GLUT4 storage vesicules, to the plasma membrane. However,
subsequent steps are vague, as various serine kinases have been involved,
including PKB, PKC-l and PKC-x (White and Myers, 2001).

Early Malnutrition Programmes: the Endocrine Pancreas and its
b-cells

In the rat fetus, the b-cell mass increases rapidly at the end of gestation, due
to both replication and recruitment of undifferentiated b-cell precursors in the
pancreatic duct. Following birth, the growth rate of each islet cell population,
including b-cells, declines within 3–4 days. A wave of apoptosis occurs in the
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neonatal rat islets between 2 and 3 weeks of age (Scaglia et al., 1997). Since
the total number of b-cells is not substantially modified during this period of time,
this suggests that replication and neogenesis compensate for the loss. It is
obvious that the development of the b-cell mass contributes to the accumulation
of the islet mass in adulthood. Therefore, any deficiency occurring in utero
or soon after birth is unlikely to be completely compensated for later in life.
Alteration of the b-cell mass by maternal malnutrition in humans had already
been demonstrated more than 25 years ago (Winick and Noble, 1966;
Weinkove et al., 1974), but the mechanisms involved in this alteration were only
deciphered when animal models were developed.

The cellular area staining immunopositively for insulin increases twofold
over the 2 days before birth in normal rats (Kaung, 1994). A maternal low-
protein diet (LP, 8% of protein instead of 20% in the control diet) modifies this
process of b-cell expansion. The islet area was reduced by 30–50% between
19.5 and 21.5 days of gestation in fetal offspring from protein-restricted dams
(Snoeck et al., 1990; Petrik et al., 1999; Boujendar et al., 2002). This is due
partially to a relative deficiency in a-, b- and somatostatin-secreting cells,
although the b-cell population was the most severely affected (Petrik et al.,
1999). As a consequence, the total islet and b-cell mass were depleted at birth.
When the protein restriction was maintained until weaning, the deficiency was
even more pronounced. Cells traversing the S phase of the replication cycle were
investigated after tritiated thymidine or bromodeoxyuridine (BrdU) incorpora-
tion in these LP fetal and neonatal islet cells. The replication rate of islet cells was
reduced by almost 50% in the malnourished offspring, and preferentially in the
b-cell, which is consistent with the reduction in the endocrine cell mass. Further
analysis has revealed that the cell cycle was lengthened in the LP islets because
more b-cells from LP pups contained cyclin D1 (a marker of G1 phase) but fewer
islet cells contained NIMA-related kinase 2 (NEK2; an indicator of cells in G2 and
mitosis) (Petrik et al., 1999).

A modulation of the b-cell area by the maternal diet might also involve b-cell
death. After a low rate of apoptosis in fetal islets, a dramatic increase in apoptosis
occurs after birth, with a return to a minimal level by weaning. This was also
observed in the malnourished pups. Although the timing of the neonatal wave
was not affected by the maternal diet, the rate of islet cell apoptosis was
increased in LP-exposed offspring at every age analysed. This suggests that the
event is quantitatively dependent upon, but qualitatively independent of, the
diet. This is further supported by the fact that the presence of inducible nitric
oxide synthase (iNOS), which precedes the peak of apoptosis in normal islets by
2 days (Petrik et al., 1998), was not changed in LP islets (Petrik et al., 1999).

The timing of the neonatal wave of apoptosis coincides not only with an
increase of iNOS but also with the disappearance of the expression of insulin-like
growth factor-II (IGF-II) in the endocrine pancreas. IGF-II can act functionally as
a growth factor, but also as a survival factor to prevent apoptosis in b-cells (Petrik
et al., 1998) and in other cell types (Geier et al., 1992; Jung et al., 1996). We
have demonstrated reduced expression of IGF-II mRNA, and a lower number of
islet cells positive for the protein in the pancreas of LP pups. This suggests that
the increased apoptosis and the reduced b-cell proliferation seen in islets of LP
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rats may be linked functionally to this reduction of IGF-II expression (Petrik et al.,
1999).

The development of fetal islet cells is dependent on the availability of glu-
cose. However, at 17–18 days of gestation in the rat, amino acids appear to be
more important than glucose in stimulating b-cell differentiation and proliferation
(de Gasparo et al., 1978). In protein-restricted animals, plasma glucose levels
were normal but the amino acid profile was perturbed in the feto-maternal unit
(Reusens et al., 1995). Maternal and fetal total amino acid levels were not per-
turbed by the maternal diet but several amino acids were significantly decreased.
Essential amino acids levels were reduced by 10% in the fetal plasma on the last
day of gestation. Taurine, which does not participate in protein synthesis, but
which is very important for several tissues during development (Sturman, 1993),
was the most affected, being reduced by 30% in the fetal and maternal plasma
by protein deficiency. It was shown that amino acids, but not glucose, potentiate
the release of immunoreactive IGF-II from isolated fetal rat islets (Hogg et al.,
1993). Interestingly, as mentioned above, less IGF-II was observed in the
pancreas of fetuses that grew in an intrauterine milieu where amino acids were
limiting. Supplementation of the drinking water of the LP-fed pregnant rat by
25 g/l of taurine prevented the reduction of the b-cell mass by enhancing b-cell
proliferation and decreasing islet cell apoptosis. We demonstrated that this could
be achieved partially by the normalization of the number of islet cells expressing
IGF-II (Boujendar et al., 2002) (Figs 8.2–8.4).

The endocrine pancreas is a richly vascularized tissue. In adult islets, irriga-
tion represents 10% of the total blood flow, while the endocrine mass represents
only 1% of the total mass of the pancreas. Pancreatic cell–endothelial cell
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Fig. 8.2. Effect of a maternal low-protein (LP) diet during gestation and lactation
on islet cell proliferation of the progeny, and its prevention by taurine (T). F, Fetus;
PN, postnatal; BrDU, bromodeoxyuridine. a, P < 0.05, LP versus control (C);
b, P < 0.05, C + T versus C; c, P < 0.05, LP + T versus LP. (Reproduced from
Boujendar et al., Figure 5 in Diabetologia (2002) 45, p. 861, Springer-Verlag.)
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interactions begin long before islets are functionally mature, and are maintained
throughout islet formation. Recently, blood vessels have been shown not only to
provide metabolic sustenance, but also inductive signals for the development of
endocrine pancreas. Vascular endothelial growth factor (VEGF) is a major factor
in these endothelium–endocrine cell interactions (Lammert et al., 2001). At
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Fig. 8.3. Effect of a maternal low protein (LP) diet during gestation and lactation
on the islet cell apoptotic rate of the progeny, and its prevention by taurine (T).
F, Fetus; PN, postnatal. a, P < 0.05, LP versus control (C); b, P < 0.05, C + T versus
C; c, P < 0.05, LP + T versus LP. (Reproduced from Boujendar et al., Figure 7 in
Diabetologia (2002) 45, p. 863, Springer-Verlag.)

Fig. 8.4. Effect of a maternal low protein (LP) diet during gestation and lactation
on the percentage of islet cells positive for insulin-like growth factor-II (IGF-II) in
the progeny, and its prevention by taurine (T). F, Fetus; PN, postnatal. a, P < 0.05,
LP versus control (C); b, P < 0.05, C + T versus C; c, P < 0.05, LP + T versus LP.
(Reproduced from Boujendar et al., Figure 10 in Diabetologia (2002) 45, p. 863,
Springer-Verlag.)
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E8.5–E9.5 of mouse development, pancreatic buds develop precisely where
endoderm previously contacted the endothelium of the dorsal aorta and two
vitelline veins (Lammert et al., 2001, 2003). Thus pancreatic and vascular
development cooperate during embryogenesis.

Islet blood vessel development has been shown to be very sensitive to the
lack of protein availability in utero, as the volume occupied by blood vessels was
lower in islets from LP-exposed fetuses, and this was associated with a reduction
in the blood vessel number (Snoeck et al., 1990; Boujendar et al., 2003). The
proportion of VEGF-positive cells was reduced in fetal islets from LP rats
compared to controls, suggesting that the impaired vascularization could be a
consequence of the reduction of VEGF production by the surrounding b-cells,
since VEGF stimulates the growth of the endothelial cells. VEGF could play a
role in b-cell differentiation from duct precursor cells because its receptor, Flk-1,
is found on these cells and VEGF is able to stimulate their proliferation (Oberg
et al., 1994; Oberg-Welsh et al., 1997). In parallel, we investigated the VEGF
receptor, Flk-1, in the pancreas of the LP offspring. We found that the percent-
age of cells immunopositive for Flk-1 was decreased in the islets, while it was
increased in the duct cells. Maternal protein deprivation thus induces an up-
regulation of the Flk-1 expression in duct cells as a reaction to the decreased
endocrine cell mass. However, such an up-regulation seemed inefficient to
maintain a normal b-cell mass, probably because the level of VEGF was too low
(Boujendar et al., 2003).

Islet vascularization is also sensitive to the depletion of taurine that occurs
in the LP fetus, since addition of this amino acid to the LP diet of the dam was
sufficient to restore a well-vascularized endocrine pancreas in the progeny.
Taurine supplementation of the LP dams led to a normalization of the number of
the blood vessels, and the proportion of cells positive for VEGF and its receptor
in islets. However, it is again unclear whether the prevention of the alteration of
the vascular system by taurine in the LP islets is the cause, or the consequence,
of the restoration of the b-cell mass by this specific amino acid (Boujendar et al.,
2003).

As mentioned previously, the transcription factor, pancreatic and duodenal
homeobox 1 (PDX-1), is important for the development and the maintenance of
b-cells. The expression of this factor was also modulated in the offspring when
the dam was a fed another low-protein diet (Arantes et al., 2002) containing 6%
of protein during pregnancy and lactation. At birth and after 28 days of life, islet
volume and PDX-1 protein expression were reduced in pups fed this diet during
gestation and lactation. In contrast, Pdx-1 mRNA levels in the islets from 28-day-
old low-protein rats were no different from those of controls. If the low-protein
diet was present only during fetal life, PDX-1 protein expression in pancreatic
islets, the volume of islets and insulin secretion were restored in recovered rats,
whereas PDX-1 mRNA levels were higher than in normal rats. These results
suggest links between diminished PDX-1 protein expression, reduction in islet
volume and impaired insulin secretion in pups exposed to a low-protein diet.

The deleterious effect of fetal malnutrition on the development of the b-cell
mass is also apparent in other animal models of fetal malnutrition. Fetuses
whose mothers were caloric restricted by 50% during the last week of gestation
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were growth retarded. Such animals were also born with important alterations in
the development of their endocrine pancreas, including a lower b-cell mass,
brought about by different mechanisms than those observed in the case of pro-
tein deprivation (Garofano et al., 1997). In this model, the reduction in b-cell
mass appears to be due to reduced neogenesis expressed through a smaller
number of islets rather than a lower rate of islet cell proliferation and increased
apoptosis, as occurred with protein deprivation. Interestingly, the islet blood
vascularization was not affected (Kalbe et al., 2003). In a study comparing the
effect of maternal low-protein but isocaloric, low calorie and low-protein–calorie-
restricted diets, Bertin et al. (2002) demonstrated that, although the three
approaches to inducing fetal malnutrition all induced 50% reduction of the fetal
b-cell mass, plasma taurine was only depleted in the fetuses that were protein
deprived. Taurine can thus not be involved in the reduction of b-cell mass
observed in caloric-restricted fetuses, and other factors have been suggested.
During development, a negative role of glucocorticoids on the fetal b-cell has
been demonstrated (Blondeau et al., 2001). Maternal food restriction increased
maternal and fetal corticosterone levels (Lesage et al., 2001). A normalization of
the glucocorticoid levels in the intrauterine growth retardation (IUGR) calorie-
restricted fetus restored a normal b-cell mass that was associated with the
correction of the decreased b-cell neogenesis (Blondeau et al., 2001).

To better address the key issue of the fetal programming of the endocrine
pancreas, two approaches were used. In a first step, we highlighted the short-
term programming by culturing fetal b-cells, which were thus withdrawn from the
influence of a disturbed metabolic maternal environment. In a second step,
by feeding the offspring with a normal diet after birth or after weaning and
analysing the adult progeny, long-term consequences were revealed. This will be
addressed in the next part of this chapter.

Pancreatic cells cultured for 7 days proliferate and differentiate into pseudo-
islets rich in b-cells (Hellerström, 1979). Although they were cultured in the same
medium as the control islets and were free of the poor maternal milieu, low-
protein islet cells retained the lower proliferation rate (Cherif et al., 2001) and
the higher apoptotic rate (Merezak et al., 2001) that were observed in vivo. In
addition, insulin secretion in response to glucose and various amino acids was
dramatically altered in islets of the LP fetus, depending on the secretagogues
used. The lowering of insulin release was more pronounced when the islets were
challenged with amino acids than with glucose (Cherif et al., 1998, 2001).
Although a reduction of cAMP concentration was detected in these islets, and
might explain, in part, the reduced insulin release, we demonstrated that the
main defect in insulin secretion was at the level of exocytosis (Cherif et al.,
2001). The persisting reduction of the insulin secretion and replication, as well
as the increased apoptotic rate of fetal b-cells in LP offspring, even when they
had been withdrawn from the maternal environment and cultured for 1 week,
demonstrates that protein restriction during pregnancy induced lasting impair-
ments. The secretory and proliferative actions of the fetal b-cells are stimulated
by amino acids (Fajans and Floyd, 1972; Swenne et al., 1980). Since a decrease
in essential, branched amino acids and taurine was reported in the LP feto-
maternal unit (Reusens et al., 1995), lower sensitivity to several amino acids
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might have been due to their low availability during development. However, a
low level of taurine was also involved, since taurine supplementation of the LP
diet of the pregnant rat restored a completely normal insulin secretion from these
fetal islets.

Early Malnutrition Programmes, Glucose Metabolism and Insulin
Action: Type 2 Diabetes

Type 2 diabetes is characterized by hyperglycaemia, resulting from insulin
resistance, b-cell dysfunction or both. b-Cell dysfunction occurs because of an
inability to synthesize and secrete active insulin in sufficient amounts to meet the
increased demand for insulin (Kahn, 1998). In addition, type 2 diabetic patients
often show a reduced b-cell number compared to weight-matched non-diabetic
patients. This suggests that these patients had fewer cells prior to the onset of
diabetes, or that they failed to enhance their b-cell mass in response to the
demand (Clark et al., 1988). Individuals with type 2 diabetes are not at increased
risk for autoimmune diseases, but do have higher prevalence of metabolic
abnormalities, including obesity, hypertension and dyslipidaemia. It should be
mentioned, however, that a recent study showed that one-third of patients aged
15–34 with clinical type 2 diabetes had objectively type 1 diabetes on the basis
of the evolution of their anti-islets antibodies; namely, islet cell antibody (ICA),
glutamic acid decarboxylase (GAD) and insulin antibody (IA) (Borg et al., 2003).

The underdevelopment of the endocrine pancreas as a response to mal-
nutrition may be a survival advantage in early life, but may be a risk factor for the
appearance of diabetes later on. The long-term effect of the early malnutrition
depends on the critical time windows at which the poor diet was applied. If
protein restriction in rat pregnancy was reversed at birth, the imbalance between
b- and a-cell populations observed at birth was restored by 3 months of age
(Dahri et al., 1991), but females had a lower insulin secretion in response to an
oral glucose tolerance test. If the low-protein diet was maintained until weaning,
the adult offspring retained a reduced number of pancreatic b-cells and an
increased a-cell number (Berney et al., 1997) and both males and females
exhibited a blunted insulin secretion in response to the oral glucose challenge
(Reusens and Remacle, 2001a). This suggests that the LP diet causes fundamen-
tal changes in the programming of the b-cell phenotype, with critical periods
both in fetal and neonatal life. Changes in such programming of the b-cells were
also observed following fetal and postnatal calorie restriction. The b-cell mass,
which was depressed by 66% at weaning, remained reduced by 35% at
3 months despite adequate calorie intake after weaning. However, an increased
proliferation rate was observed in the tail of the pancreas, which was not
sufficient to fully restore a b-cell mass since the latter remained significantly
reduced (Garofano et al., 1998).

Despite lower insulin secretion in the young offspring protein-malnourished
early in life, such animals present better glucose tolerance (Shepherd et al.,
1997). In contrast, young offspring from mothers that received only 50% of
calories during the last week of gestation featured the same pattern for insulin,
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but with a normal glucose tolerance (Garofano et al., 1999). To understand
this apparent discrepancy between lower insulin secretion and better glucose
tolerance, several authors have further investigated the insulin-sensitive tissues in
the case of maternal protein restriction. Lower plasma insulin concentration and
the increased glucose infusion rates needed to maintain euglycaemia in hyper-
insulinaemic clamps suggest an increased sensitivity of peripheral tissues to
insulin in the young low-protein-exposed offspring (Holness, 1996). This focuses
attention on the three key organs involved in glucose homeostasis: the muscle,
the liver and the adipose tissue.

At the level of the muscle and the adipocytes, protein-restricted offspring
have an enhanced basal glucose uptake. The number of insulin receptors
expressed in these tissues was very considerably increased, as was the number
of glucose transporters (GLUT 4) in the plasma membrane (Ozanne et al.,
1996). Such alterations are likely to have made a significant contribution to the
improvement in glucose tolerance observed in the animals’ young adult life.

Despite having increased expression of insulin receptors, adipocytes from
protein-restricted offspring have revealed a selective insulin resistance in studies
of lipolysis (Ozanne et al., 1999, 2000). The mechanism of this resistance
is unknown, but an alteration in the expression and activities of various
components of the insulin-signalling pathway seems to be involved (Ozanne
et al., 1997; Shepherd et al., 1997). Indeed, increased basal and stimulated
levels of insulin-receptor-substrate-1-associated phosphatidylinositol 3-kinase
(PI3K) activities and increased Akt/protein kinase B activities have been repor-
ted. In addition, adipocytes from low-protein-exposed offspring have a relatively
low level of the p110-b catalytic subunit of the PI3K.

Resistance of the liver to the effect of glucagon on stimulation of glucose
output has also been described in early protein-restricted offspring, and has been
associated with a decreased hepatic glucagon receptor number (Ozanne et al.,
1996). These animals also exhibited an increased insulin receptor number. In
addition, the livers of the low-protein-exposed offspring had larger, but fewer
hepatic lobules than those of the controls (Burns et al., 1997). This was associ-
ated with functional differences such as changes in enzyme activity. Increased
phosphoenol-pyruvate carboxykinase (PEPCK) and decreased hepatic gluco-
kinase (GK) activity were observed at weaning and at 3 months. Interestingly, it
was demonstrated that the gluconeogenic enzyme PEPCK is an important target
gene under potent glucocorticoid regulation (Friedman et al., 1993) and its
expression is inhibited by insulin (Girard et al., 1991).

So, early protein restriction induces a number of different effects on glucose
metabolism and insulin action, including alteration in the regulation of the
hepatic and muscle glucose and disturbance in the suppression of the adipose-
tissue lipolysis. The limited capacity of the b-cells to regenerate following poor
development of the endocrine pancreas after early malnutrition leaves the
offspring with a suboptimal complement of functional units in the pancreas. This
will not be a real handicap as long as the individual is young, thin and does not
face ageing, overfeeding and pregnancy. Should such events occur, the offspring
would develop insulin resistance which would evolve to glucose intolerance and
diabetes.
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Indeed, whereas glucose tolerance in young adults appeared unaffected, or
even enhanced, by the protein deprivation, it deteriorated more rapidly with age
than that of controls. Sugden and Holness (2002) showed that exposure to pro-
tein restriction during early life alone led to a relative insulin resistance and
hyperinsulinaemia associated with a normal glucose tolerance at 5 months of
age, but only in males. The animals became glucose intolerant at 15 months
(Hales et al., 1996) and suffered from frank diabetes at 17 months (Petry et al.,
2001). The response seemed also to be sex-dependent. The hyperglycaemia
was associated with relative hyperinsulinaemia in male low-protein-exposed
offspring and with relative hypoinsulinaemia in female offspring.

The fetal adaptation to malnutrition takes place to favour survival with poor
or cyclic availability of food. The ‘thrifty phenotype’ hypothesis proposed that
following such an adaptation, excessive food availability later in life may be
detrimental for health (Hales and Barker, 1992). This part of the hypothesis has
been tested in models of malnourished rats receiving several enriched diets in
later life. The offspring of dams fed 5% protein during gestation and lactation
and fed a high-sucrose or a high-fat diet at adulthood had an impaired glucose
tolerance. Feeding a standard lab chow in adult life resulted in normal glucose
tolerance in animals subject to protein restriction earlier in life. Glucose-
stimulated insulin release was reduced in islets of previously malnourished
rats fed sucrose or fat (Wilson and Hughes, 1997). Here again, poor fetal and
neonatal nutrition led to impaired pancreatic b-cell function persisting into
adulthood. In another study, 8 weeks of feeding a high saturated-fat diet to
low-protein-exposed offspring was necessary to provoke an impaired glucose
tolerance associated with reduced insulin-stimulated glucose uptake (Holness
and Sugden, 1999). Anti-lipolytic effects of insulin were impaired in these
animals.

Long-term consequences of the early malnutrition were also apparent in
offspring of mothers receiving 50% of the calories needed during the last week
of gestation and during lactation (Garofano et al., 1998, 1999). At 3 months,
male offspring had fewer b-cells, the reduction being greater when the caloric
restriction was maintained until weaning. In fact, the b-cell mass, which normally
increases between 3 and 12 months, failed to do so, partially because the
apoptotic rate was higher and increased further with ageing (Garofano et al.,
1999). Insulin secretion in response to an oral glucose injection was depressed at
3 months but, as in low-protein-exposed offspring, no glucose intolerance was
observed. At 12 months, the offspring featured increased fasting glycaemia and
a dramatically impaired glucose tolerance associated with a profound insulin-
openia (Garofano et al., 1999). When the calorie restriction was more severe
(30% of the ad libitum available food) and was applied from the first day of
gestation until birth, 4-month-old male offspring developed obesity, hyper-
insulinaemia and hyperlipidaemia, which was amplified by hypercaloric nutri-
tion postnatally (Vickers et al., 2000). However, such offspring did not exhibit
an abnormal fasting plasma glucose level, but the hyperglycaemia induced by
the hypercaloric diet after weaning was aggravated by the early malnutrition
(Vickers et al., 2001). The authors proposed that fetal programming may lead to
b-cell dysfunction which, in this case, is induced by hyperlipidaemia. The fact
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that leptin suppresses insulin production from b-cells (Poitout et al., 1998) and
that leptin receptors are present on pancreatic b- and d-cells (Leclercq-Meyer
et al., 1996; Emilsson et al., 1997) suggests a functional relationship between
circulating leptin and insulin secretion. Leptin receptors are evenly distributed
throughout the pancreatic islets. In adult offspring from calorie-deprived moth-
ers, however, a higher number of leptin-positive cells were identified as d-cells
and this was amplified by a post-weaning high calorie diet (Vickers et al., 2001).

Fetal malnutrition as a consequence of utero-placental insufficiency also
programmes the development of the endocrine pancreas and glucose metabo-
lism later in life. Bilateral uterine artery ligation performed on day 19 of gestation
in rats leads to intrauterine growth retardation. In this model, IUGR offspring
remained growth retarded until 7 weeks after birth, after which they began to
recover a normal body weight. They developed marked fasting hyperglycaemia
and hyperinsulinaemia at 10 weeks, which deteriorated into glucose intolerance
and insulin resistance at 15 weeks. By 26 weeks of age, the IUGR rats were
obese (Boloker et al., 2002). Interestingly, the IUGR rats presented a lower insu-
lin secretion in response to an intraperitoneal glucose challenge at 1 week, and a
blunted insulin secretion at 26 weeks, whereas at 15 weeks they were clearly
insulin resistant and glucose intolerant. In this specific experimental condition,
the nutrient deprivation was present during a short time window at the end of the
development of the b-cell, which corresponded to an expansion phase of
the b-cell mass. No measurement of the b-cell mass was performed at birth but,
although no difference was detected at 1 and 7 weeks postnatally, a reduction by
50% at 15 weeks and by 70% at 26 weeks was reported (Simmons et al., 2001).
At 14 days postnatally, intrauterine growth-retardation pups exhibited a reduced
b-cell proliferation, but a normal apoptotic rate. The expression of Pdx-1, the
critical regulator of the pancreatic development and b-cell development, was
dramatically reduced at 14 days and remained affected at 3 months (Stoffers
et al., 2003). Injections of Exendin-4, a long-acting glucagon-like peptide 1
(GLP-1) analogue which promotes expansion of pancreatic b-cell mass, just after
birth prevented the defects in the development of the b-cell mass observed
postnatally. As a consequence, the glucose intolerance and diabetes observed in
the adult were also prevented (Stoffers et al., 2003). Here again, long-lasting
consequences of early fetal malnutrition at the level of the endocrine pancreas
may be prevented by specific intervention during development.

In conclusion, fetal malnutrition due to maternal protein restriction, caloric
restriction or limited availability of nutrients to the fetus jeopardizes the develop-
ment of the b-cell mass, with consequences for insulin secretion and glucose
metabolism later in life.

Transgenerational Programming of the Endocrine Pancreas

The lasting consequences of fetal malnutrition are not limited to the first
generation, and seem to persist in a second generation. The vulnerability of
the b-cell mass acquired early in life may only be frankly revealed in a situation
of increased insulin demand, such as obesity, pregnancy or ageing. The
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exhaustion of the b-cell mass and the deterioration of the glucose tolerance with
obesity and ageing have already been discussed above. Pregnancy is a particular
situation during which the endocrine pancreas has to adapt in response to the
high demand of insulin coming from the fetus for its anabolism. This specific
adaptation can be achieved by several mechanisms. A lowering of the threshold
at which glucose stimulates insulin secretion occurs in early pregnancy and,
as a consequence, increased insulin synthesis and secretion take place. This
is achieved by an up-regulation of b-cell proliferation (Parsons et al., 1992;
Sorenson and Brelje, 1997). b-Cell mass doubles by the end of gestation in rats
(Bone and Taylor, 1976; Aerts et al., 1997) and this increase is controlled by
placental lactogens I and II (Brelje et al., 1993). Altered b-cell mass resulting
from protein and calorie deprivation in early life, or placental insufficiency, is a
limiting factor for this adaptation.

When 3-month-old offspring from dams fed a low-protein diet during
gestation became pregnant, they exhibited a very low insulin secretion after an
oral glucose challenge performed at 18.5 days of gestation, and became glucose
intolerant (Dahri et al., 1995). Adaptation of the endocrine pancreas was not
fully achieved, as evidenced by the fact that the pancreatic insulin content in
mothers fed a low-protein diet during fetal life was significantly lower than in the
control mothers (Reusens and Remacle, 2001b). This abnormal intrauterine
milieu impacted upon the next generation. Just before birth, the pups whose
grandmothers were protein restricted during pregnancy also clearly exhibited
lower plasma insulin levels, probably as a consequence of the reduced develop-
ment of their own endocrine pancreas. These rats therefore had a tendency to
be hyperglycaemic (Bone and Taylor, 1976). Indeed, fetal pancreatic insulin
content and volume density of the b-cell mass were significantly reduced. An
intergenerational effect of the abnormal metabolic intrauterine milieu was thus
apparent.

Adaptation to pregnancy was also compromised in the calorie-restricted rat
model. Although a normal adaptation was seen at 4 months in mothers that
were previously malnourished during development, at 8 months they were no
longer able to increase their b-cell mass (Blondeau et al., 1999). A study was
undertaken to characterize the cellular mechanism responsible for the absence
of adaptation. In normally fed pregnant rats, Avril et al. (2002) reported a
preferential increase in b-cell proliferation in the head of the pancreas at day 12
of gestation. Such an enhanced proliferation rate leads to an important increase
in the b-cell fraction on the last day of gestation. Perinatal malnutrition impaired
this subsequent adaptation to pregnancy by decreasing the b-cell proliferation
in the head of the pancreas at the critical time, i.e. day 12 of pregnancy. In
addition, the lack of adaptation in the mother was associated with abnormal a-
and b-cell development in the second generation at the fetal stage (Blondeau
et al., 2002). The b-cell mass and pancreatic insulin content were reduced. A
decreased number of cells expressing PDX-1, which are likely to be precursors
for endocrine cells, has been reported in these pancreases at 17 day of gestation.
This may partially explain the lower b- and a-cell fraction.

In the model of placental insufficiency, the female progeny are also less
able to cope with pregnancy. In fact, pregnancy prematurely precipitated the
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development of diabetes in IUGR offspring that was only clearly apparent by
month 6 in non-pregnant rats (Boloker et al., 2002). Pregnant rats exhibited a
clear insulin resistance and glucose intolerance. The consequences of the dis-
turbed metabolic intrauterine milieu were apparent when the second generation
was analysed. Pups were born slightly heavier and remained heavier throughout
life. They were insulin resistant very early in life and they featured progressive
glucose intolerance. At 1 week of age, b-cell mass was slightly increased, but
because b-cell proliferation declined progressively compared to control offspring,
the b-cell mass was dramatically reduced at 26 weeks (Boloker et al., 2002).

Early Malnutrition and Susceptibility to Type 1 Diabetes

Clinical and animal studies have shown that type 1 diabetes is an autoimmune
disease in which both genetic and environmental factors, such as nutrition, par-
ticipate in the pathogenesis and development of the disease. In type 1 diabetes,
b-cells are rapidly and selectively destroyed by apoptosis because of the invasion
of islets by immune cells releasing free radicals and cytokines, and also because
they have poor defence mechanisms. Type 1 diabetes is not, as is generally
believed, a disorder limited to young people. Recent studies support a model in
which the disease can occur at any age and that some patients diagnosed with
type 2 diabetes actually have type 1 diabetes (Turner et al., 1997). The tradi-
tional view of type 1 diabetes postulates that an environmental agent triggers the
onset of disease in genetically susceptible individuals. However, more recent
observations from humans and in animals support a more complex model,
wherein the penetration and expression of heritable aberrations, in combination
with inherent target organ defects, are part of the life-long influence of multiple
environmental factors (Atkinson and Eisenbarth, 2001).

In contrast to type 2 diabetes, there is little epidemiological evidence to
suggest a relation between poor nutrition in early life and the occurrence of type
1 diabetes later in life. Only viral infections, such as coxsackie B4, might support
the idea of early programming of type 1 diabetes in humans (Hyöty and Taylor,
2002). In spontaneously diabetic animals, the hypothesis of early programming
of type 1 diabetes was also proposed, with an exaggerated wave of postnatal
apoptosis suggested to be at the origin of insulitis later in life (Trudeau et al.,
2000).

In view of the defects in the endocrine pancreas, particularly the increased
apoptotic rate that we have highlighted in offspring from mother fed a low-
protein diet, we asked the question about the possibly increased susceptibility of
the b-cells to the effects of agents known to be involved in type 1 diabetes. When
b-cells from the fetus of a protein-deprived mother were challenged in culture
with a nitric oxide (NO) donor or interleukin-1b (IL-1b), they exhibited a higher
apoptotic rate than the control fetal b-cells (Merezak et al., 2001). Moreover, the
increased susceptibility was maintained throughout life, despite adequate feed-
ing after weaning, since adult islets were also more vulnerable in the presence of
cytokines (Merezak et al., 2002). The lack of protein during development has
thus generated a b-cell population that is more sensitive to cytokines, perhaps
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because of a low level of IGF-II (Petrik et al., 1999) and a low level of taurine
present during development. Indeed, taurine, which is a sulphur amino acid, has
antioxidant properties (Huxtable, 1992). When added to the culture medium, it
prevented the destruction of b-cells by NO and IL-1b in fetal and in adult islets.
The protective role of taurine against NO- and cytokine-induced apoptosis was
attributed to the sulphydryl group. Indeed, methionine, which also possesses this
sulphydryl group, was also able to prevent apoptosis; however, the effect was
less marked than with taurine. b-Alanine, an analogue of taurine lacking the
sulphydryl moiety, was unable to provide any protection (Merezak et al., 2001).
Moreover, supplementation of the low-protein diet with taurine, which restored a
normal b-cell mass with adequate numbers of cells positive for IGF-II, a normal
vascularization and a normal insulin secretion at birth, prevented the hyper-
sensitivity of the fetal and adult islets to cytokines (Merezak et al., 2001, 2002).
An adequate level of taurine during fetal and early life thus seems a critical
parameter to achieving normal development and function of the endocrine
pancreas. Should that not be present, vulnerability, at the level of proliferation,
defence and secretion, would ensue.

Conclusions

Epidemiological studies have revealed strong relationships between poor fetal
growth and subsequent development of metabolic syndrome, glucose intoler-
ance and type 2 diabetes (Hales et al., 1996; Merezak et al., 2002). Persisting
effects of early malnutrition become translated into pathology and thereby
determine chronic disease risk (Barker et al., 1993). These epidemiological
observations identify the phenomena of fetal programming without explaining
the underlying mechanisms that establish their causal link. Animal models have
been established and studies have demonstrated that reduction in the availability
of nutrients during fetal development programmes the endocrine pancreas and
the insulin-sensitive tissues. Independently of the type of fetal malnutrition
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Fig. 8.5. Effect of taurine (T)
supplementation on the sensitivity to
cytokines of fetal islet cells from control
(C) and low-protein-exposed (LP)
offspring. a, P < 0.001 versus without
cytokines; b, P < 0.05 versus without
taurine; bb, P < 0.05 versus without
taurine.
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(whether there are not enough calories or protein in food or after placental
deficiency), malnourished pups are born with a defect in their b-cell mass that
will never completely recover, and insulin-sensitive tissues will be definitively
altered. Despite the similar defects arising from different approaches to induction
of fetal malnutrition, different mechanisms seem to operate and be responsible
for the observed endpoints of glucose intolerance and insulin insensitivity. A lack
of taurine in the case of protein restriction, and high levels of glucocorticoids
in the case of the calorie-restriction model have been the focus of much interest.
Interestingly, addition of taurine to the maternal low-protein diet, or the
normalization of the maternal plasma glucocorticoid level in the calorie-restricted
mother, prevents the alterations of the endocrine pancreas observed without
these interventions.
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9 Birthweight and the
Development of Overweight
and Obesity

ARYEH D. STEIN

Department of International Health, Emory University, Rollins School of
Public Health, Atlanta, GA 30322, USA

Introduction

This chapter will discuss the relation between size at birth, the most widely used
marker of the outcome of growth during the 9 months of gestation, and size later
in life, among humans. The starting point for this discussion is that the predomi-
nance of evidence (as described elsewhere in this book) suggests that birth-
weight, and perhaps specific exposures prior to birth, are consistently related to
the development of a range of diseases. Lower birthweight is generally associ-
ated with increased risk, but is simply a marker of nutritional status around the
time of birth and is not a critical causal factor. It is also abundantly clear that
overweight and obesity are positively associated with the risk of these same
diseases. This chapter will provide examples of the research we and others have
conducted in this area, and relate the findings to the overall discussion of the
importance in humans of early life experience to the development of adult
disease. A separate chapter of this book (Chapter 10) reviews some of the
animal evidence on this topic.

Overweight and Obesity

Obesity is an excess of body fat. The determination of the exact quantity and
distribution of body fat in living persons is not feasible, and close approximations
involve technology-intensive assessment methods (such as underwater weighing
or its newer cousin, air-displacement plethysmography (the Bod-Pod®), dual-
energy X-ray absorptiometry (DEXA) and others) that are not suitable for
large-scale field-based studies. Typically, simple anthropometric methods are
employed. Measurements are obtained of weight, height and selected skinfolds
and circumferences, and these are converted by the use of calibration equations
to derive indicators of adiposity. Of these, the most common are the body mass
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index (BMI, weight (in kg) divided by the square of height (in m)), and the ratio
of the circumferences (in cm) at the waist and the hip (waist–hip ratio, WHR).

The BMI provides an overall indicator of excess body mass. In some
individuals, particularly bodybuilders and professional athletes, a high value can
reflect increased musculature, but, in general, higher BMI is highly correlated
with excess adiposity measured against alternative approaches, and is only
weakly correlated with height. This is true across global regions and ethnic
groups, and for men and women. The World Health Organization has adopted a
classification of nutritional status according to BMI (Table 9.1) (World Health
Organization Consultation of Obesity, 1997).

The waist–hip ratio (WHR) provides an indicator of the distribution of body
fat. Typically, men have a higher value than women. Within each gender, a
higher ratio value indicates greater deposition of adipose tissue centrally, while
a lower value suggests that any adipose tissue is deposited peripherally. It is
generally accepted that central adipose tissue is more closely related to the
aetiology of the metabolic diseases associated with insulin resistance (diabetes,
hypertension, cardiovascular disease) than is excess peripheral adipose tissue
(National Heart Lung and Blood Institute, 1998). Taken together, these two
simple indicators (BMI and WHR) obtained from four anthropometric measure-
ments, that may be readily obtained in both research and clinical settings,
provide reproducible and standardized measures for epidemiological study and
for clinical prediction and monitoring (National Heart Lung and Blood Institute,
1998).

Global Prevalence of Obesity and Underweight in Adulthood

Obesity is fast becoming a global epidemic (Popkin and Doak, 1998). In the
USA, the prevalence of obesity exceeds 25%, and reaches 50% among African-
American women (Flegal et al., 2002). The prevalence of overweight and
obesity has doubled since the early 1970s (Flegal et al., 2002), and has
increased by 61% since 1991 (Mokdad et al., 2002). The longitudinal data
available worldwide, with all the limitations inherent in these studies, suggest
increases in the prevalence of overweight and obesity in all parts of the globe,
among developed and developing countries alike (Martorell and Stein, 2001;
Popkin, 2001). The rapidity of these changes strongly implicates adult factors,
specifically sedentary lifestyles and excess caloric consumption, in this epidemic.

196 A.D. Stein

Undernourished
Normal
Overweight
Grade 1 Obesity
Grade 2 Obesity
Grade 3 Obesity

< 18.5 kg/m2

≥ 18.5 kg/m2 and < 25.0 kg/m2

≥ 25.0 kg.m2 and < 30.0 kg/m2

≥ 30.0 kg/m2 and < 35.0 kg/m2

≥ 35.0 kg/m2 and < 40.0 kg/m2

≥ 40.0 kg/m2

Table 9.1. WHO classification of nutritional status based on body mass index
(World Health Organization Consultation of Obesity, 1997).
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The obesity epidemic notwithstanding, adult chronic undernutrition continues to
coexist with overweight and obesity, and continues to be prevalent in some
South-East Asian countries and some regions of sub-Saharan Africa, such as
Ethiopia (World Health Organization Consultation of Obesity, 1997).

Birthweight and Adult Overweight and Obesity

Observational data

The vast majority of studies that have related birthweight to measures of adi-
posity in later life (almost always BMI, but occasionally other measures) have
reported a positive association. This literature has been reviewed elsewhere
(Martorell et al., 2001; Rogers, 2003). The correlations are modest, but are
consistent across studies and populations. There is also a positive correlation
between birthweight and adult height (Paz et al., 1993), and an inverse correla-
tion between birthweight and the WHR has been observed in several studies
(e.g. Kuh et al., 2002).

Much of the literature on size at birth and later outcomes, including
overweight and obesity, is limited in the quality of the source measurements of
size at birth. Birthweight is the most consistently available and reported measure.
However, birthweight is a composite measure, as it reflects both length and
ponderosity. These two components may be confidently predicted to differ in
their associations with size later in life, and the inability to differentiate between
them in some studies is likely to account for many inconsistencies in the
literature.

What happens in twins?

Twins represent a special case of observational research where differences in size
at birth can be particularly informative, as they share exposures that affect the
mother’s external environment. Monozygotic twins share complete genetic infor-
mation, and hence any difference in size reflects variation in maternal nutritional
supply to the two developing fetuses. Dizygotic twins are no more genetically
alike than any other siblings, of course, and hence differences in size at birth
reflect both nutrition and genetic potential. They do provide complete control for
period effects in the life of the mother and age-related effects in the lives of the
twins themselves.

In general, the results from the twin studies are supportive of data from
studies of singletons. Overall, there is a positive association between birthweight
and later BMI when twins are considered as individuals (Pietilainen et al., 2001;
Whitfield et al., 2001). Loos et al. (2001a, 2002) observed that the twin heavier
at birth will be taller and have a lower WHR than the lighter twin, with no
additional effect of zygosity and chorionicity (Loos et al., 2001b). However, a
Swedish study found only a weak positive association between the within-pair
difference in birthweight and later BMI, and then only in monozygotic twins
(Johansson and Rasmussen, 2001).
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Experimental data

The observational literature is limited in its ability to differentiate between the
effects of nutrition and other causes of variation in birthweight on adult BMI and
other markers of obesity. Animal experiments (such as those reviewed elsewhere
in this book) are informative, but species specificity is always a concern, as are
questions as to the relevance of the dose and the timing of any experimental
manipulation to the human experience. Experimental studies in humans are,
of course, the gold standard, but in this field are plagued with logistical and
ethical constraints. Two sets of research data, one quasi-experimental and one
truly experimental, address, at least in part, some of the constraints of the
observational research. One approach is to study the consequences of naturally
occurring severe food restriction, in the context of famine, while the other is to
follow individuals who participated (either themselves, or by proxy due to their
mother’s participation while pregnant or lactating) in supplementation trials.

Famine

Famines provide a severe, indeed ‘critical’ (Susser, 1973) test of the hypothesis
that maternal nutrition is the causal factor in the development of any long-term
effect of birthweight on adult health status. Limitations of the study of famines
include: (i) famines are unpredictable, so baseline data cannot readily be
collected; (ii) most famines in recent times have been associated with major
societal upheavals (war, revolution) and hence there are multiple exposures
that cannot be completely disentangled; and (iii) most famines have occurred in
societies where individuals cannot be traced through population registers or
other approaches. The ability to trace cohorts exposed to two famines that
occurred during the Second World War facilitated research that has addressed at
least some of these limitations.

THE SIEGE OF LENINGRAD. Between 1940 and 1942 the German army laid
siege to the city of Leningrad (now St Petersburg). Tens of thousands of people
died of starvation and of disease exacerbated by nutrient deficiencies. While the
birth rate dropped precipitously, some pregnancies did occur and the mean
birthweight dropped by 500 g.

Survivors of the siege were traced and studied in the mid-1990s, at which
time they were in their mid-50s (Stanner et al., 1997). Three groups were
studied. Group 1 were born prior to the onset of the siege, and hence were not
exposed in utero but were exposed in early postnatal life. Group 2 were born
during the siege, and Group 3 consisted of a control group of individuals born
during the same period, but in areas under German control and hence not sub-
ject to famine. Groups 1 and 2 were recruited through survivor organizations,
while Group 3 was recruited through general practitioners and work sites.
Approximately 31% (361 of 1157) of those identified as being born before
or during the siege or were studied successfully. Response rates for the ‘place
controls’ were not provided. A comprehensive clinical examination of
prevalence of cardiovascular disease and its risk factors was conducted. Few
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differences between the groups emerged. Of particular interest for this chapter
is the comparison of various measures of body fat distribution. There was no
difference in the distribution of BMI or of WHR across the three study groups
(Table 9.2). There was a tendency for the ratio of the subscapular to triceps
skinfolds to be lower in men born during the siege than in men born at the same
time but outside Leningrad, while in women the reverse was true. There was no
difference in height among the three groups.

THE DUTCH FAMINE. The Netherlands were invaded by Germany in the first
years of the Second World War, and a stable civil administration was established
and continued to function throughout the occupation period. Towards the end
of the war, after the landing of Allied forces in Normandy in June 1944 and their
advance northwards through France and Belgium, the Dutch readied themselves
for liberation. In support of the Allied advance, the Dutch government in exile
called for a rail strike. In retaliation, the Germans imposed a blockade on food
transports. However, the Allied advance stalled at the Rhine, and the Allied
troops continued their advance directly eastward, bypassing The Netherlands.
However, even after the Germans lifted the food embargo, distribution did not
return to normal, The winter of 1944/45 was particularly severe, and the Dutch
canals froze in November. The food situation in the major urban areas of west-
ern Holland deteriorated rapidly. While a ration system had been functioning
adequately for most of the war period, the reduced supplies meant that the per
capita ration was progressively reduced, such that by October 1944 it went
below 1000 kcal/day, and at times reached as low as 500 kcal/day, until the
blockade was lifted with liberation on 8 May, 1945 and massive airdrops of food
aid began. While additional rations were always provided for pregnant women
and young children, the extent of redistribution within the household is not
generally known.

The short duration of the famine (5–7 months, depending on one’s defini-
tion) permits examination of potentially differing consequences of exposure to
famine late in gestation and at or around conception. Exposure to famine in late
gestation was strongly related to birthweight, which was not reduced by expo-
sure in other trimesters (Smith, 1947). At the height of the famine, birthweights
were reduced by up to 300 g. Indeed, there is some suggestion that birthweights
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Born during famine
(n = 169)

Born prior to famine
(n = 192)

Born outside famine
area (n = 188)

BMI
(mean, 95% CI)

Waist–hip ratio
(mean, 95% CI)

Subscapular:triceps
skinfolds ratio

Men
Women
Men
Women
Men
Women

24.6 (23.6–25.6)
26.9 (26.1–27.7)
0.86 (0.84–0.88)
0.79 (0.77–0.81)
1.26 (1.11–1.41)
1.01 (0.93–1.09)

25.4 (24.2–26.6)
27.0 (26.2–27.8)
0.88 (0.84–0.92)
0.78 (0.76–0.80)
1.32 (1.20–1.44)
0.93 (0.87–0.99)

25.2 (24.1–26.3)
26.7 (25.9–27.5)
0.87 (0.85–0.89)
0.79 (0.75–0.83)
1.41 (1.31–1.51)
0.88 (0.82–0.94)

BMI, body mass index; CI, confidence interval.

Table 9.2. Exposure to famine during the Siege of Leningrad and markers of adiposity at
age 50 (from Stanner et al., 1997).
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were elevated among those conceived during the famine, who were not subject
to food restriction in late gestation.

The specific circumstances of the Dutch famine have lent themselves to
several investigations of the long-term impact. The first team to do so related
data collected at military conscription at age 18 (Ravelli et al., 1976). While
restricted by design to males (women in The Netherlands are not subject to
conscription), this study benefited from national coverage, full compliance, and
standardized and systematic assessment. Among these men, the prevalence of
overweight (using 120% of the Metropolitan Life Insurance Company relative
weight for height as the threshold) was elevated, from 1.5% to 3%, among
conscripts who had had at least some exposure in the middle trimester (Fig. 9.1).
The authors interpreted this as due to an effect of the famine on perturbation of
hypothalamic function.

Two studies have followed famine-exposed cohorts through to later life. For
a study with a primary focus on reproductive outcomes, Lumey et al. (1993)
traced a cohort of women who had all been born at the Wilhelmina Gasthuis, the
maternity hospital of the University of Amsterdam, in the period before, during
and after the famine. These women were interviewed in their homes, and
reported their own heights and weights, as well as their weight at age 18. Height
was unrelated to famine exposure, while weight at both age 18 and at interview
(at mean age 43 years) was increased among women exposed to famine in their
first trimester of gestation (Ravelli et al., 1992).
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Fig. 9.1. Exposure to famine in utero and obesity at age 18. Met Rel Wt, Metro-
politan Life Insurance Company relative weight for height. (Drawn from data in
Ravelli et al., 1976.)
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Subsequently, this study population was enriched with a comparable cohort
of men born in the same hospital, and the men and women were invited to
attend a clinical examination (Ravelli et al., 1999). A total of 741 men and
women participated, of whom approximately 68–120 were exposed in each tri-
mester. Exposure to famine in the first trimester was associated with increased
weight, and hence BMI, in women, but not in men, and there was no effect of
famine exposure in other trimesters (Table 9.3). After adjustment for covariates,
including BMI, there was a slight tendency for WHR to be elevated among both
men and women exposed in early gestation.

Taken together, these studies suggest that exposure to famine early in gesta-
tion does indeed increase the risk for obesity later in life. This finding is most
robust among the conscripts, primarily due to the large sample size. The two
other studies provided estimates somewhat in conflict with the data from the
conscripts with respect to the timing of the effect, and the Ravelli paper did not
find any effect in men, but small sample sizes in each exposure cohort resulted in
imprecise estimates of effect.

All of these studies are subject to one potentially fatal flaw. As noted by Stein
et al. (1975), conception rates declined in the famine period, more dramatically
among the manual labouring classes. To the extent that the outcome of interest is
related to social class of the parents rather than to nutrition per se, confounding
might result. An example of this is clearly seen in the data on mental performance
among the recruits (Stein et al., 1972). A substantial improvement in the scores
on Raven’s Progressive Matrices, a test of pattern recognition that is widely used
as a formal test of intelligence, was observed among recruits conceived during
the famine. This could be completely explained by the father’s occupation. Pre-
sumably, wealthier families retained adequate resources to maintain levels of
nutrition compatible with fecundity even at the height of the famine, to a greater
extent than did the families where the main breadwinner was a labourer.

Nutritional supplementation

Clearly, caloric restriction prior to or during pregnancy cannot be contemplated
in experimental research in humans. However, the reverse, of supplementing
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Exposure to famine

Born before
(n = 210)

Late gestation
(n = 120)

Mid-gestation
(n = 110)

Early gestation
(n = 68)

Conceived
after (n = 233)

Weight (kg)
Height (cm)
BMI (kg/m2)
Overweight (%)
WHR

79.0
171.0
26.7
65.77
0.87

79.0
170.9
26.7
63.77
0.88

76.8
168.6
26.6
64.6
0.87

84.2
171.0
28.1
75.77
0.88

80.6
170.9
27.2
67.77
0.88

BMI, body mass index; WHR, waist–hip ratio.

Table 9.3. Exposure to the Dutch Famine of 1944/45 among births at the Wilhelmina
Gasthuis, Amsterdam, and adult body size (from Ravelli et al., 1999).

211A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:53 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



undernourished women with food or specific nutrients, is relatively standard
practice. While the focus of most supplementation research has been on the
short-term outcomes of birthweight and child development, a few studies have
now been followed for long enough to enable study of the effects into adult-
hood. Our research group, for example, has been following the participants of
the INCAP Longitudinal Study, a community-randomized controlled trial of
nutritional supplementation in Guatemala conducted between 1969 and 1977
(Martorell et al., 1995). The original focus of the study was to test the hypothesis
that improved protein–energy nutrition, during pregnancy and the first 7 years
of life, would result in improved mental performance. Secondary hypotheses
related to the effect of this nutritional supplementation on growth and physical
development.

In the study, four villages, stratified by size (two large and two small), were
randomized to receive either Atole or Fresco supplement. Atole was a high-
energy, high-protein supplement, which contained 91 kcal of energy and 6.4 g
protein per 100 ml, whereas Fresco contained 33 kcal of energy per 100 ml and
no protein. Both Atole and Fresco were fortified with vitamins and minerals.
Supplement type was assigned at random, with village as the unit of randomiza-
tion. The target population of the intervention was pregnant or lactating women
and children up to age 7 years. Both supplements were available year-round,
and consumption was ad libitum. Supplements were distributed and consumed
twice daily in a centrally located feeding hall in each village. Supplement intake
to the nearest 10 ml was recorded for all pregnant and lactating women and their
offspring up to age 7 years. Heights and weights of the mothers and children
were recorded at select intervals, including birth.

We have conducted several rounds of follow-up among this cohort. In 1988,
when many were still adolescents, we showed that growth was improved among
those who received Atole in the first 3 years of childhood (Schroeder et al., 1995;
Schroeder and Martorell, 1999). Within the randomized design of the study
there was no effect of supplementation type on birthweight, but a within-
treatment analysis, in which the (self-selected) quantity of supplement was
related to birth size, suggested an effect of energy intake, with no added effect of
the protein in the Atole supplement. There was an increase in fat-free mass in
adolescence among those receiving Atole (Rivera et al., 1995), although the
analysis was complicated by the need to take into account the age range of the
cohort.

By 1996, when the next wave of data collection commenced, all the cohort
members had reached adulthood and adult stature. We measured adult anthro-
pometry in the context of a study of pregnancy, reproductive outcomes, and
child development conducted among women resident in the four study villages
between 1996 and 1999, and a survey of cardiovascular disease risk factors
conducted among male and female cohort members living in the study villages
or in Guatemala City. At a simplistic level, we observed a crude association
between birthweight and BMI (Stein et al., 2002).

We recently assessed the role of growth in stature in three phases (prenatal
life, the first 2 years, and the period from age 2 to adulthood), in influencing
adult body composition in 267 members of the original cohort (Li et al., 2003).
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As the three growth periods are correlated, we used a multiple-stage least
squares regression approach to ensure independence of effects. Briefly, a model
was developed in which period 1 growth was regressed on period 2 growth, and
the residual retained. This residual became the independent effect of period 2.
This process was repeated for period 3, resulting in three variables that were
orthogonal to each other. We considered measures of length, weight and
ponderosity at birth, and a wide array of measures of adiposity, including fat-
free mass and fat mass, derived from prediction equations developed for this
population using hydrostatic weighting.

We found that birth size (weight or length) and length at age 2 were
independently related to attained height, weight and fat-free mass in both men
and women (Table 9.4). Ponderal index at birth was not associated with any
anthropometric measure in adulthood, suggesting that the main determinant of
adult anthropometry was prenatal growth in length rather than weight per se.
Neither size at birth nor size at 2 years was associated with the WHR. In general,
measures of growth from birth to age 2 were more strongly associated with adult
anthropometry than were birth measures.

Tracking of Overweight/Obesity throughout Childhood

A vast literature has documented that measures of overweight and obesity ‘track’
(i.e. maintain relative rank order) from early childhood through to adulthood
(Charney et al., 1976; Guo et al., 1994; Whitaker et al., 1997; Qing and Karlberg,
1999). This phenomenon is usually interpreted as evidence of the need to inter-
vene early in life to prevent the development of intractable obesity later in life
(National Heart Lung and Blood Institute, 1998). The degree of tracking (usually
measured in terms of the correlation between measures at two points in time)
increases with increasing age at the younger of the two time points. Infant obesity
is only modestly predictive of overweight later in life, unless one or both parents
are obese, but as children reach adolescence, obesity appears to become estab-
lished, and in the absence of treatment and modification, continues to track.
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Men (n = 136) Women (n = 131)

Adult
Length at birth
(1 SD = 2.3 cm)

Growth from birth
to 2 years

(1 SD = 1.9 cm)
Length at birth
(1 SD = 3.5 cm)

Growth from birth
to 2 years

(1 SD = 2.8 cm)

Height (cm)
Weight (kg)
Fat-free mass (kg)
Fat mass (kg)
% Body fat

2.8 (1.9–3.6)
1.5 (0.5–2.6)
1.7 (1.0–2.4)

−0.05 (−0.6–0.5)
−0.4 (−1.1–0.4)

2.7 (1.9–3.6)
3.1 (1.4–4.4)
2.0 (1.1–3.0)
1.1 (0.4–1.8)
1.0 (0.1–2.0)

1.5 (0.8–2.1)
2.6 (0.7–4.4)
0.9 (0.1–1.7)
1.6 (0.4–2.8)
1.3 (0.2–2.3)

2.2 (1.4–3.1)
3.5 (1.7–5.4)
1.7 (1.0–2.4)
1.9 (0.6–2.4)
1.2 (0.1–2.2)

Table 9.4. Effects of prenatal and postnatal growth on adult anthropometry (effect sizes per
1 SD in each determinant, 95% confidence intervals) among 267 men and women followed
prospectively in Guatemala (from Li et al., 2003).

213A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:28:54 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Horse racing

The literature on the association between birthweight and later BMI is consistent
with a phenomenon characterized as ‘horse-racing’ (Peto, 1981). Birth is but
one point along the continuum of growth and development. If one considers
growth to start at conception, and to occur at different rates for different people
(determined, presumably, by the interaction between genetic potential, maternal
body size and nutrition, prenatal factors such as placentation and exposure to
toxins, and postnatal factors such as nutrition and burden of infection), then it is
clear that rank order in size (the representation at a single point in time of the
cumulative process of growth until that time) will correlate across any two time
periods, including birth and adulthood (Fig. 9.2).

This model also explains why the tracking correlation coefficients increase as
the study cohort ages – there is simply more variance at older ages, and hence
less likelihood that measurement and other sources of error will outweigh the
true signal. If, however, we consider tracking to be normal, what is, in fact, of
interest is perturbation of tracking. In other words, if tracking is to be expected,
then a positive association between size at birth and size later in life is not
of clinical or epidemiological significance (Hofman and Valkenburg, 1983;
Shea et al., 1998). Indeed, the research team following the Helsinki birth cohort,
who has available multiple measures of height and weight in childhood, has
shown that specific aberrant patterns of growth are associated with the later
development of adult disease (Eriksson et al., 1999). These analyses do not, in
themselves, address the question of the causal role of birth size on adult obesity,
but do strongly suggest that postnatal growth and birth size need to be
considered in models more complex than first-order linear regressions.
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Fig. 9.2. Horse-racing: individuals start at the same point but grow at different
rates, thus differences become established early in life and track thereafter.
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Modifiability of Association – the Role of Breastfeeding

A growing body of evidence is suggesting that breastfeeding is associated with
lower risk of overweight and obesity in later life (Kramer, 1981; Gillman et al.,
2001; Liese et al., 2001; Martorell et al., 2001; Armstrong and Reilly, 2002).
Martin et al. (2002) have observed that breastfeeding is also associated with
increased stature as adults, although they note that both breastfeeding and
stature are strongly related to social class, and thus confounding by unmeasured
factors also associated with social class is possible. This is despite the fact that in
the first few months of life breastfed infants are typically heavier than bottle-fed
infants (Cole et al., 2002), and the finding also appears to be independent of
birthweight. Prolonged breastfeeding, which is not the norm in the USA or Great
Britain, may be required to reap the full benefit (Elliott et al., 1997). The mecha-
nism for the benefit is as yet unclear. It has been suggested that breastfed infants
are better able to regulate intakes and recognize signs of satiety (Dewey, 2003).

Birthweight, Adult BMI and Research into the Early Origins of
Disease

Much of the literature relating birthweight to the development of hypertension,
type 2 diabetes mellitus or cardiovascular disease has noted that the inverse
association commonly observed is only apparent, or is stronger, when current
measures of adiposity (usually BMI) are ‘controlled for’ in multiple regression
models. Examples include the data from the US Nurses’ Health Study (Curhan
et al., 1996), among many others. There has long been debate as to the
implications of such ‘adjusted birthweights’ for both future explanatory research
and for public health.

From a purely statistical argument, adding an additional variable, assuming
other conditions of the model hold, implies that this parameter is ‘held constant’
when evaluating the impact of the first variable. Thus, the interpretation of the
birthweight coefficient in a model with birthweight, adult BMI and adult blood
pressure levels would be the change in blood pressure conditional upon a unit
change in birthweight (typically 1 kg), among people of the same adult BMI.
However, as individuals of low birthweight and high birthweight have travelled
along different trajectories to get to be the same BMI in adulthood, the inter-
pretation of the coefficients is not straightforward, and is critically dependent on
several factors. These are the true overall effect of birthweight on the outcome
of interest, the true association between birth size and adult adiposity, the true
association between adult adiposity and the outcome of interest and, finally, the
extent of measurement error in each of these variables.

Several investigators have attempted to specify the statistical and physio-
logical interpretation of a regression model including both birthweight and a
measure of adiposity later in life. Lucas et al. (1999) in an often-cited paper,
develop an argument that what is needed is an interaction term between the
early life measure and the later measure. They suggest that this interaction term
can be interpreted as the effect of the change in status over time, and that, if
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serial measures of body size are available, one can assess when the effect of
body size on the endpoint of interest ‘flips’ from being inverse to being positive.
Recently, this approach has been applied to the British 1958 Birth Cohort Study
(Hypponen et al., 2003).

Catch-up growth and percentile rank change

One issue that needs to be mentioned here is that of ‘catch-up’ growth. This
term, originally invoked to include only the short-term recovery from short-term
faltering of an individual’s growth line following acute illness (Mata et al., 1972),
has more recently been used to denote any upward changing of percentile
ranking (Eriksson et al., 1999; Adair and Cole, 2003). As the ideal growth
pattern of children has not been determined (growth curves in current use
portray percentiles based on statistical norms rather than prescriptive values),
use of ‘catch-up growth’ as a category implies that the growth in the earlier
period was inadequate and that the child has now resumed ‘normal growth’.
However, merely considering change in rank order rather than inclusion of a
baseline would imply that a child born at the 50th percentile who has grown
to reach the 80th percentile would also be considered to have experienced
catch-up growth. This distinction also highlights the need to consider relations
between birth size, adult size and adult health outcome separately for countries
or populations with a high prevalence of low birthweight and postnatal growth
failure. In these (typically developing country) settings, catch-up growth is a
requirement for short-term survival (Victora et al., 2001), and there has not yet
been widespread development of childhood obesity (Martorell et al., 2000).

Implications for Public Health Policies and Programmes

The global epidemic of obesity is clearly multifactorial in origin. While there
is substantial evidence that birthweight and later overweight and obesity are
statistically associated, the causal role of birthweight (as distinct from its role as a
marker of growth in utero) is unclear. It is hard to imagine a scenario in which
public health advocates would work for a reduction in birthweight in order to
combat adult-onset obesity. A shift of the birthweight distribution to the left
would be associated with vastly increased short-term risks to the larger numbers
of infants who would be born at low birthweight.

Much of the evidence to date stresses that it is infants who fail to grow along
their established rank percentile who are at particular risk. Those who drop
percentile rankings are at increased short-term risk of illness and death. Those
whose growth curves suggest an increase in percentile rank are at particular risk
for the development of early-onset obesity, diabetes and hypertension. Taken
together, these findings reinforce the need for children in developing and
in developed countries to continue to have their growth monitored at regular
intervals and for changes in growth rank to be detected and the reasons
identified.
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The best evidence to date suggests that breastfeeding is associated with
lower rates of obesity in childhood and adolescence (Dewey, 2003). Exclusive
breastfeeding to at least 4 months, and continued breastfeeding to 12 or even 24
months, have multiple benefits to the child and to the mother, and should be
encouraged regardless of the long-term effects on obesity. To the extent that
there is a causal role for breastfeeding in the prevention of obesity, this is merely
another reason among many, that may be of particular salience to upper- and
middle-class women in developed and developing countries, who may be partic-
ularly responsive to health messages concerning the long-term risks associated
with obesity in their children.
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Introduction

There is increasing evidence that metabolic and cardiovascular diseases which
commonly manifest in adult life have their roots before birth. The ‘fetal origins
of adult disease’ (FOAD) or ‘fetal programming’ paradigm is based on the obser-
vation that environmental changes can reset the developmental path during
intrauterine development, leading to obesity and cardiovascular and metabolic
disorders later in life. This pathogenesis is not based on genetic defects but
on altered genetic expression, seen as a result of fetal adaptation to adverse
intrauterine influences. After initial controversy when these relationships were
first suggested, both prospective clinical and experimental studies have clearly
shown that the propensity to develop abnormalities of cardiovascular, endocrine
and metabolic homeostasis in adulthood are increased when fetal development
has been adversely affected (Barker, 2000; Godfrey and Barker, 2000).

The mechanisms underlying fetal programming and the relative role of
genetic versus environmental factors remain speculative. One general thesis
is that in response to an adverse intrauterine environment the fetus adapts its
physiological development to maximize its immediate chances for survival.
These adaptations may include resetting of metabolic homeostasis and endo-
crine systems and the down-regulation of growth, commonly reflected in altered
birth phenotype. This prenatal plasticity of the fetus may allow environmental
factors to alter the physiological function of the conceptus in preparation for
suboptimal environmental conditions after birth. It is thought that while these
changes in fetal physiology may be beneficial for short-term survival in utero,
they may be maladaptive in postnatal life, contributing to poor health outcomes
when offspring are exposed to catch-up growth, diet-induced obesity and other
factors (Gluckman, 2001).
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Experimental Evidence for Fetal Programming of Obesity

Animal models have been used extensively to investigate the basic physiological
principles of the FOAD hypothesis. The variety of models that have
been developed is essential to the search for the mechanistic links between
prenatal and postnatal influences and the pathophysiological complications
in later life. Although epidemiological data suggest that fetal programming
occurs within the normal range of birth size (Barker, 1998), most experi-
mental work has tended to focus on significant restriction of fetal growth,
in the assumption that the nature of the insults that impair fetal growth
are likely to be those that trigger fetal programming. Alterations in maternal
nutrition are commonly used experimentally to induce intrauterine growth
retardation (IUGR), as it is an experimentally practical and reproducible
way to induce nutrient limitation to the fetus and thus change its developmental
trajectory. In this context, IUGR is not essential to fetal programming, but
is merely a surrogate for evidence that fetal development may have been
affected.

Several animal models of early growth restriction have been developed in
an attempt to elucidate its relationship with adult-onset disease and provide a
framework for investigating the underlying mechanisms. In rats hypertension,
insulin resistance and obesity have been induced in offspring by maternal
undernutrition (Woodall et al., 1996a,b; Vickers et al., 2000), a low-protein diet
(Langley-Evans et al., 1996), maternal uterine artery ligation (Rajakumar et al.,
1998), maternal dexamethasone (DEX) treatment (Nyirenda et al., 1998) or pre-
natal exposure to the cytokines interleukin (IL)-6 and tumour necrosis factor
(TNF)-a (Dahlgren et al., 2001). Studies in rats fed a low-protein diet during
pregnancy indicate that increased levels of insulin receptors in adipocytes or
enhanced insulin sensitivity of adipocytes can be observed in programmed
offspring (Ozanne et al., 1997). As discussed below, we have shown, in the rat,
that feeding offspring of undernourished mothers a hypercaloric diet amplifies
prenatal influences on hypertension, hyperinsulinaemia and obesity (Vickers
et al., 2000, 2001a,b).

There are also increasing experimental data in other species. In guinea-pigs,
IUGR caused by uterine artery ligation or maternal undernutrition results in
reduced glucose tolerance, increased sensitivity to cholesterol loading (Kind
et al., 1999) and elevated blood pressure in offspring (Persson and Jansson,
1992). DEX treatment of pregnant ewes in early gestation results in elevated
blood pressure (Dodic et al., 1999) and altered regulation of lipolysis (Gatford
et al., 2000) in the adult offspring. Recent work by Bispham et al. (2003) has
shown that, irrespective of maternal nutrition in late gestation, fetuses sampled
from ewes with nutrient restriction in early gestation possessed more adipose
tissue, whereas when ewes were fed to appetite throughout gestation, fetal
adipose tissue deposition and leptin mRNA abundance were both reduced.
These changes suggested that offspring of nutrient-restricted mothers were at
increased risk of developing obesity in later life. This study also suggested that
the increased incidence of obesity in adults born to mothers exposed to the
Dutch famine during early pregnancy (Roseboom et al., 2000) may be a direct
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consequence of adaptations in the endocrine sensitivity of fetal adipose tissue
(Bispham et al., 2003).

The exact nature of the maternal factors that change prenatal development
and determine postnatal pathophysiology remains uncertain. In particular, the
extent to which fetal adipose tissue can be re-programmed as a consequence
of altered maternal nutrition has not been elucidated (Bispham et al., 2003).
Most experimental studies have focused on either altered maternal nutrition or
increased glucocorticoid exposure. It has been argued that maternal nutrition is
not a limiting factor for human fetal growth except under extreme conditions
(Ravelli et al., 1999). However, recent epidemiological studies have found rela-
tionships between nutritional status during pregnancy in non-famine conditions,
adverse outcomes at birth and later disease risk (Campbell et al., 1996; Godfrey
et al., 1996). These observations have raised the possibility that subtle changes
in the materno-placental supply of nutrients may alter fetal metabolism and
endocrine status with postnatal health consequences compatible with the FOAD
hypotheses (Rich-Edwards et al., 1997; Eriksson et al., 2001).

Recent studies have suggested that the timing for the programming of
postnatal function by an adverse prenatal environment might differ between
different regulatory systems. For example, maternal nutrient restriction during
the Dutch famine did not affect basal blood pressure but it impaired glucose tol-
erance in adult offspring (Ravelli et al., 1976). Famine exposure in late gestation
led to a greater impairment of glucose tolerance than during early or mid-
gestation. The rate of obesity was higher in men exposed in the first half of
gestation and lower in men exposed in the last trimester of gestation as
compared to non-exposed men (Inagaki et al., 1986). Thus, while fetal exposure
to a substrate-limited environment at most stages of development appears to
lead to adult dysregulation of metabolism, the precise mechanisms responsible
may vary with the timing of exposure.

Another way in which an adverse maternal environment can influence fetal
development is through the action of maternal glucocorticoids. Similar to that
seen in the human, animal studies indicate that fetal undernutrition leads to
lifelong changes in the fetal hypothalamic–pituitary–adrenal (HPA) axis which,
in turn, reset homeostatic mechanisms controlling blood pressure (Edwards
et al., 1993; Seckl, 1994). The fetus is partly protected from exposure to mater-
nal glucocorticoids by the placental enzyme 11b-hydroxysteroid dehydrogenase
type 2 (11b-HSD-2), which converts maternal glucocorticoids to inactive 11-keto
products (Seckl et al., 1995). In pregnant rats, administration of 11b-HSD-2
inhibitors that block placental inactivation of endogenous glucocorticoids,
reduced birthweight and resulted in hypertension and impaired glucose
tolerance in the adult offspring (Lindsay et al., 1996). Treatment of pregnant rats
with DEX, a synthetic glucocorticoid that can cross the placenta, also reduced
birthweight and caused hypertension, hyperglycaemia and hyperinsulinaemia in
adult offspring, which were amplified by obesity (Seckl et al., 2000).

There is some evidence that the role of undernutrition and glucocortiocoids
as triggers may be interdependent. DEX-injected pregnant rats eat less and gain
less weight than controls. Conversely, acute protein restriction or undernutrition
during the last week of pregnancy in the rat elevates maternal corticosterone
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levels. Offspring are small at birth and show disturbed development of the HPA
axis during postnatal life (Lesage et al., 2001). Furthermore, protein restriction
during pregnancy reduces placental 11b-HSD-2 activity and thus increases fetal
exposure to maternal glucocorticoids (Seckl et al., 1995). Recent data suggest
that hyperglycaemia in 6-month-old rats exposed to DEX in utero is not due
to attenuated peripheral glucose disposal. However, increased glucocorticoid
receptors (GRs) and attenuated fatty acid uptake, specifically in visceral adipose,
are consistent with insulin resistance in this crucial metabolic depot and could
contribute indirectly to increased hepatic glucose output (Cleasby et al., 2003).

Nutritional Programming

Fetal undernutrition has been highlighted as the primary factor involved in the
early life origins of adult disease. Within the laboratory, fetal undernutrition can
most commonly be achieved through maternal dietary restriction during preg-
nancy. Manipulation of maternal nutrition during pregnancy has been known to
alter fetal growth and development for some time (Dobbing, 1981). At present,
rodent models investigating the mechanistic links between maternal under-
nutrition and adult disease generally utilize one of two dietary protocols: global
undernutrition or isocaloric low-protein diets. The maternal low-protein (MLP)
diet during pregnancy and lactation is one of the most extensively utilized mod-
els of nutritional programming (Snoeck et al., 1990; Langley and Jackson, 1994;
Desai et al., 1996; Ozanne et al., 1996a; Petry et al., 2001). This model involves
ad libitum feeding to pregnant rats of a low-protein diet, containing 5–8% (w/w)
protein (casein), generally a little under half the protein content but equivalent
in energy content to a control diet containing 18–20% (w/w) protein (Snoeck
et al., 1990; Langley-Evans, 2000). Offspring from protein-restricted mothers are
around 15–20% lighter at birth (Desai et al., 1996). Maintenance of a MLP diet
during lactation enhances this weight difference and permanently restricts later
growth. If restricted offspring are cross-fostered to mothers fed a control diet,
offspring exhibit rapid catch-up growth (Desai et al., 1996). This catch-up
growth appears to have a detrimental effect on life span, resulting in premature
death, which is associated with accelerated loss of kidney telomeric DNA
(Jennings et al., 1999).

Restricted-protein-exposed offspring exhibit significantly elevated blood
pressure at an early age, in comparison to controls (Langley and Jackson, 1994).
However, the precise composition of the low-protein diet is critical in deter-
mining the cardiovascular outcome for the offspring, with methionine, folic acid,
fatty acids and carbohydrate sources all implicated as modifiers of the low-
protein effect (Langley-Evans, 2000). This highlights the importance that the
balance of micronutrients plays in determining the long-term health effects of
maternal nutrition during pregnancy. Investigations into fetal programming of
hypertension in offspring consistently reveal a reduction in renal mass, increased
apoptosis without a balancing increase in cell proliferation and reductions
in glomeruli number (Langley-Evans et al., 1999a). Changes in kidney
structure and development are also associated with enhanced activity of the
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renin–angiotensin system (RAS) (Langley-Evans et al., 1999b). Increased
expression of glucocorticoid receptors (GRs) in the kidney and lung, accompa-
nied by reduced expression of 11b-HSD-2 in the kidney and adrenals, is
associated with an enhancement of glucocorticoid-mediated increases in blood
pressure (Bertram et al., 2001). These molecular responses are compatible with
the idea that alterations in the function of the HPA axis may be central to the
pathological mechanism involved in generating the phenotype of the MLP
model.

Carbohydrate metabolism in offspring is also altered by a MLP diet during
pregnancy. Fasting plasma insulin and glucose levels are lower in MLP offspring
and are associated with improved insulin sensitivity in early adulthood. How-
ever, programmed offspring exhibit a greater age-dependent loss of glucose
tolerance (Hales et al., 1996). By 15 months of age, in rats, glucose tolerance in
restricted offspring is significantly diminished compared to that of controls, and is
associated with hyperinsulinaemia in males and hypoinsulinaemia in females
(Hales et al., 1996). The mechanisms behind these phenotypic observations
include altered development of the pancreas and an enhancement of insulin
signalling. The MLP diet programmes pancreatic function in restricted offspring
through a reduction in b-cell proliferation, islet size and vascularity, coupled with
an enhancement of b-cell apoptosis (Snoeck et al., 1990). Functionally restricted
islets demonstrate depressed insulin secretion and secretory responses in vitro
(Snoeck et al., 1990). Peripheral insulin sensitivity in low-protein-exposed
offspring is enhanced through increased insulin receptor expression in the
liver, skeletal muscle and adipose, which is accompanied by an increase
in insulin-stimulated glucose uptake through increased GLUT 4 translocation
(Ozanne et al., 1996b). Subsequently, it has been shown that a defect in
glucose-mediated insulin secretion from islets of adult low-protein-exposed
offspring only manifests when an additional dietary insult, such as high-fat
feeding, is introduced postnatally (Ozanne, 2001).

Insulin sensitivity of adipocytes in MLP offspring has been studied in much
greater detail. The findings of these studies show that enhanced activation of
insulin receptor substrate-1 (IRS-1)-associated phosphoinositol 3-kinase (PI3K)
activity may be the key to improvements in insulin sensitivity (Ozanne et al.,
2001). However, alterations in PI3K subunit expression indicate that the adipo-
cytes of restricted offspring may be resistant to insulin’s antilipolytic effects
(Ozanne et al., 2001). A MLP diet during gestation has been shown to augment
the sensitivity of fetal islet cells to nitric oxide (NO) and to IL-1b (Merezak et al.,
2001). Interestingly, taurine supplementation to a MLP diet during fetal and
early postnatal life restores a normal proliferation and apoptosis of rat pancreatic
islets (Boujendar et al., 2002). The mechanisms by which taurine acts on DNA
synthesis and apoptosis rate of endocrine cells appears to involve insulin-like
growth factor (IGF)-II, Fas regulation but not inducible nitric oxide synthase
(iNOS).

Hepatic development is also altered in protein-restricted offspring, with
apparent changes in the expression and function of a range of liver enzymes
(Burns et al., 1997). Functionally, hepatic glucose output is altered, with a
relative resistance to glucagon stimulation being observed (Burns et al., 1997).
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Experimental observations in the MLP diet model of fetal programming highlight
many potential mechanisms that may be involved in the pathogenesis of hyper-
tension and diabetes. These mechanisms include both physical and functional
changes to various organ and endocrine systems.

Global undernutrition at various times during pregnancy is another widely
used approach to induce nutritional programming. Various different models
have been developed, with different levels of undernutrition during different
periods of pregnancy. A mild nutritional restriction, to 70% of normal intake in
the first 18 days of pregnancy in the rat, results in offspring with significant
growth retardation at birth that catch up to controls at postnatal day 20 (Ozaki
et al., 2001). Restricted offspring exhibit elevated blood pressure in adult life,
with an increased vasoconstriction response to potassium and thromboxane A2
mimetics. These abnormalities increase with age and are most pronounced in
male offspring (Ozaki et al., 2001). Another model using a nutritional restriction
to 50% of normal ad libitum intake in the second half of gestation had no
effect on blood pressure, with only subtle alterations in vasoconstrictive ability
being observed (Holemans et al., 1999). In another study a 50% restriction of a
normal diet from day 15 of pregnancy showed that 21-day-old rat fetuses had
significantly decreased pancreatic insulin content (Blondeau et al., 2001).

We have developed a rodent model of fetal programming using maternal
undernutrition throughout pregnancy. At birth, offspring of undernourished
mothers (UN offspring) had fetal and placental weights that were 25–30% lower
than offspring of ad libitum-fed mothers (AD offspring). A lack of catch-up
growth despite a standard postnatal diet (Woodall et al., 1996a) was accompa-
nied by a transient reduction in circulating IGF-I and hepatic IGF-I mRNA
expression, which normalized at weaning. Consistent with this observation, we
also showed that UN offspring had a reduced responsiveness to growth hormone
(GH) during the neonatal period, possibly reflecting delayed maturation of the
somatotrophic axis, which was fully restored before puberty (Woodall et al.,
1996a, 1998). In addition, UN offspring developed elevated blood pressure in
adult life (Weder and Schork, 1994; Woodall et al., 1999).

Postnatal Nutrition

We can distinguish two conceptually different types of interactions between
prenatal and postnatal nutrition in the pathogenesis of metabolic disorders and
obesity. Diet-induced obesity during postnatal life can amplify the prenatal
induction of disease susceptibility (Vickers et al., 2000). Alternatively, prenatal
influences can facilitate the disease process that is induced by postnatal nutrition,
such as the development of obesity and insulin resistance in individuals who are
exposed to a high-fat diet during postnatal life. The direction of the interactions
between prenatal and postnatal influences is most probably dependent on timing
and severity of each factor.

In historically undernourished, recently urbanized populations, such as
those of India, where individuals of low birthweight are exposed to a high-fat
Western diet, the incidence of obesity and type 2 diabetes is reaching epidemic
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proportions (Yajnik, 2000). Work by Yajnik and colleagues has shown that
although Indian babies are born of low birthweight, they exhibit relatively
increased visceral adiposity and hyperinsulinaemia at birth (Yajnik et al., 2002).
Such observations have been explained by the ‘thrifty-phenotype’ hypothesis
proposed by Hales and Barker (1992) and may illustrate the long-term disad-
vantage of postnatal ‘catch-up’ growth. Although there is considerable debate
whether catch-up growth in early postnatal life is beneficial or not, most studies
suggested that postnatal ‘catch-up’ growth is associated with adverse outcomes
in later life (Bonora et al., 1994; Eriksson et al., 1999; Ong et al., 2001; Soto
et al., 2003).

Epidemiological studies have shown that the greatest insulin resistance is
observed in people of low birthweight who develop obesity as adults (Phillips,
1998). Hofman et al. (1997) have shown that short pre-pubertal IUGR children
have impaired insulin sensitivity. In rats, the combinations of prenatal under-
nutrition with retarded fetal growth, and of good postnatal nutrition with acceler-
ated growth, lead to a striking reduction in life span (Hales et al., 1996; Jennings
et al., 1999). The well-established notion that diets high in saturated fats play a
key role in the development of insulin resistance and obesity has recently been
extended to the frequency of food intake. Zammit et al. (2001) suggested that
the pathogenesis of insulin resistance may be related to a pattern of frequent
snacking, which results in a continuous post-prandial state for most of the day.
This prevents the attainment of low basal interprandial insulin levels, even in
normal individuals. Prolonged exposure of the liver to high basal insulin,
through its stimulatory effect on hepatic triglycerides and very-low-density
lipoprotein (VLDL) secretion, may contribute to the initial induction of muscle
insulin resistance (Zammit et al., 2001).

In our studies, we introduced offspring of undernourished rats (UN) to a
hypercaloric (high fat/high protein) diet after weaning to investigate whether
enhanced nutritional supply would facilitate postnatal catch-up growth. This led
to development of obesity during adult life (Fig. 10.1) (Vickers et al., 2000,
2001b). UN offspring also developed hypertension, hyperinsulinaemia, hyper-
leptinaemia and hyperphagia, independent of postnatal diet (Fig. 10.2).
Postnatal hypercaloric nutrition amplified the existing cardiovascular, metabolic
and endocrine abnormalities of UN offspring (Vickers et al., 2000). Interestingly,
hyperphagia was established before puberty, independent of caloric content of
the diet, and increased with advancing age (Vickers et al., 2000). The increased
plasma insulin and leptin concentrations were paralleled by markedly enhanced
immunolabelling for leptin in the peripheral cells of the pancreatic islets (Vickers
et al., 2001a). Hyperleptinaemia has been proposed to reflect an endocrine
endeavour to reduce insulin secretion through direct action on pancreatic b-cells
(Seufert et al., 1999). Since leptin inhibits glucose-stimulated insulin secretion in
vitro (Pallett et al., 1997), we hypothesized that the local increase of immuno-
reactive leptin in pancreatic d-cells may be a paracrine mechanism to reduce
hypersecretion of insulin (Vickers et al., 2001a). The hyperleptinaemia and
hyperinsulinaemia seen in UN offspring may be a mechanism induced by a
nutrient-deprived fetal environment to store large quantities of triglycerides when
food is plentiful, thus representing a competitive advantage (‘thrifty phenotype’)
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in preparation for a nutrient-deprived postnatal environment (Hales and Barker,
1992). However, when hypercaloric nutrition persists for long periods of time,
adipogenic diabetes may develop. Our work to date cannot resolve whether
the primary defect in this cascade is in appetite regulation, fat accumulation,
altered leptin or insulin action. We have shown that therapy with IGF-I or
GH can ameliorate obesity, hyperphagia and hypertension induced by fetal
programming and high-fat nutrition, but the precise mechanisms underlying
these effects are yet to be resolved (Vickers et al., 2001b, 2002).

In a recent study, we reduced the food intake of UN offspring after weaning
to 70% of ad libitum intake (hypocaloric diet) to investigate whether reduced
postnatal nutrition could prevent the development of the metabolic disorders
induced by prenatal maternal undernutrition (M.H. Vickers and B.H. Breier,
unpublished observations). As expected, body weight and fat pad mass
decreased in UN offspring on the hypocaloric diet. However, we were surprised
to see that these animals still developed hyperinsulinaemia, increased leptin/fat
pad ratio and elevated blood pressure as adults. This is the first evidence to
suggest that the prenatal influences of maternal undernutrition on metabolic
pathogenesis may persist into adult life, even if postnatal growth is limited.
The public health implications of these preliminary observations are enormous,
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Fig. 10.1. Body weight gain in the offspring of ad libitum-fed (AD) and under-
nourished (UN) mothers, fed either a control or high-fat diet postnatally. Note the
marked weight gain in UN animals fed a high-fat diet. AD control (w), AD high-fat
(v), UN control (q), UN high-fat (r).
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since they suggest that the balance of postnatal nutrition is critical and that
either under- or overnutrition in the face of adverse prenatal influences may be
detrimental to long-term health.

Early Origins of the Metabolic Syndrome

Maternal malnutrition in animals manifests as insulin resistance, hyper-
leptinaemia, obesity, hypertension and appetite disorders in offspring. Thus,
animal models of fetal programming display a phenotype in offspring that
closely mimics the clinical symptoms of the metabolic syndrome seen in humans
born with low birthweight (Reaven, 1993; Smith et al., 1999). The metabolic
syndrome is the term used by the World Health Organization (WHO) to describe
the clustering of clinical cardiovascular risk factors that occur in individuals
with impaired insulin sensitivity (Alberti and Zimmet, 1998). These risk factors
include obesity, dyslipidaemia, hypertension and microalbuminuria (Groop
and Orho-Melander, 2001). The prevalence of the metabolic syndrome, its
associated disorders and their impact on national health and well being is
now increasing in epidemic proportions worldwide. The WHO has estimated
that by 2025 there will be 300 million people worldwide suffering from health
problems associated with the metabolic syndrome (Seidell, 2000). This trend
is most pronounced in countries undergoing a rapid economic transition to a
Western-style market economy and is associated with a move to a westernized
lifestyle and diet (Seidell, 2000; Zimmet et al., 2001). The changes accompany-
ing westernization include a sedentary lifestyle, significantly improved nutrition
and, in some cases, a switch to foods of greater energy density containing high
levels of saturated fats and simple sugars (Riccardi and Rivellese, 2000). These
factors that are associated with westernization are believed to be the key
environmental influences driving the staggering increases in obesity, type 2
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Fig. 10.2. Retroperitoneal fat pad mass and plasma leptin concentrations in offspring from
undernourished (UN) or ad libitum-fed mothers (AD) at 120 days of age, fed either a control
or high-fat diet during postnatal life. BW, body weight.
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diabetes and metabolic syndrome seen in the developing nations of the world
(Zimmet et al., 2001).

The associations between westernization and the incidence of obesity,
diabetes, metabolic syndrome and coronary heart disease (CHD) have led these
disorders to be termed ‘the diseases of affluence’ (Barker, 1994). When the
socio-economic dimensions of these disorders are investigated, interesting links
begin to emerge between economic status and disease risk. In both affluent
countries and in those counties undergoing economic transition, obesity and
type 2 diabetes are highest in those with low socio-economic status (Zimmet
et al., 2001). Those with a high socio-economic status appear to be less suscepti-
ble to these diseases (Zimmet et al., 2001). Rather than being associated with
affluence, these observations indicate a relation between poor socio-economic
status and increased susceptibility to chronic cardiovascular and metabolic
disease.

The fundamental origins of the metabolic syndrome and its complex multi-
factorial pathogenesis have yet to be determined. Current opinion has favoured
the role of a genetic susceptibility, a thrifty genotype, particularly apparent
in some ethnic groups (Neel, 1999; Groop and Orho-Melander, 2001). This
hypothesis proposes that a number of thrifty gene variants act together to alter
glucose and fat metabolism, generating systemic metabolic thrift. Thrifty changes
may include alterations in the metabolic function of critical organs, such as the
pancreas, adipose tissue, liver or skeletal muscle. Overall, this genotype is char-
acterized by an energy-conserving metabolism providing an enhanced capacity
to store and retain surplus energy as fat (Neel, 1999; Groop and Orho-Melander,
2001). When this thrifty genotype is exposed to the abundance of calories typical
of a Western pattern of nutrition, obesity soon develops, leading to diabetes
and the metabolic syndrome (Groop and Orho-Melander, 2001). The thrifty
genotype hypothesis promotes the idea that the primary origins of the metabolic
syndrome lie in a gene–environment interaction. The list of candidate thrifty
genes believed to play a role in this process is quite extensive and includes those
for leptin and its receptor, pro-opiomelanocortin (POMC) and the melanocortin
receptor (MC4), b-adrenergic receptors, TNF-a, peroxisomal proliferator
activated receptor g (PPAR-g), IRS-1 and many more (Groop, 2000). To date,
monogenetic mutations and polymorphisms in candidate genes have been
linked with the metabolic syndrome in only a few rare cases. Current genetic
approaches to understanding the pathophysiology of the metabolic syndrome
focus on the interplay of multiple candidate gene loci that act together to
increase an individual’s susceptibility to environmental triggers.

Hales and Barker (1992) proposed an alternative hypothesis for the origins
of the metabolic syndrome, the thrifty phenotype hypothesis. This hypothesis is
similar to that of the thrifty genotype, in that the metabolic syndrome is seen as
the result of a critical interaction between an inherent susceptibility and environ-
mental trigger. However, as opposed to a genetic susceptibility, Hales and
Barker (1992) propose a developmental susceptibility, a metabolically thrifty
phenotype programmed in utero by fetal undernutrition. The programming of
fetal metabolism with a thrifty phenotype, characterized by a reduced metabolic
capacity, is seen as an adaptive response to suboptimal intrauterine nutrition,
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and is believed to be aimed at conserving metabolic energy for critical organ
growth and development, aiding in the ultimate survival of the fetus (Hales and
Barker, 1992). If poor nutrition is maintained after birth, a thrifty phenotype is
believed to offer a metabolic advantage in a nutrient-poor environment (Hales
and Barker, 1992).

However, exposure of the thrifty phenotype to a postnatal environment con-
sisting of an excessive nutritional plane overloads the reduced metabolic capac-
ity of the thrifty individual, resulting in the preferential storage of surplus energy
as fat (Hales and Barker, 1992). Low socio-economic status contributing to poor
maternal nutrition and fetal undernutrition, in combination with the subsequent
improvement of nutrition that accompanies economic development, can now
be identified as another potential mechanism driving the staggering increases
in the incidence of the metabolic syndrome seen in developing nations (Hales
and Barker, 1992). In the light of the current understanding of time trends,
geographic and socio-economic association, the thrifty phenotype hypothesis
provides important insight into the potential origins of a worldwide epidemic.

The ‘couch potato’ syndrome

We have recently reported experimental evidence suggesting that maternal
undernutrition can induce sedentary behaviour, hyperphagia and concomitant
obesity in offspring, independent of postnatal dietary influences (Vickers et al.,
2003). We had shown previously that maternal undernutrition throughout
pregnancy in the rat results in hypertension, hyperinsulinaemia and
hyperleptinaemia in the offspring when they reach adulthood (Vickers et al.,
2000). Obesity was not present until after puberty and was associated with
hyperphagia. In the course of these studies we noted that the onset of
the abnormal eating behaviours occurred prior to puberty, thus preceding the
development of obesity. This led us to speculate that the prenatal maternal
environment might also affect other components of behaviour associated with
the metabolic syndrome.

Voluntary locomotor activity was assessed in rat prenatally undernourished
offspring at various ages from the peri-pubertal period to adulthood. This
was done following three habituation trials using Optimax behavioural testing
apparatus. The animals were fed either a standard diet or a hypercaloric diet
throughout postnatal life. Offspring of undernourished mothers were signifi-
cantly more sedentary in postnatal life than those born of ad libitum-fed mothers,
for all parameters measured, and this was independent of postnatal diet. Analy-
sis of food intake revealed hyperphagia in mature offspring that had been
exposed to maternal undernutrition. This was independent of postnatal diet,
although it was exacerbated by hypercaloric nutrition (Fig. 10.3). Importantly,
in the animals tested at a peri-pubertal age, diminished locomotor activity
was already present prior to the development of maturity-onset obesity and was
significantly reduced in males compared to females (Fig. 10.4).

These results suggest that maternal undernutrition can lead to the develop-
ment of both overeating and diminished exercise, behaviour concomitant with
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the physiological features of the metabolic syndrome. The former observation
raises the intriguing possibility that some behaviours and lifestyle choices that
exacerbate the metabolic syndrome in humans may not be voluntary but may be
an inherent part of the syndrome, and may have a prenatal origin. Our recent
studies suggest that the ‘couch potato’ syndrome may have its origins during
prenatal development. This has major implications for public health policy.
Health-care funding may be better spent on improving pregnancy care rather
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Fig. 10.3. Offspring of undernourished (UN) mothers are significantly lighter and shorter at
birth than those born from ad libitum (AD)-fed mothers. UN offspring develop increased fat
deposition concomitant with hyperleptinaemia and hyperphagia in adult life.
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Fig. 10.4. Distance travelled and food intake in offspring of ad libitum-fed (AD) and under-
nourished (UN) mothers, at 135 days of age, fed either a control or high-fat diet postnatally.
UN offspring are hyperphagic and significantly less active than AD offspring, and the effect is
amplified by exposure to a high-fat diet.
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than waiting until metabolic and cardiovascular disorders manifest in offspring
years or decades later.

Endocrine and Metabolic Mechanisms

The precise mechanisms underlying the programming of adult disease by mater-
nal nutrient restriction remain a matter of debate. Maternal undernutrition or
low-protein diet during the last trimester in the pregnant rat leads to reduction
of fetal pancreatic b-cell mass (Petrik et al., 1999) and increased apoptosis of
immature b-cells (Cherif et al., 1998). While insulin-stimulated glucose uptake
in adipocytes is increased during early postnatal life due to increased insulin
receptor number (Ozanne et al., 1997), there is greater age-dependent loss of
glucose tolerance and later insulin resistance (Hales et al., 1996; Ozanne et al.,
2001). The reduced insulin action is associated with reduced phosphatidyl-
inositol 3-kinase (PI3K) and protein kinase B (PKB) activation and altered fatty
acid metabolism (Ozanne et al., 1998).

Another important target of prenatal events is the liver, where glucocorti-
coids regulate several metabolic processes, including hepatic enzymes regulating
carbohydrate and fat metabolism. Rats exposed to DEX in the last trimester of
pregnancy show increased phosphoenolpyruvate carboxykinase (PEPCK) gene
transcription and increased activity of this rate-limiting enzyme of gluconeo-
genesis in the liver (Nyirenda et al., 1998). These animals have adult hypergly-
caemia and increased hepatic glucocorticoid receptor expression. Similarly,
structural changes in the liver and altered expression patterns of gluconeogenic
enzymes and glucose handling have been reported after a maternal low-protein
diet (Burns et al., 1997).

Neuroendocrine regulatory systems are also vulnerable to disturbances in
early life, which can lead to permanent structural changes, including reduced
cerebral vascularity (Bennis-Taleb et al., 1999) and dysfunction of central
nervous system regulation. Maternal low-protein nutrition results in structural
changes in the mediobasal hypothalamic nuclei in weanling offspring, and fewer
neurons immunopositive for neuropeptide Y in the arcuate hypothalamic
nucleus (Plagemann et al., 2000). These neuroendocrine changes are accompa-
nied by the development of obesity and diabetogenic disturbances later in life.
The HPA axis is particularly susceptible to prenatal influences. For example,
neonatal disturbance of mother–pup interactions permanently alters plasma
adrenocorticotrophic hormone (ACTH) and corticosterone concentrations and
glucocorticoid receptor (GR) levels in hippocampus, paraventricular nucleus
(PVN) and pituitary (Meaney, 2001). Similar GR abnormalities have been
described following either nutritional manipulation or glucocorticoid administra-
tion to the mother. Maternal glucocorticoids alter the utilization of alternative
exon 1 sequences coding for promotor regions on the GR gene in offspring
(McCormick et al., 2000). This is strong evidence that programming can cause
permanent alterations in gene expression and could explain the increase in
basal plasma corticosterone levels in adulthood that may contribute directly to
hypertension and hyperglycaemia (Seckl et al., 1999).
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It is well established that prenatal stress can influence the development of
neural systems that control endocrine responses to stress and regulate behav-
ioural traits (Ladd et al., 2000; Meaney, 2001). Maternal glucocorticoid adminis-
tration or prenatal stress in rats leads to development of decreased locomotor
activity and increased defaecation and avoidance behaviour in an ‘open field’
test (Welberg and Seckl, 2001; Welberg et al., 2001). An animal model of
fetal programming by maternal tumour necrosis factor (TNF)-a administration
showed reduced locomotor activity of offspring (Dahlgren et al., 2001). While
recent studies in the rat have focused on maternal behaviour during the neonatal
period, which influences the HPA axis activity and anxiety behaviour (Meaney,
2001), there is little published experimental information on the effects of
maternal nutrition on offspring behaviour. One group reported that maternal
low-protein nutrition during pregnancy in the rat led to changes in exploratory
behaviour, social interactions and avoidance behaviour in offspring (Almeida
et al., 1996a,b). Since it is well established that diet-induced obesity in animals
leads to a reduction in locomotor activity (Remke et al., 1988), these studies are
in general agreement with our observation of increased eating behaviour in
offspring of undernourished mothers and our observation of their decreased
locomotor activity, as discussed above.

Programming of the Adipoinsular Axis and Altered Adipogenesis

It is important to note that very few animal studies have addressed interactions
between pre- and postnatal nutrition. However, other studies that have investi-
gated diet-induced obesity point to a link between peripheral leptin resistance
and insulin resistance in the development of obesity. The physiological role of
hyperleptinaemia associated with caloric excess has been proposed to relate
to the protection of non-adipocytes from lipid oversupply that would lead to
steatosis and lipotoxicity (Unger and Orci, 2001). Elevated leptin production as
a result of short-term caloric excess prevents the up-regulation of lipogenesis
and increases fatty acid oxidation, thus reducing lipid supply to peripheral tissue
during caloric excess (Unger and Orci, 2001). In diet-induced obesity, peripheral
leptin function is, at first, normal. However, prolonged caloric excess results
in dysregulation of post-receptor leptin signalling. This causes accumulation
of triglycerides and lipid metabolites, providing fatty acid substrate for the
damaging effects of non-oxidative metabolism, leading to functional impairment
of non-adipose tissue and a progression to type 2 diabetes and cardiovascular
disease (Unger, 2001).

A range of genetic components of obesity has been identified (Flatt and
Bailey, 1981; Kawano et al., 1992; Akiyama et al., 1996), and research on
alterations in biochemical pathways caused by single gene mutations in animal
models has contributed significantly towards knowledge of physiological mecha-
nisms of obesity (Campfield et al., 1998). It is well established that leptin acts at
the level of the hypothalamus to regulate appetite and energy homeostasis
(Ahima and Flier, 2000). The long-form, or signalling form, of the leptin receptor
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(OB-Rb) is expressed in high levels in several cell groups of the hypothalamus
and in various tissues throughout the body (Baskin et al., 1999a,b; Vickers et al.,
2001a). Under normal physiological conditions, increased leptin signalling in
the medial hypothalamus is associated with reduced neuropeptide Y (NPY)
and agouti-related (AgRP) protein production (Hahn et al., 1998) but
increased cocaine- and amphetamine-regulated transcript (CART) and pro-
opiomelanocortin (POMC) production (Schwartz et al., 1997; Thornton et al.,
1997; Wang et al., 1999). These leptin-induced changes in neuropeptides lead
to decreased food intake and increased energy expenditure.

In obese individuals, elevated plasma leptin is proposed to uncouple leptin
action on its receptors in the hypothalamus, thereby disrupting signal trans-
duction pathways that exert effects on satiety and energy expenditure (Ahima
and Flier, 2000). Direct leptin signalling in peripheral tissues has only recently
been demonstrated. For example, increased leptin signalling in muscle tissue has
been shown to blunt lipogenesis and stimulate lipid oxidation (Muoio et al.,
1997). There is also growing evidence for a feedback system between leptin and
insulin which links the brain and the endocrine pancreas with other peripheral
insulin- and leptin-sensitive tissues in the control of feeding behaviour, metabolic
regulation and body energy balance (Kieffer and Habener, 2000). This endo-
crine system has been termed the adipoinsular axis (Kieffer and Habener, 2000).
When adipose stores decrease, falling leptin concentrations permit increased
insulin production, resulting in the deposition of additional fat. Conversely, the
suppressive effects of leptin on insulin production are mediated by the autonomic
nervous system and by direct actions via leptin receptor on b-cells (Kieffer and
Habener, 2000). Our data suggest that fetal programming by maternal under-
nutrition throughout gestation may lead to dysregulation of the adipoinsular
feedback system. Relative leptin resistance by pancreatic b–cells may contribute
to hyperinsulinism, which further exacerbates adipogenesis. The hypeinsulinism
and hyperleptinaemia may also trigger the pathogenesis of hyperphagia.

Increasing evidence points to two main peripheral metabolic pathways
in the pathogenesis of diabetic complications in diet-induced obesity, namely
insulin signalling through its tyrosine kinase receptor (IR) and leptin signalling
through OB-Rb. Cross-talk between the two pathways has been discovered
recently, which suggests potential avenues for homeostatic modulation of their
individual functions (Szanto and Kahn, 2000). However, the extent of the inter-
dependence between the two systems in physiological and pathophysiological
settings remains poorly characterized and not all of the interactions between the
two pathways may exist at any one time in an individual tissue.

Binding of leptin to OB-Rb results in the activation of Janus kinase (JAK)-2
which, in turn, tyrosine phosphorylates the intracellular domain of the receptor
at two sites, each of which mediate distinct signalling pathways, namely the MAP
kinase (MAPK) pathway and the signal transducers and activators of transcrip-
tion (STAT)-3/suppressor of cytokine signalling (SOCS)-3 pathway (Wang et al.,
2000). The latter is a leptin-regulated inhibitor of leptin signalling in vivo and
therefore its overproduction is a potential mechanism for leptin resistance
(Bjorbaek et al., 1997, 1999; Li and Friedman, 1999; Banks et al., 2000).
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However, in muscle, insulin induces SOCS-2 and SOCS-3 through STAT-5
activation, by a mechanism that is independent of its major signalling mecha-
nisms (PI3K and MAPK pathways), thereby creating a complex interplay of sig-
nals with potential to blunt the leptin response (Sadowski et al., 2001).

Another focus for interplay between these two pathways is at the level of the
insulin receptor substrates (IRS-1 and IRS-2). Leptin has been shown to interact
with IRS-1, IRS-2, PI3K and MAPK (Kim et al., 2000; Szanto and Kahn, 2000).
Exposure to leptin modifies the IRS response to insulin, causing increased
binding of PI3K to IRS-1, while simultaneously inhibiting phosphorylation
and PI3K binding to IRS-2. Moreover, leptin alone can activate PKB/Akt and
glycogen synthase 3 by a pathway that appears to be different from that of
insulin. A picture therefore emerges of divergent leptin and insulin action on IRSs
and their downstream kinases, leading to a complex of overlapping, but distinct,
interactions between the two signalling systems.

Summary and Conclusions

Numerous epidemiological studies have described a relationship between
adverse prenatal factors and the development of metabolic disease and obesity
in later life. Both prospective clinical studies and experimental research have
clearly shown that the propensity to develop abnormalities of cardiovascular,
endocrine and metabolic homeostasis in adulthood is increased when fetal
development has been adversely affected. The pathogenesis is not based
on genetic defects but on altered genetic expression as a consequence of
an adaptation to environmental changes during fetal development.

Studies of the interaction between maternal undernutrition throughout
pregnancy followed by postnatal hypercaloric nutrition in the rat have shown
that offspring from undernourished mothers are growth retarded at birth
and develop obesity, hypertension, hyperleptinaemia, hyperinsulinaemia and
hyperphagia during postnatal life. Recent evidence also suggests an alteration in
locomotor activity and eating behaviour. Close associations between a major
rise in circulating insulin and leptin concentrations, and a large increase in
appetite and fat mass, provide evidence for disturbed endocrine communication
between the hypothalamus, adipose tissue and the endocrine pancreas in the
pathogenesis of programming-induced obesity. Hypercaloric nutrition during
postnatal life greatly amplifies prenatal effects on metabolic abnormalities,
obesity, overeating and diminished exercise behaviour.

Fetal programming research offers a novel approach to investigating the
mechanistic basis of metabolic disorders, hyperphagia and diminished exercise
behaviour which, in human populations, predominantly arise from environ-
mental factors and lifestyle choices. The use of animal models can establish
model conditions that will reliably provide high contrasts of phenotypes. Such
studies offer an exciting potential for new advances in our understanding of
critical determinants and mechanisms for human obesity and metabolic
disorders.
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Renal Disease and Fetal Undernutrition
L.L. Woods

11 Renal Disease and Fetal
Undernutrition

LORI L. WOODS

Division of Nephrology and Hypertension, L463 Oregon Health and Science
University, Portland, OR 97239-3098, USA

Introduction

Although it has now been about a decade and a half since Barker and colleagues
first reported the inverse relationship between early growth patterns and the
incidence of adult heart disease (Barker et al., 1989), the long-term implications
of prenatal undernutrition for kidney disease in adulthood are still not well
known. However, the little information that is available suggests that intrauterine
growth retardation (IUGR) or low birthweight in humans is associated with a
reduced number of nephrons (Hinchliffe et al., 1992; Manalich et al., 2000), an
increased rate of proteinuria (Hoy et al., 1998, 1999) and renal failure (Lackland
et al., 2000) later in life. This chapter will first examine what is known about
the effects of early undernutrition on renal development, morphology and
physiology. It will then consider some possible mechanisms involved in this
programming. Finally, the chapter will explore how the known abnormalities
associated with prenatal undernutrition may lead to renal disease.

Models of Fetal Undernutrition

To provide some points of reference with which to examine the existing data, it is
useful to consider the various experimental models that have been used to study
the long-term effects of fetal undernutrition on the offspring. Fetal undernutrition
can be induced either by maternal undernutrition, by interference with utero-
placental blood flow, or by nutrient transfer at the maternal–fetal interface in an
otherwise well-nourished mother. Animal models of maternal undernutrition
have generally involved either global food restriction, at anywhere from 30 to
70% of ad libitum intakes, in the rat or sheep, or restriction of protein intake by
adjustment of the protein content of the diet, with the food itself being given ad
libitum. Restriction of protein intake has been most often used in the rat, and the
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protein level chosen has ranged from about 5% (6% casein) to 12%, with what
has been considered the ‘normal’ level usually set at about 19% (21% casein),
but sometimes reaching 30%. Recently a model of maternal protein restriction in
the pig has been used, with maternal protein intake reduced from 14% to
0.5–1% (Bagby et al., 2004). Restriction of maternal food or protein intake
has been employed for all or part of gestation, sometimes with a clear intent to
isolate a specific window or critical period of development, and at other times
without a clear reason for the protocol chosen. At any rate, with such a large
variation in the protocols used, it is unsurprising that there are inconsistencies in
the results have been reported. In considering the findings of different studies, it
will thus be crucial to give attention to the specifics of the dietary protocols
employed in each case.

A possible role for maternal dietary fat intake in fetal programming has also
been considered (Khan et al., 2003), and further work in this area is likely to
be forthcoming. Variations in maternal Na+ intake can also programme for
offspring hypertension, and we have begun to explore potential mechanisms
involved in this (Woods and Weeks, 2004). Finally, some attention has been
given to possible roles for micronutrients or vitamins in programming the off-
spring; in particular a role for vitamin A has been postulated (Lelievre-Pegorier
et al., 1998).

In addition to maternal undernutrition, several other methods have also
been used to induce fetal undernutrition. These include surgical removal of most
of the uterine caruncles (the implantation sites for the placenta) prior to preg-
nancy or placental embolization in the sheep (Robinson et al., 1979; Louey
et al., 2003), and ligation of one uterine artery in the rat (Merlet-Benichou et al.,
1994). Some of these methods of interfering with placental function affect the
entire pregnancy, whereas others affect only the later portion of gestation.
Although the focus of this chapter is on fetal programming by maternal diet,
findings in these other models will be referred to if they contribute to our
understanding of the effects seen with maternal dietary restriction.

Effects of Fetal Undernutrition on Renal Structure and Function

It has long been recognized that fetal undernutrition, in the rat, leads to abnor-
malities in renal structure and function after birth. In 1968, Zeman first reported
that rat offspring of mothers that were severely protein-restricted (6% casein diet)
throughout pregnancy had kidneys that contained fewer glomeruli than offspring
of mothers on a normal diet (24% casein). This investigator acknowledged the
difficulty of quantifying morphologic components using the techniques available.
However, it was estimated that in kidneys of newborn protein-restricted pups,
the total number of glomeruli per section was reduced by 18%, and that the
percentage accounted for by immature glomeruli was increased from 31% to
46% of the total. The nephrogenic zone also appeared to occupy a larger
proportion of the total width of the cortex, indicating that the kidneys were less
mature in offspring of protein-deprived mothers. The finding of a decreased
number of cross-sections of proximal tubules was taken as an indication that the
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proximal tubules were fewer in number or shorter in the protein-deprived
newborn offspring, providing further evidence of renal immaturity. Staining for
acid and alkaline phosphatases was reduced or absent, also thought to indicate
immaturity (Zeman, 1968). Figure 11.1 shows photomicrographs from near-
term fetal rats in our laboratory, also illustrating the relative immaturity of the
kidneys in offspring of protein-restricted mothers.

In more recent years, several laboratories have also reported a reduced
number of nephrons in offspring of protein-restricted mothers, using a variety of
methods. Merlet-Benichou et al. (1994) caused intrauterine growth retardation
(IUGR) in rats either by ligation of one uterine artery or by feeding the mother a
severely protein-restricted diet (5% protein versus a 22% protein control diet)
from day 8 of gestation onward. Fetuses in the uterine horn with the ligated
artery were 29% smaller and had 37% fewer glomeruli than those in the intact
horn. By 2 weeks of age, pups from the ligated horns were still 23% smaller and
had 30% fewer glomeruli. Glomerular volume was reported to be increased.
Likewise, offspring of protein-deprived mothers were 28% smaller at birth and
had 22% fewer glomeruli; by 2 weeks of age they were still 18% smaller and had
18% fewer glomeruli than offspring of mothers fed the normal diet. In this study,
glomeruli were counted using an acid digestion method (Merlet-Benichou et al.,
1994). Glomerular filtration rate (GFR) was reduced by about 50% in the
2-week-old pups from the ligated uterine horns, but renal function was not
measured in the offspring of protein-deprived mothers. In another study,
Vehaskari et al. (2001) fed a severely protein-restricted diet (6% protein) to
pregnant rats for the last half of gestation. Using the maceration method, they
estimated that the total number of glomeruli was decreased by nearly 30% in
both male and female offspring at 8 weeks of age. Measurements of GFR were
not done, but these investigators reported that plasma creatinine levels were
similar in all groups.

Although methods using acid maceration or dissociation are relatively
simple and may allow qualitative comparisons between groups, they are subject
to considerable bias. The ‘gold standard’ techniques for determination of glo-
merular number and volume employ stereological methods, and the importance
of using such unbiased techniques has recently come to the forefront (Madsen,
1999). Using these methods, we have recently confirmed that the relatively
severe degree of maternal protein restriction used in the above studies, when fed
throughout or during the last half of pregnancy, indeed causes a reduction of
30–45% in the number of nephrons in the offspring (Woods et al., 2004a).
Although this effect is present in both males and females, it tends to be greater
in males. We also found that absolute GFR is reduced in both male and female
offspring of severely protein-restricted mothers. GFR normalized to body weight
was significantly reduced in male offspring subjected to prenatal undernutrition,
and tended to be reduced in females.

Although it seems clear from the above studies that severe maternal protein
restriction during pregnancy leads to a reduced number of nephrons in the
offspring, the effects of a more modest protein restriction are less easily delin-
eated. Langley-Evans et al. (1999) counted glomeruli in 3–5 sections from fixed
kidneys and reported that nephron number was significantly reduced by 16% in
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Fig. 11.1. Representative photomicrographs of kidneys of 23-day rat fetuses of mothers maintained on a normal (left panel) or protein-
restricted (right panel) diet throughout pregnancy. The renal cortex is not only thinner in the fetus of the protein-restricted mother, but the
nephrogenic zone, the compact outer layer of immature tubules and glomeruli, comprises a greater proportion of the cortex, indicating a
less-mature kidney. (Courtesy of Drs Douglas Weeks and Hua Guo.)
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mature offspring of mothers that had received 9% casein throughout pregnancy.
Data for males and females were combined, so gender differences were either
not present or not assessed. However, the average number of glomeruli in
control kidneys in that study was considerably lower than that reported by other
investigators, casting some doubt on the reliability of the method. However,
these findings have been confirmed using both an acid digestion method and an
unbiased stereological technique (Zimanyi et al., 2000; Woods et al., 2004b).
GFR was measured only in females, at 19 weeks of age, and no differences were
found between the offspring of control and protein-restricted mothers.

A study of Sprague–Dawley rats from our laboratory showed general agree-
ment with the results of this study of Langley-Evans et al. Using stereological
methods, we found that an 8.5% protein (9% casein) maternal diet caused a
13% reduction in birthweight and a 25% reduction in nephron number in male
offspring (Woods et al., 2001a). The average individual volume of the glomeruli
was increased, so that the total volume of all glomeruli was not different from
that in normal animals. Glomerular hypertrophy and hyperfiltration are well-
known responses to a reduction in nephron number (Hostetter et al., 1981).
In contrast, female offspring of these modestly protein-restricted mothers had
a normal number of glomeruli, which were of normal size (Woods et al., 2004b).
Thus, use of stereological techniques and a modest protein restriction revealed a
gender difference in programming, which will be discussed further later in this
chapter. We also found that although GFR was not different between female
offspring of normal and protein-restricted mothers, it was reduced by about 10%
in male offspring of protein-restricted mothers compared to controls. Although
this did not reach statistical significance, this difference is at the limits of detection
of these techniques. A decrease of this magnitude would be physiologically
significant, as a decrease of only 10% in whole-kidney GFR coupled with
a decrease of 25% in nephron number implies that GFR of the individual
nephrons was increased in these animals compared to controls. This increased
single-nephron GFR may have important implications for the progression of
renal disease, as discussed later in this chapter.

Zimanyi et al. (2000) also used stereological techniques to determine
glomerular number in offspring of modestly protein-restricted Wistar–Kyoto rats.
In this case, the mothers were fed the diet from before breeding throughout
pregnancy, and for the first 2 weeks of lactation. As this dietary restriction
protocol encompassed the entire period of nephrogenesis (from approximately
mid-gestation to about 7–10 days after birth) in the rat, it would, if anything, be
expected to have a greater impact on nephron number than protein restriction
during pregnancy alone (Moritz and Wintour, 1999). Abnormally large or small
pups were culled, which may have reduced variability, and only male offspring
were studied. Despite the small number of animals studied, these investigators
also found that nephron number was significantly reduced by about 30% in
offspring of protein-restricted mothers (Zimanyi et al., 2000).

In summary, it seems clear that severe maternal protein restriction during
pregnancy causes a reduced number of nephrons in both male and female
offspring. Renal function is also reduced. In contrast, a modest maternal protein
restriction appears to reduce nephron number and renal function only in male
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offspring, whereas females appear to be relatively protected from this maternal
insult.

What are the Key Nutrients in Programming of Altered Renal
Structure, Renal Disease and Hypertension?

Although it has been clearly established that the protein content of the maternal
diet can have a major impact on renal development and ultimate renal structure,
not all investigators agree that protein intake is the only, or even the major,
player in programming for adult disease. Maintaining a test diet isocaloric to
the control diet while reducing protein content requires an increase in other
nutrients, usually carbohydrate. Thus, some have suggested that factors other
than the protein content in the maternal diet are critical in programming
the fetus. Langley-Evans (2000) compared the effects of two low-protein diets
that were equal in terms of protein (casein) content but differed in terms of fat,
carbohydrate and methionine content. He found that the low-protein diet that
contained more fat and starch programmed the offspring for increased systolic
blood pressure compared to its own control diet, whereas the one containing
more sugar did not cause increased blood pressure compared to its own control
(normal protein) diet. This suggests that the balance of nutrients in the diet may
be critical in determining the long-term effects of maternal undernutrition on the
offspring. On the other hand, we and others have found that global maternal
food restriction (limiting total food intake rather than altering the composition of
the food) leads to similar effects on the offspring blood pressure as protein
restriction (Woodall et al., 1996; Woods and Weeks, 2004b). This suggests that
the amount of protein consumed by the pregnant mother is critical to the
outcome of her offspring, although there may also be factors in some dietary
formulations that can ameliorate some of the detrimental effects of a low
maternal protein intake.

It should be noted that Tonkiss et al. (1998) measured blood pressure using
radiotelemetry in male rat offspring of mothers that had been severely
protein-restricted (6% casein) before and throughout pregnancy. They found
no significant differences in blood pressure between the protein-restricted
offspring and controls during the light phase of the day (a time of sleep in these
nocturnal animals), but diastolic pressure was significantly higher in protein-
restricted offspring than controls during the dark (active) phase of the day. Also,
the protein-restricted animals had higher systolic and diastolic pressures in
response to a stressor. The authors suggested that the more dramatic differences
in blood pressure found by other investigators using the tail-cuff method may be
due, in large part, to stress. However, in our studies the animals are chronically
instrumented, and although loosely restrained, they have been trained and
acclimatized to these conditions. Thus, stress is reduced, although probably not
entirely prevented. Moreover, as, in humans, a substantial portion of the day is
generally spent awake and often experiencing the routine stresses of daily life, it
seems reasonable that the blood pressures of the rats during mild stress may be
quite applicable to the human condition.

240 L.L. Woods

250A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:29:06 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



A high maternal Na+ intake can also programme the offspring for hyper-
tension (Woods and Weeks, 2004a). Although the mechanisms are unknown,
it does not appear to involve a reduced nephron endowment, as glomerular
number is normal in these offspring (Woods and Weeks, 2004a). The other
nutrient that has received some attention for its possible role in programming the
fetal kidney is vitamin A. Lelievre-Pegorier et al. (1998) fed a vitamin A-deficient
diet to female rats before mating and throughout pregnancy. Glomeruli were
counted using the acid maceration technique in pups at 14 days of age. These
investigators reported that the number of nephrons was reduced in vitamin
A-deficient offspring compared to controls. Interestingly, in pups of normal
mothers injected with retinoic acid on day 11 of gestation, nephron number was
actually reported to be increased compared to pups of normal mothers which
were not treated with retinoic acid. Thus, maternal intake of specific vitamins
or other micronutrients may play a role in programming renal structure and
function in the offspring.

Prenatal Undernutrition and Adult Hypertension

The changes in the kidney that occur in response to prenatal protein restriction
are likely to have important implications for hypertension later in life. The kidney
is widely recognized as the major long-term controller of arterial blood pressure
(Guyton et al., 1972). Although most textbooks state that the average number of
nephrons in a human kidney is about 1 million, the range within the population
is actually quite large: between 300,000 and 1,200,000 (Brenner et al., 1988;
Nyengaard and Bendtsen, 1992; Brenner and Chertow, 1994). Brenner et al.
(1988) have postulated that the reduced ‘endowment’ of nephrons at birth in
certain individuals may account, at least in part, for the tendency to develop
essential hypertension later in life. The mechanisms by which this could occur
are illustrated in Fig. 11.2. A reduced number of nephrons due to fetal under-
nutrition or other causes would provide a decreased total filtration surface area,
which would cause renal sodium retention. Blood pressure would increase until
the forces for ultrafiltration were sufficient to overcome the reduced surface area,
and the individual was again in sodium and water balance. Thus, normal excre-
tion of salt and water would be maintained only at the expense of a higher blood
pressure. Systemic hypertension itself promotes glomerular hypertension and
glomerulosclerosis, which further reduces the functioning surface area, thus
perpetuating a vicious cycle of increasing arterial pressure and progressive
glomerular damage. Thus, by reducing the nephron endowment, fetal under-
nutrition could programme for hypertension as well as increased risk for renal
disease later in life.

Renal Mechanisms of Programming for Hypertension

We first became interested in the effects of maternal undernutrition on the devel-
oping kidney because of our interest in the mechanisms of hypertension. It had
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been shown that modest maternal dietary protein restriction in pregnancy
caused systolic hypertension in the offspring (Langley and Jackson, 1994), but
the mechanisms were unknown. In light of the overwhelming evidence that the
kidney is the major long-term controller of arterial blood pressure (Guyton et al.,
1972), the kidney was the logical place to begin our investigation into mecha-
nisms of prenatally programmed hypertension. Additionally, Brenner et al.
(1988) had recently put forth the postulate that hypertension in humans may be
related to a reduced endowment of nephrons from birth, described above.

Combining what had been reported about maternal protein deprivation
causing fewer glomeruli (Zeman, 1968) with the report that offspring of protein-
restricted mothers develop hypertension (Langley and Jackson, 1994), and the
idea that a reduced nephron endowment may be associated with hypertension
(Brenner et al., 1988), we formulated the following hypothesis (illustrated in
Fig. 11.3). We postulated that a reduced maternal protein intake in pregnancy is
somehow translated to the fetus, presumably by some signalling molecule,
across the placenta. This signal could be something as simple as a change in
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Fig. 11.2. Flow chart illustrating how a reduced number of nephrons caused by
fetal undernutrition could lead to hypertension and progressive renal disease.
(Adapted from Brenner et al., 1988; Brenner and Chertow, 1994.)
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amino acid transport, although other investigators have postulated a role for
increased exposure of the fetus to maternal cortisol or corticosterone (in the rat)
(Benediktsson et al., 1993). Whatever the signal, we postulated that the renin–
angiotensin system (RAS) of the fetus is suppressed when maternal protein
intake is reduced. Either the circulating RAS or the intrarenal RAS could be
altered, but as it is the intrarenal RAS that is generally thought to be important
in long-term regulation of arterial pressure, by causing structural changes, it
seemed likely that this would be the system that would be involved here. Several
laboratories had shown that angiotensin II (AngII) was critical for normal renal
development (Fogo et al., 1990; Friberg et al., 1994; Tufro-McReddie et al.,
1994, 1995; Nishimura et al., 1999), so it was logical to propose that suppres-
sion of the intrarenal RAS during the developmental period would lead to
impaired renal development. It is appropriate to point out here that nephro-
genesis is completed before birth in the sheep and human, so that no new
nephrons are formed postnatally in these species (Moritz and Wintour, 1999). In
contrast, in the rat, nephrogenesis takes place from about mid-gestation until
some 7–10 days after birth. Thus, maternal dietary restriction may continue to
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Fig. 11.3. Hypothesis illustrating the mechanisms
by which fetal undernutrition could lead to adult hyper-
tension. RAS, renin–angiotensin system; GFR, glomeru-
lar filtration rate. (Adapted from Woods et al., 2001a.)
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influence renal development in this species during the first half of the lactation
period. Impaired development would, in turn, result in permanent changes in
renal structure and, consequently, in renal function. This could take several
forms, including a reduced number of nephrons, a reduced glomerular volume
or capillary surface area, impaired tubular function and altered RAS function.
Not all of these changes might be expected to be present, but any one of them
could lead, in turn, to chronic hypertension. Early reports of apparent reductions
in numbers of glomeruli in offspring of protein-deprived rat mothers, as well as
the hypothesis of Brenner et al. (1988) that a smaller nephron endowment at
birth might account for adult hypertension, suggested that nephron number
should be the primary focus for study.

Studies in our laboratory have used a model of modest maternal protein
restriction (8.5% protein) throughout pregnancy in the Sprague–Dawley rat
(Woods et al., 2001a). Kidneys were harvested from newborn animals for
assessment of the intrarenal RAS, and mean arterial pressure and renal function
were measured in chronically instrumented adult offspring. In this particular
study, only male offspring were used. Our findings are shown in Fig. 11.4. Renal
renin, renin mRNA and AngII levels were reduced in the newborn offspring of
protein-restricted mothers, compared to offspring of mothers fed the normal diet,
in keeping with our initial hypothesis. In adult male offspring of modestly pro-
tein-restricted mothers, the total number of glomeruli, measured using unbiased
stereological methods, was reduced by about 25%, and conscious, resting mean
arterial blood pressure was elevated by about 10 mmHg. We also found a
10% reduction in glomerular filtration rate (GFR) in the low-protein-exposed
offspring. Again, the fact that nephron number was reduced by a greater
percentage than the GFR indicates that the individual nephrons were hyper-
filtering. Although this is a well-recognized response to nephron loss, it may con-
tribute to progressive renal disease (Hostetter et al., 1981). Importantly, using
gold-standard techniques, we thereby confirmed reports by other investigators,
using the tail-cuff method, of elevations in systolic blood pressure (Langley and
Jackson, 1994), and of reductions in glomerular (nephron) number counted
in sections of kidney (Langley-Evans et al., 1999) in offspring of modestly
protein-restricted mothers, and we showed for the first time that all of the key
elements in our hypothesis were present in the same animal model.

Our next task in testing the hypothesis was to establish a cause-and-effect
relationship among the various elements. Our first approach, to show that sup-
pression of the RAS during the window of nephrogenesis leads to a reduced
nephron number and hypertension, was to pharmacologically block this system
during development using the AngII receptor antagonist, losartan. We found that
in normal male and female offspring treated with losartan for the first 12 days of
postnatal life, the total number of nephrons in adulthood (22 weeks) was
reduced by 42%, GFR was reduced by 27%, and mean arterial pressure was
elevated by 14 mmHg (Woods and Rasch, 1998). Thus, suppression of the RAS
within the window of nephrogenesis caused a reduced number of nephrons,
impaired renal function and hypertension.

To determine whether a reduction in the number of nephrons, from birth,
leads to adult hypertension, in our next series of experiments we surgically
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reduced the nephron number by 50% by performing a uninephrectomy in
normal rat pups on the first day of postnatal life (Woods, 1999; Woods et al.,
2001b). These animals developed a salt-sensitive hypertension as early as 8
weeks of age, and this hypertension preceded the onset of renal disease, which
did eventually occur, at least in males. In females and young males, total GFR
was reduced by only about 25–30%, whereas in older males it was reduced by
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Fig. 11.4. Newborn intrarenal renin–angiotensin system components and adult
glomerular number and blood pressure in male offspring of modestly protein-
restricted (LP, 8.5% protein) rat dams. *P < 0.05 compared to male offspring
of mothers fed the normal diet (NP). (Adapted from Woods et al., 2001a.)
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about 50%. Thus, although reports regarding a possible hypertensive effect of
uninephrectomy in adulthood are mixed (Vincenti et al., 1983; Hakim et al.,
1984; Smith et al., 1985; Williams et al., 1986), removal of 50% of the nephron
mass, when done at birth, leads unequivocally to adult hypertension in the rat. A
recent study in the sheep has confirmed this finding. Uninephrectomy during the
period of nephrogenesis in the ovine fetus leads to increased mean arterial pres-
sures at 6 and 12 months of age (Moritz et al., 2002). Thus, a cause-and-effect
relationship among the key elements of our hypothesis was established.

There are two principles that are fundamental to the concept of fetal
(or perinatal) programming. First, an insult occurs during a critical window of
development and such windows differ for different organ systems. Secondly,
such an insult causes permanent changes in the structure and function of specific
organs. Work with the low-protein-exposed rat models in our laboratory and that
of Langley-Evans has shown that maternal protein restriction does indeed cause
permanent changes in structure and function of the offspring kidneys. That
the insult must occur during a critical period has been implied in the above
discussion, but the issue has not yet been addressed directly. To look specifically
at this issue, we designed experiments in which rat fetuses were exposed to a
more severe maternal protein restriction that either specifically targeted or specif-
ically avoided the window of nephrogenesis (Woods et al., 2004a). We postu-
lated that if impaired renal development and a reduced nephron number are
central in the aetiology of the hypertension induced by fetal undernutrition, then
the future blood pressure set point of an animal should be sensitive to maternal
protein intake only during the window of nephrogenesis. Thus, pregnant rats
were fed a low-protein diet either throughout pregnancy, only during the first
half of gestation (before nephrogenesis), or only during the last half of gestation
(during nephrogenesis). Arterial pressure, renal function and nephron number in
the adult offspring were compared to those in offspring of mothers receiving the
normal protein diet throughout pregnancy (Woods et al., 2004a). Figure 11.5
shows that arterial pressure was increased and nephron number and GFR were
reduced in male offspring that were exposed to maternal protein restriction
during the last half of, or throughout, gestation, whereas they were normal in
offspring that were exposed only during the first half of gestation. Thus, in
our study, the window of sensitivity of future adult blood pressure to maternal
protein restriction coincided with nephrogenesis. These findings further support
the importance of impaired renal development and permanent reductions in
nephron number in programming for hypertension by maternal diet.

Interestingly, Langley-Evans et al. (1996) did a similar study in which they
fed a 9% casein diet to pregnant rats during either the first, second or third week
of gestation. This showed that exposure to protein restriction during any of the
three trimesters caused systolic hypertension in male offspring, although the
largest effect was seen in offspring exposed throughout pregnancy. The reasons
for the discrepancies between this study and ours are not clear, although there
were a number of technical differences. Perhaps the most important difference is
that their animals were studied at 4 weeks of age, whereas our animals were 22
weeks old. Thus, the differences they noted may have been transient, whereas
our data may represent more long-term, steady-state responses to maternal
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protein deprivation. In another study, Kwong et al. (2000) reported that feeding
a 9% casein diet to pregnant rats for only the first 4.25 days of pregnancy was
sufficient to programme the male, but not the female, offspring for increased
systolic blood pressure. The technical aspects of this study were similar to those
in the study of Langley-Evans et al. (1996) and, again, the animals were studied
at a younger age than in our study. It is puzzling that the control females in that
study had considerably higher blood pressures than the control males. Interest-
ingly, fetal undernutrition induced by uteroplacental embolization in sheep does
not appear to cause adult hypertension (Louey et al., 2003). This may be related
to the fact that such embolization experiments have been performed near the
end of gestation, and thus there was not a great deal of overlap with the period
of nephrogenesis.

There is strong evidence that modest maternal protein restriction program-
mes the offspring for hypertension by suppression of the intrarenal RAS during
development, leading to impaired renal development, a reduced endowment of
nephrons, and consequent hypertension in adulthood. However, the possibility
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Fig. 11.5. Blood pressure, glomerular number and renal function in adult male
offspring of rat dams fed a protein-restricted diet (6% protein) during the first half
of pregnancy (LLP/NP), the second half of pregnancy (NP/LLP) or throughout
pregnancy (LLP), compared to offspring of mothers fed a normal diet (NP, 19%
protein). *P < 0.05 compared to NP. (Adapted from Woods et al., 2004a.)
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that other mechanisms may also come into play cannot be excluded, and more
work is needed to resolve the apparent differences in results among the studies
that have been done to date.

Little is known to date about possible changes in renal tubular function that
may be induced by fetal undernutrition. Manning et al. (2002) have examined a
potential role for abnormal up-regulation of sodium transporters in offspring of
rats undergoing a severe protein restriction for the last half of pregnancy. These
studies have reported that both mRNA and protein levels of the bumetanide-
sensitive Na+–K+–2Cl− cotransporter (BSC1) and the thiazide-sensitive Na+–Cl−
cotransporter (TSC) – the apical Na+ transporters of the thick ascending limb
and the distal convoluted tubule, respectively – were up-regulated in offspring of
protein-restricted mothers (Manning et al., 2002). Importantly, increased levels
of these proteins and their mRNAs were increased at 4 weeks of age, before any
difference in arterial pressures could be detected, suggesting that the changes
were not a response to hypertension. Presumably, such increases in sodium
transporters could promote sodium retention and consequent hypertension. In
contrast, abundances of the type III sodium–hydrogen exchanger (NHE3) and
the a-, b- and g-subunits of the amiloride-sensitive epithelial Na+ channel
(ENaC) were not significantly different between groups. Thus, changes in post-
natal gene expression within the kidney programmed by prenatal undernutrition
could contribute to the increased blood pressure in offspring later in life. How-
ever, more work is needed to clarify the precise role of altered tubular function in
causing the hypertension programmed by fetal exposure to maternal dietary
restriction.

The Role of Maternal Glucocorticoids in Programming the
Offspring for Hypertension and Renal Abnormalities

Several investigators have postulated an important role for fetal exposure to
excess maternal glucocorticoids in the mechanism(s) through which maternal
undernutrition programmes for offspring hypertension (Benediktsson et al.,
1993; C. Bertram et al., 2001). Although the role of maternal glucocorticoids in
programming is addressed in detail elsewhere in this volume (Chapter 16), it
warrants a few words here as well, in particular because some of our own recent
data may refute the importance of this proposed mechanism. Briefly, it is gener-
ally thought that maternal glucocorticoids are normally largely inactivated by the
placental enzyme 11b-hydroxysteroid dehydrogenase (11b-HSD) before they
reach the fetus. However, under conditions in which maternal glucocorticoid
levels are markedly elevated and/or placental 11b-HSD activity is reduced, the
fetus may be exposed to excess maternal glucocorticoids, which could, in turn,
programme for hypertension. Indeed, it has long been recognized that human
infants exposed to prednisone in utero have reduced birthweights and a higher
incidence of being ‘small for dates’ (Reinisch et al., 1978). Additionally, placen-
tal 11b-HSD activity has been shown to be reduced in human pregnancies that
are complicated by IUGR (Shams et al., 1998), although this is not universally
reported (Stewart et al., 1995; Rogerson et al., 1997; McCalla et al., 1998).
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Administration of dexamethasone (a synthetic glucocorticoid not inactivated
by the placental enzyme) to pregnant rats on normal diets throughout or during
the last part of pregnancy leads to offspring of lower birthweight than normal,
who are hypertensive later in life (Benediktsson et al., 1993; Levitt et al., 1996).
Dexamethasone also causes a reduced number of nephrons in the offspring
(Celsi et al., 1998). Additionally, administration of the 11b-HSD inhibitor,
carbenoxolone, to normal pregnant rats, either throughout gestation or during
the last part of pregnancy, produces offspring that are hypertensive, although it
apparently does not do so if carbenoxolone is only given during early pregnancy
(Lindsay et al., 1996; Langley-Evans, 1997). These and other findings have led
some investigators to conclude that fetal exposure to maternal glucocorticoids
plays an important role in programming for offspring hypertension. However,
the relatively high doses of these drugs that were used in the studies mentioned
are of concern. At these doses, these drugs impair maternal food intake and
weight gain, and the mothers are often in poor health. In a very recent study, we
injected dexamethasone at 100 mg/kg/day (the dose most commonly used in the
above studies) into pregnant rats either during the first or last part of gestation
(Woods and Weeks, 2004b). Food intake was reduced, and animals always lost
weight or failed to gain the normal amount of weight during the period of injec-
tion. Administration of dexamethasone early in gestation did not programme
the offspring for hypertension, but administration later in pregnancy did. Pair-
feeding of another group of pregnant animals to the late pregnancy dexa-
methasone-treated group, showed that adult offspring of these mothers had
hypertension that was equivalent to that in the offspring of dexamethasone-
treated mothers. Thus, the reduction in food intake in these animals appeared to
be able to account for the hypertensive programming effects on the offspring,
suggesting that maternal glucocorticoids may not play a major role in program-
ming by maternal diet. At the very least, these data suggest that maternal
glucocorticoids and dietary protein restriction act through the same mechanisms
to programme the offspring for hypertension.

Do Experimental Manipulations Mimic Naturally Occurring
Phenomena?

Aside from the epidemiological studies in humans indicating an inverse relation-
ship between early growth, on the one hand, and adult hypertension and renal
disease on the other, very little information is available regarding naturally
occurring IUGR and these adult outcomes. A recent study in the pig suggested
an inverse relationship between mean arterial pressure at 3 months of age and
birthweight, although the lack of robustness of the data was disappointing
(Poore et al., 2002). In the rat, animals whose birthweight was less than 90% of
the mean for their litters have blood pressures that are higher than gender-
matched littermate controls of normal birthweight. This is true in litters from
untreated mothers and in offspring resulting from a variety of maternal treat-
ments, such as protein restriction, dexamethasone administration and sodium
loading (Woods and Weeks, 2004c). One study in the rat has suggested that
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birthweight is not related to glomerular number and volume (Jones et al., 2001).
However, although these investigators used stereological methods, the design
of the study was such that there was not a large difference in mean size between
the ‘low birthweight’ and ‘normal birthweight’ groups, and many animals in the
‘low birthweight’ group were actually larger than many animals in the ‘normal
birthweight’ group. Thus, a real effect of birthweight on nephron number may
have been obscured. In human subjects, it has recently been shown, using
stereological techniques, that patients diagnosed with hypertension have signifi-
cantly fewer nephrons than do normotensive controls (Keller et al., 2003).
Although this finding does not prove cause and effect, it is reassuring to find that
a reduced nephron number and hypertension again occur in parallel.

Does Fetal Undernutrition Programme for Renal Disease?

Given that fetal undernutrition has been shown to cause a reduced nephron
endowment and hypertension, it seems likely that it would also lead to an
increased risk for some types of renal disease. Although very little is presently
known about the implications of fetal undernutrition for renal disease, emerging
evidence supports the idea that maternal dietary restriction indeed programmes
the offspring for increased renal risk as well.

In the rat, Lucas et al. (2001) found that male offspring of mothers that
underwent a 50% food restriction throughout pregnancy had a reduced GFR per
body weight compared to controls at 3 and 18 months of age. In ageing animals
(18 months), the percentage of glomeruli showing focal or global glomerulo-
sclerosis was greater in the offspring of restricted mothers. Nwagwu et al. (2000)
found that offspring of modestly protein-restricted mothers had increased blood
urea nitrogen levels and urine albumin excretion by 20 weeks of age, suggesting
progressive deterioration of renal function in these animals. As shown in
Fig. 11.6, we have also found that offspring of mothers that were severely
protein restricted during the last part of, or throughout, pregnancy had
significantly more tubular dilatation, tubular atrophy, interstitial fibrosis and
scarring than did offspring of normal mothers (Woods et al., 2004a). This injury
was more prominent in males, and appeared to worsen with age.

Only a very few studies to date have examined the possibility of prenatal
programming for subsequent renal disease in humans. Using histomorphometric
methods, Manalich et al. (2000) studied the kidneys of low birthweight and nor-
mal birthweight newborn infants. They found a significant positive relationship
between birthweight and number of glomeruli in the subcapsular cortex and a
negative correlation between birthweight and glomerular volume. Although the
method did not allow calculation of the total number of glomeruli in the kidney,
in the sections examined, babies weighing less than 2500 g at birth had 12%
fewer glomeruli than those weighing more than 2500 g. Greater percentages
of the mothers of the low birthweight infants smoked, and/or had essential or
gestational hypertension, all of which might contribute to low birthweight, than
mothers of normal birthweight infants. Thus, cause-and-effect relationships in
this study were not clear. It also was not clear whether genetic or environmental
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Fig. 11.6. Representative photomicrographs of kidneys of adult male rat offspring of mothers maintained on a normal (left panel) or protein-
restricted (right panel) diet throughout pregnancy. The kidney of the protein-restricted offspring has significantly more tubular dilatation,
tubular atrophy, interstitial fibrosis and scarring. (Courtesy of Drs Douglas Weeks and Hua Guo.)
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mechanisms (or both) were responsible for the relationships found. However,
these data were at least consistent with the idea that low birthweight is associated
with a reduced nephron endowment. Hinchliffe et al. (1992) used stereological
methods to study renal development in IUGR. Although the number of subjects
was small, the number of nephrons was significantly reduced by an average
of about 35% in babies that were intrauterine growth-retarded, compared to
babies of normal weight (Hinchliffe et al., 1992). Thus, it does appear that there
is also an inverse relationship between fetal growth and nephron number in
humans.

The incidence of chronic renal failure is known to be particularly high in
several populations, including Aborigines of Australia’s Northern Territory and
residents of the south-eastern United States. These populations have provided
some insight into possible relationships between low birthweight and suscepti-
bility to renal disease in humans. Hoy et al. (1999) studied a community of
Aborigines for which birthweights were available. In this population, birthweights
ranged from 1.5 to 4.1 kg, with the mean being approximately 2.7 kg. About
one-third of the study participants were classified as ‘low birthweight’ (less than
2.5 kg). Urine albumin to creatinine ratio, an index of renal disease, tended to be
higher in the low birthweight group, and this relationship was significant after
accounting for age, sex, body mass index and blood pressures. In a matched-
pair analysis (low versus normal birthweight pairs matched for age and sex), the
rate of overt albuminuria (≥ 300 mg albumin per g creatinine) was over twice as
high in the low birthweight individuals (Hoy et al., 1999). Preliminary studies
have not shown a difference in nephron number among Australian Aborigine,
African American and white populations (J.F. Bertram et al., 2001), but larger
sample sizes may eventually reveal such differences.

Lackland et al. (2000) studied patients in South Carolina who were diag-
nosed with renal failure and undergoing dialysis, and compared their birth-
weights with those of controls that did not have end-stage renal disease (ESRD),
who were matched for age, sex and race. The odds ratio for renal failure was
highest in subjects who weighed less than 2500 g at birth, and decreased with
increasing birthweight. There was, however, evidence of a U-shaped trend, with
an elevated odds ratio in the group with the largest birthweights (≥ 4000 g).
This was particularly evident in the subjects in whom diabetes was the primary
cause of the renal failure. The percentage of the ESRD subjects who were
African-American was disproportionately high. Approximately 30% of the
population in South Carolina are African-Americans, whereas 70% of the ESRD
subjects were. However, this is consistent with the relatively high incidence of
ESRD in African-Americans in the USA overall.

Low birthweight may also pose an added risk for renal disease in subjects
with diabetes, in whom the renal risk is already elevated. Rossing et al. (1995)
reported an increase in the risk for renal disease in women with type 1 diabetes
whose birthweights were below the 10th percentile, compared to those with
larger birthweights. In Pima Indians with type 2 diabetes, birthweight and
elevated urinary albumin excretion showed a U-shaped relationship (Nelson
et al., 1998). The high urinary albumin excretion rate associated with low
birthweight was suggested to reflect intrauterine programming, whereas that
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associated with high birthweight was thought to reflect intrauterine exposure to
maternal diabetes.

Zidar et al. (1998) have shown that among children with IgA nephropathy,
those with a birthweight below the 10th percentile have an increased risk for
developing hypertension and glomerulosclerosis, suggesting that low birthweight
introduces factors that contribute to the progression of another form of renal
disease. Thus, although relative fetal undernutrition and other factors that limit
fetal growth may not always lead directly to renal disease, it appears that they
may predispose to more serious disease in patients who develop renal disease
from other causes.

Gender Differences in Programming for Renal Disease and
Hypertension by Fetal Undernutrition

As alluded to earlier, emerging evidence indicates that there are gender
differences in nutritional programming for renal disease and hypertension. In
humans and animals, males generally have somewhat higher blood pressures
than females of the same age, and considerable evidence suggests that the
sex hormones play a role in regulation of blood pressure. Thus it is not sur-
prising that sex differences appear to exist within the phenomenon of fetal
programming. For example, our studies in the rat have shown that a modest
maternal protein restriction in pregnancy programmes the male but not the
female offspring for a reduced nephron number and hypertension in adulthood
(Woods et al., 2001a, 2004b). In contrast, a more severe protein restriction
programmes both male and female offspring for fewer nephrons and hyper-
tension in adulthood (Woods et al., 2004a). Thus, females may be relatively
protected from the long-term effects of in utero exposure to maternal dietary
protein restriction. Recent evidence suggests that this gender difference is due
to differences in the intrarenal renin–angiotensin system during development
in males and females. In males this system is suppressed by maternal dietary
protein restriction, whereas in females renal renin mRNA, renin and angiotensin
II remain at normal levels (Woods et al., 2004b). It seems likely that this
programming is related to the number of nephrons with which the offspring are
endowed (males with a reduced number and females with a normal number),
because we have also shown that surgical reduction in the number of nephrons
from birth leads to salt-sensitive hypertension in both male and female animals
(Woods, 1999; Woods et al., 2001b). However, the blood pressure elevation is
greater in males, and they also develop proteinuria and histological evidence of
renal damage by 20 weeks of age, whereas the females do not (Woods, 1999;
Woods et al., 2001b). There are also gender differences in programming by
maternal salt intake in pregnancy. A moderately high maternal Na+ intake
during pregnancy and lactation leads to hypertension in male but not in female
offspring (unpublished observations). On the other hand, a very high maternal
Na+ intake programmes both male and female offspring for increased blood
pressure (Woods and Weeks, 2004a).
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Other investigators have also reported gender differences in programming
for hypertension by maternal diet. In offspring of rats that were modestly food-
restricted (70% of the normal intake for the first 18 days of pregnancy), males
became hypertensive at a younger age than did their female littermates (Ozaki
et al., 2001). Interestingly, in offspring of rats fed a lard-rich diet, the females
became hypertensive whereas the males did not (Khan et al., 2003). The precise
mechanisms responsible for gender differences in fetal programming are not
known, although the sex hormones oestrogen and testosterone are likely to play
a role. This will be an important area for future study.

In summary, low birthweight in humans is associated with an increased risk
for hypertension and renal disease in adulthood. Based largely on animal studies
of maternal dietary restriction, the following scenario seems likely. Programming
of offspring for these diseases occurs through suppression of the intrarenal
renin–angiotensin system during a critical window of development, resulting in
impaired renal development and a reduced nephron endowment, which, in turn
increases the risk for hypertension and renal disease in later life. In general,
females may be less susceptible than males, requiring a stronger or longer insult
to cause discernible programming. More work is needed to further delineate
the molecular mechanisms involved, and to investigate possible therapeutic
interventions that could potentially prevent or reverse these abnormalities.
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Introduction

Allergic diseases comprise a variety of clinical syndromes with manifestations of
eczema, hay fever and asthma. Allergic disease is a growing medical and public
health concern worldwide. The International Study of Asthma and Allergies
in Childhood (ISAAC) employed a standard methodology to determine the
prevalence rates of asthma and atopic diseases in 155 collaborating centres in 56
countries globally, and among 721,601 children aged 6–14 years (Anonymous,
1998a,b; Williams et al., 1999). Prevalence rates for asthma, wheeze and atopic
eczema reported from selected countries are shown in Table 12.1.

The highest prevalences of asthma symptoms, wheeze and atopic eczema
were reported in New Zealand, Australia, the UK and the Republic of Ireland,
whereas areas of low prevalence included Eastern Europe, Indonesia and Ethio-
pia. The large between-country variations in the prevalence of allergic diseases
are not well understood. Known and putative determinants of allergic disease
can be grouped under the general categories of host, environmental and lifestyle
factors (see Table 12.2).

In the past few decades there has been an increase in the prevalence of
allergic diseases globally, and this increase has been most striking in industrial-
ized countries (Taylor et al., 1984; Ninan and Russell, 1992; von Mutius et al.,
1992; Nakagomi et al., 1994; Peat et al., 1994; Anonymous, 1998a). It has been
suggested that the observed increase is due to changes in diagnostic practices
and/or criteria. However, studies that have documented prevalence rates in
the same populations over time using comparable methodologies support the
assertion that the increase is real (Ninan and Russell, 1992; Peat et al., 1994). In
Aberdeen, UK, 7-year-old schoolchildren were studied in 1964 and again in
1989, in the same school using a comparable instrument. During the interval, the
prevalence of wheezing, diagnosed asthma, hay fever and eczema had almost
doubled (Ninan and Russell, 1992).
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The reasons for this increase in allergic diseases have been debated.
Changes in the gene pool of the population, or in the environment, or lifestyle, or
the interaction among these factors can serve as a conceptual framework within
which to examine the increase in the prevalence of allergic diseases. Changes in
the genetic make-up of a stable population are an unlikely explanation, as the
gene pool is not likely to change significantly in one century. The probable cause
of the epidemic is more likely a change in individual and population suscepti-
bility (i.e. a more susceptible host), or a change in environment (i.e. a more
toxic environment), or a change in the lifestyle of the individual or population
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Asthma Wheeze Atopic eczema

6–7 years 13–14 years 6–7 years 13–14 years 6–7 years

UK
New Zealand
Australia
Republic of Ireland
Canada
USA
Chile
Singapore
Malaysia
Ethiopia
India
Greece
Georgia
Romania
Albania
Indonesia

22.9
26.5
27.1

–
14.7

–
12.1
18.5
10.4

–
3.7
5.4
3.1
–
3.1
6.6

20.7
24.4
28.2
15.2
16.5
16.5
10.7
20.9
10.9
2.5
4.5
4.5
3.1
3.7
1.6
1.6

18.4
24.5
24.6

–
17.6

–
17.9
15.7
6.1
–
5.6
5.6
7.6
–
7.6
4.1

32.2
30.2
29.4
29.1
28.1
21.7
10.2
9.7
9.6
6.2
6.0
6.0
3.6
3.0
2.6
2.1

13.0
14.7
10.9

–
8.5
–

10.9
2.8
8.5
–
2.7
2.7
4.6
–
2.5
–

Table 12.1. Prevalence (%) of asthma, wheezing and atopic eczema among children in the
previous year for selected countries participating In ISAAC.

Host Environment Lifestyle

� Genetic factors
� Family history

of allergies,
in particular
maternal history

� Atopy
� Race and/or

ethnic origin

� Sustained exposure to indoor allergens, pre- and
postnatal

� Environmental exposure to tobacco smoke, pre-
and postnatal

� Community air pollution related to vehicle exhaust
� Viral infections
� Absence of certain infections in the first year of life
� Certain home characteristics such as gas cooking,

electric home heating, carpeting, dampness
� Certain occupational exposures to sensitizing

chemicals such as isocyanates
� Socio-economic disadvantage

� Westernized
lifestyle

� Urban versus
rural

� Breastfeeding
practices

� Diet
� Physical

activity
� Stress
� Drugs

Table 12.2. Known and putative determinants of allergic diseases.
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(i.e. an allergy-symptom-enhancing lifestyle). This chapter will largely review the
evidence suggesting that exposure to certain factors during fetal life may produce
a more susceptible host, and will also describe how exposure to a more toxic
environment during critical periods in postnatal life may also contribute to
allergic diseases.

A More Susceptible Host

Atopy is the genetic predisposition for mounting an immunoglobulin (predomi-
nantly IgE) response to common allergens. It is associated with increased levels
of IgE in the circulation and tissues, and is believed to play a central role in the
pathogenesis of allergic diseases (Pepys, 1986). Atopy is present in approxi-
mately 80% of children with childhood asthma (Nelson, 1985). In the popula-
tion of Tucson, Arizona, asthma was found to be almost always associated
with some type of IgE-mediated reaction (Burrows et al., 1989). Similarly, in a
longitudinal study of a birth cohort of 562 children (11 years old at the time of
the study) in New Zealand (Sears et al., 1991), the prevalence of bronchial
hyper-responsiveness (an exaggerated bronchoconstriction response; Boushey
et al., 1980) to methacholine was strongly related to the serum IgE level. Most
atopic subjects develop allergic rhinitis with conjunctivitis and atopic dermatitis
(Magnan and Vervloet, 2000). Atopy may remain clinically silent in a good
number of subjects and is only detected through a positive skin test or serum IgE
to specific aeroallergens. Factors enhancing the translation of atopic status to
clinically allergic syndromes remain unknown.

In the 1980s, a very useful framework was put forth that advocated the
division of cytokine-producing T cells into T helper 1 (Th1) and T helper 2 (Th2)
subsets, on the basis of cytokines they produced and their related functional
activities (Mosmann et al., 1986). This model has since evolved, and now Th1
cells are defined by their production of interleukin-2 (IL-2), interferon-g (IFN-g)
and tumour necrosis factor-b (TNF-b). Th2 cells, on the other hand, are defined
by their production of IL-4, IL-5, IL-6, IL-10 and IL-13. Both Th1 and Th2 cell
types produce IL-3, TNF-a and granulocyte macrophage-colony stimulating
factor (GM-CSF) (Kelso, 1995). Although the Th1/Th2 paradigm was first
described in cloned lines of murine CD4+ T cells, the applicability of this model
in human T-cell activation has been demonstrated (Romagnani, 1991).

This division of cytokine-producing T cells into Th1 and Th2 subsets has
increasingly been called into question (Kelso, 1995). The current thinking on the
regulatory role of T cells is that individual T cells display a remarkable diversity in
their cytokine profiles and collectively form a continuous spectrum, in which Th1
and Th2 cells may be only two of the possible extreme phenotypes. Thus T-cell
activation may result in a Th1-predominant pole (mostly Th1 cytokines) or a
Th2-predominant pole (mostly Th2 cytokines) with the production of both types
of cytokine responses at varying degrees between the poles (Magnan et al.,
2001).

The balance between the local level of IFN-g, IL-4 and other cytokines is
an important determinant of the Th1- or Th2-predominant response. There
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is substantial evidence demonstrating that IFN-g and IL-4 exert opposite effects
on various immune parameters (Kelso, 1995). The cytokine environment during
early T-cell activation determines the dominant cytokine profile of the T-cell
response. IFN-g and IL-12 promote IFN-g production, promoting the Th1-
dominant cytokine response, and inhibiting the production of IL-4 and the Th2
response. On the other hand, IL-4 stimulates the Th2 cytokine response and
inhibits the proliferation of the Th1 response. Often, the T-cell population is
committed to either Th1 or Th2 dominance (Magnan et al., 2001).

The Th1-dominant cytokine response is directed towards activating
cytotoxicity and phagocytosis against viruses and intracellular pathogens. The
Th2-dominant cytokine response is necessary for production of immunoglobulin
E (IL-4) and eosinophil (IL-5), which are essential components of an allergic
reaction (Magnan et al., 2001) (Fig. 12.1).

Normal pregnancy has been characterized by a reduced maternal-cell-
mediated anti-fetal immunity and a dominant hormonal immune response
(Raghupathy, 1997). It has been suggested that Th1-type cytokines are detri-
mental to pregnancy and are incompatible with successful pregnancy, and there
is a universal skewing towards a Th2 response that characterizes a successful
pregnancy (Wegmann et al., 1993; Bjorksten, 1999; Magnan et al., 2001). How-
ever, this model appears to be an oversimplification of events occurring at the
maternal–fetal interface during the course of a normal pregnancy (Athanassakis
and Vassiliadis, 2002; Chaouat et al., 2002; Sacks et al., 2003). Data indicate a
critical role of Th1-type cytokines, including IFN-g, in the successful vascular-
ization of the maternal–fetal interface. New evidence also suggests that the
maternal–fetal interaction is not simply a matter of maternal tolerance to foreign
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Exposure to
•     Viruses
•     Intracellular pathogens

APC Exposure to allergens

IL-12
IFN-γ IL-4

Dominant
Th1

response

Dominant
Th2

response

IL-2, IFN-γ
TNFβ

IL-4, IL-5,IL-6, IL-10, IL-13

Cell-mediated
immunity

β-cell (IgE production),
eosinophil production

Fig. 12.1. Development of the Th1- or Th2-dominant response. Th, T helper; APC,
antigen-presenting cell; IL, interleukin; IFN, interferon; TNF, tumour necrosis factor;
IgE, immunoglobulin E.
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tissue, but a delicate mutual cytokine interaction, with precise timing and tuning
leading to successful implantation and vascularization (Chaouat et al., 2002).

The Th1 cell response to antigens is not uniform among individuals. For
example, Mycobacterium leprae causes tuberculoid leprosy (Th1-dominated
response) in some and lepromatous leprosy (Th2-dominated response) in others
(Salgame et al., 1991). The pre- and postnatal evaluation of the immune system
is therefore dependent on the genetic background (atopy) and several other
factors (Table 12.3). A collection of factors may be required to act singly or
in combination to determine the switch of the T cell to either the Th1 or Th2
direction. Among these factors, atopy (the genetic predisposition of the host to
produce IgE) plays a central role. Between one-half and three-quarters of allergic
patients have a family history of allergic diseases (Bousquet and Kjellman,
1986). Genetic studies have documented the risk of developing atopy based on
family history of atopy.

Atopy is a complex polygenic hereditary trait with a high population
prevalence. Possible loci of atopy genes have been identified on chromosome
11q (only through the maternal line), and chromosomes 14 and 5 (Cookson
et al., 1992; Wilkinson and Holgate, 1996; Sears, 1997). The genes coding
for IL-4, IL-5 and IL-3 are also located on chromosome 5q, while chromosome
11q contains the gene coding for the b-chain of the high-affinity IgE receptor
(Magnan et al., 2001). The key enigma is to understand how these alternate
forms of Th memory profiles are imprinted on the immune system, and what
factors play a role in the selection of Th2-skewed memory in individuals who are
genetically predisposed to atopy.

The shift of the T cell towards either Th1- or Th2-dominant cytokine
expression may depend on the genetic background (atopy), on antigenic
stimulation and on other host factors. Antigenic stimulation of a genetically
susceptible host may result in Th2-dominant cytokine expression, but the
expression of atopic phenotype may be modified by several identified and
unidentified factors, including maternal smoking, birth order and maternal diet
(Devereux et al., 2002). The increase in the prevalence of allergic diseases in the
past few decades is unlikely to be due to mutations in atopic genes, but may
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Th1 phenotype Th2 phenotype

� Viral infections
� Tuberculosis, measles or

hepatitis A infection
� Early exposure to day-care
� Presence of older siblings
� Rural environment

� Genetically determined background (atopy)
� Prenatal allergen exposure
� Fetal infections

Newborn’s intestinal flora
� Maternal diet
� Length of gestation
� Maternal stress
� Breastfeeding
� Widespread use of antibiotics
� Urban environment

Table 12.3. Factors favouring dominant Th1 or Th2 type of cytokine response
(Williams et al., 1999).
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be related to an increase in host factors that may play a role in the expression of
the atopic phenotype. However, identification of genetic markers of atopy is
important in screening a high-risk mother and child for possible intervention.
Currently, parental history (in particular, maternal history) of allergies is the only
available marker for use in screening high-risk individuals.

Prenatal allergen exposure

Priming is the functional enhancement of a given cell by cytokines, resulting in a
number of cellular alterations, including morphological and physical cell changes
(Kroegel et al., 2000). There is substantial evidence suggesting that the enhanced
functional status of a primed cell spontaneously returns to the prepriming levels
(depriming). Thus, priming is a reversible process, provided that sufficient time
has elapsed without exposure to the priming agent (Kroegel et al., 2000). The
fetus can encounter allergens in utero. The presence of a high degree of concor-
dance in the concentrations of inhalant and nutritive allergens between the
mother’s blood and the amniotic fluid is direct evidence for the transamniotic
and transplacental transfer of allergens (Holloway et al., 2000; Szepfalusi et al.,
2000a). Allergen-specific immune responses may be detected in fetal blood and,
therefore, cord blood can be used to evaluate the presence of in utero priming to
allergens (Warner et al., 1996; Prescott et al., 1999; Barker et al., 2002).
Cord-blood lymphocytes have been shown to exhibit proliferation after in utero
stimulation with allergens (Kondo et al., 1992). Also, the serum IgE level can be
determined from cord blood (Michel et al., 1980). Cord-blood mononuclear cells
(CBMC) have been studied in order to determine whether prenatal allergen
exposure stimulates the fetal immune system and thereby plays a role in
the postnatal risk of developing atopic disease. In these studies, the CBMC
proliferative and cytokine expressive responses were quantified and their
associations with subsequent childhood atopic disease were evaluated. Similar
assays have been performed on peripheral blood mononuclear cells (PBMC)
obtained during infancy and childhood.

Longitudinal study results of CBMC and PBMC proliferative and cytokine
responses after in vitro stimulation with allergens, and their association with
atopic disease, are summarized in Tables 12.4 and 12.5. While most of the
studies reported a positive association between increased CBMC proliferative
responses and the development of atopic disease (Kondo et al., 1992; Warner
et al., 1994; Miles et al., 1996; van der Velden et al., 2001), this association was
not reported in some studies (Chan-Yeung et al., 1999; Prescott et al., 1999;
Laan et al., 2000). On the other hand, studies of CBMC cytokine responses
at birth provided more consistent results (Table 12.5). A study from The Nether-
lands (van der Velden et al., 2001) that followed 133 newborns at high risk of
developing atopic symptoms, from birth until the first year of life, found a signifi-
cantly decreased level of IFN-g in atopic versus non-atopic infants. This finding
suggests that the selective development of a Th2 cytokine profile in high-risk
children who develop atopy may be the result of a regulatory defect leading to
impaired IFN-g production at birth. A lower level of IFN-g production at birth in
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atopic versus non-atopic children was also reported from Australian (Tang et al.,
1994), Japanese (Kondo et al., 1998) and British (Warner et al., 1994) studies.
At 6 and 12 months of age, a strong Th2 profile (characterized by increased
levels of IL-4 and decreased levels of IFN-g) was demonstrated in PBMC of
children developing atopy (Prescott et al., 1999; van der Velden et al., 2001).

Taken together, the study findings discussed earlier suggest that intrauterine
allergen exposure may trigger a switch in the fetal immune system towards a Th2
response, predisposing the fetus to development of atopy later in life. The
implication of these observations is that allergen avoidance intervention during
pregnancy may prevent the development of allergic diseases. If this is the case,
then one would expect that the type of proliferative and cytokine responses
would be directly related to the extent of maternal exposure to aeroallergens.
The association between maternal exposure to seasonal allergens and CBMC
proliferative responses supports this premise (Jones et al., 1996; van der Velden
et al., 2001). However, findings from more recent studies do not lend support
to this line of evidence. A study from Austria (Szepfalusi et al., 2000b), after
examining T-cell reactivity of cord-blood cells derived through cordocentesis
from unborn and term babies, showed similar CBMC proliferative responses
during the course of gestation that were not associated with maternal exposure
to timothy grass and birch pollen. A Canadian study (Chan-Yeung et al., 1999)
also failed to demonstrate a relationship between maternal dust mite exposure
and CBMC proliferative responses. Similarly, an Australian study (Marks et al.,
2002) was unable to demonstrate an association between house dust mite
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Study Ages Population Endpoint Findings

Kondo et al.
(1992)

Warner et al.
(1994)

van der Velden
et al. (2001)

Miles et al.
(1996)

Prescott et al.
(1999)

Chan-Yeung
et al. (1999)

Laan et al.
(2000)

Birth to
1 year

Birth to
1 year

Birth to
1 year

Birth to
1 year

Birth to
2 years

Birth to
2 years

Birth to
2 years

37 term, general
population

34 high risk

133 high risk

88 high risk,
12 no risk

18 high risk,
13 low risk

74 high risk

133 high risk

Atopic dermatitis,
wheezy bronchitis

Atopic eczema

Atopic diseases

Asthma, eczema

Atopic diseases

Possible asthma,
probable asthma,
rhinitis without colds

Atopic diseases,
asthma-like disease,
food allergy

BSA ↑
OVA ↑
Anti CD3 ↑ CAT –
BLG ↑ OVA –
CM ↑ HDM ↑
Egg ↑
PHA – OVA ↑
Anti CD3 ↑ BLG ↑
HDM – OVA –
Fel d 1 –
HDM –

HDM –
CM –
Egg white –

CBMC, cord-blood mononuclear cells; OVA, ovalbumin; BSA, bovine serum albumin; CAT,
cat allergen; BLG, betalactoglobulin; HDM, house dust mite antigen; Fel d 1, cat allergen;
CM, cow’s milk.

Table 12.4. Studies relating CBMC proliferative responses to subsequent development of
atopic disease.
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Study Ages Sample size Endpoint
Findings

Cytokines in atopic versus non-atopic

van der Velden
et al. (2001)

Birth to
1 year

133 high risk Atopic diseases, atopic
dermatitis, asthma-like
disease or food allergy

IL-4
IL-5
IL-13
IFN-g

Birth
↑

Same
Same

↓

6 months
↑
↑
↑
↓

12 months
↑
↑
↑
↓

Tang et al.
(1994)

Birth to
1 year

35 high risk Atopic disease, eczema or
MD-diagnosed asthma IFN-g

Birth
↓

Kondo et al.
(1998)

Birth to
6 years

21 general Atopic dermatitis, allergic
rhinitis or bronchial
asthma

IFN-g
IL-2

Birth
↓

Same
Warner et al.

(1994)
Birth to

1 year
34 high risk Atopic eczema

IFN-g
Birth

↓
Prescott et al.

(1999)
Birth to

2 years
18 high risk,

13 low risk
Atopic eczema, recurrent

wheezing, urticaria or
rhinitis

IL-4
IL-13
IL-6
IL-10
IFN-g

Birth
↓
↓
↓
↓

Same

6 months
↓

Same
Same
Same

↓

12 months
↑
↑

Same
Same

↓

18 months
↑

Same
Same
Same

↓

24 months
Same

↑
Same
Same
Same

Table 12.5. Studies relating CBMC cytokine responses to subsequent development of atopic disease.
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allergen concentrations collected from the maternal bed at 36 weeks’ gestation
and CBMC cytokine responses.

Although it is difficult to reconcile the findings of the longitudinal prolifera-
tive and cytokine expression studies with those obtained from maternal exposure
studies, some unaccounted factors may explain some of the differences. A recent
study (Devereux et al., 2002) reported that parental atopy and in utero allergen
sensitization are weak influences on CBMC responses, whereas maternal
smoking, birth order and maternal dietary vitamin E play a more important
role. We believe these factors may modulate or influence the interaction between
genetic predisposition to atopy and allergen exposure in utero.

In sum, prenatal exposure to allergens may not be the sole determinant of
the development of atopic disease later in life. However, along with genetic pre-
disposition and other factors, it could play an important role in the pathogenesis
of allergic diseases. Thus allergen avoidance measures during pregnancy may
contribute to preventing priming, or to depriming, the primed T cells of the fetus.

Prenatal exposure to cigarette smoking

Transplacental transfer of cigarette constituents is known to occur during
pregnancy (Perera et al., 1999). Prenatal exposure to smoking has been linked
with atopy and asthma-like illness in children. Asthma-like illness could be
atopy related, or it could be wheezing illness without an element of allergy. The
association between prenatal exposure to smoking and allergy-related diseases
might derive from a direct influence of cigarette smoke on the developing
thymus gland during fetal life. Rat studies have shown that exposure to nicotine
leads to lasting deficiencies in the T-lymphocyte mitogenic response (Navarro
et al., 2001). Current evidence supports the assertion that exposure to
smoking modulates the priming of the fetal T cells, favouring a shift towards
a Th2-dominated response (Devereux et al., 2002).

Cord blood of infants of mothers who smoked during pregnancy exhibited a
higher proliferative mononuclear response when stimulated with house dust mite
antigen (Devereux et al., 2002). Further evidence for this observation came from
an older study that looked at the rate of parental smoking on IgE levels in cord
serum and the subsequent development of allergy during infancy (Magnusson,
1986). In that study, neonates of non-allergic parents had a more than threefold
higher incidence of elevated cord blood IgE and a fourfold higher risk of
developing atopic disease during infancy if the mother smoked during preg-
nancy. On the other hand, the association between cigarette smoking during
pregnancy and childhood wheezing illness could be mediated through preterm
birth. Cigarette smoking during pregnancy is a known risk factor for premature
delivery (Shah and Bracken, 2000). Platelet activating factor is one of the most
potent pro-inflammatory mediators and has been implicated in the patho-
physiology of asthma (Narahara and Johnston, 1993). It has also been shown
to be involved in parturition. Platelet activating factor of fetal lung and kidney
origin has been detected in the amniotic fluid of women at term in labour, and in
increased concentrations in amniotic fluid of women undergoing preterm labour.
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Infants born preterm have smaller airways (Demissie et al., 1997), and smaller
airways during infancy predict wheezing illness later in childhood. This wheezing
illness could be transient or could proceed to asthma, but is unlikely to be atopy
related (Martinez et al., 1995a).

Several large, prospective studies have examined the effect of cigarette
smoking during pregnancy on subsequent development of atopy, bronchial
hyper-responsiveness, respiratory symptoms and reduced lung function during
childhood. In a cohort of 440 children in south Wales, maternal smoking during
pregnancy was not associated with skin-prick test positivity at 7 years (Burr et al.,
1997). Two other studies also reported no association between prenatal smoking
by the mother and skin-prick tests performed when the children were 5–8 years
of age (Kuehr et al., 1992; Schafer et al., 1997). The lack of association persisted
when skin-prick tests were performed when the children were 7–13 years of age
(Henderson et al., 1995; Soyseth et al., 1995). A longer follow-up of children
from birth to 35 years of age reported an inverse relationship between maternal
smoking during pregnancy and skin-test positivity (Strachan et al., 1997a).
Similarly, maternal smoking was not associated with childhood airways
responsiveness to carbachol, exercise and methacholine in studies from Italy,
Germany and Norway, respectively (Martinez et al., 1988; Frischer et al., 1992a;
Soyseth et al., 1995).

Epidemiological studies of the association between maternal smoking
during pregnancy and subsequent development of respiratory symptoms, such
as persistent or current wheeze, have mostly produced consistent findings (Table
12.6). Longitudinal studies, from the USA (Gold et al., 1999), New Zealand
(Sears et al., 1996) and the UK (Strachan et al., 1996; Dezateux et al., 1999), that
followed infants reported a higher cumulative rate of wheezing during the first
year of life in children of mothers who smoked during pregnancy. In the above
and other longitudinal studies, the higher risk of wheezing illness associated with
maternal smoking during pregnancy persisted when the children were followed
through elementary school ages (Sears et al., 1996; Gold et al., 1999; Stein et al.,
1999). However, the effect of smoking during pregnancy diminished and disap-
peared when the children were followed into adolescence and adulthood (Lewis
et al., 1996; Strachan et al., 1996; Tariq et al., 2000). These findings reported
from cohort studies were confirmed by several cross-sectional and case–control
studies (Weitzman et al., 1990; Cunningham et al., 1996; Ehrlich et al., 1996;
Oliveti et al., 1996; Agabiti et al., 1999; Darlow et al., 2000; Gilliland et al., 2001;
London et al., 2001). Similarly, a reduction in lung-function measures has been
demonstrated from several longitudinal and cross-sectional studies (Hanrahan
et al., 1992; Tager et al., 1995; Stick et al., 1996; Lodrup Carlsen et al., 1997;
Milner et al., 1999; Young et al., 2000) that examined prenatal exposure to
tobacco smoke among infants. Although measurement of lung function during
infancy is currently being performed, the validity of these measurements is
controversial. However, using a reliable methodology, in utero exposure to ciga-
rette smoke was associated with reduced lung function among schoolchildren
(Cunningham et al., 1994, 1995; Gilliland et al., 2000; Li et al., 2000).

One of the challenges in interpreting studies relating maternal smoking dur-
ing pregnancy with subsequent development of allergies and wheezing illnesses

268 K. Demissie et al.

278A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:29:17 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



P
erinatal D

eterm
inants of A

topic D
isease

269

Study Ages Sample size Outcomes Findings

Gold et al. (1999)
Sears et al. (1996)

Birth to 1 year
Birth to 18 years

, 499
, 880

≥ 2 episodes of wheeze
Asthma symptoms at

age 1, asthma symptoms
at age 9

RR (95% CI), 2.29 (1.44, 3.63)
Significant correlation with smoking in third trimester;

significant trend if mother smoked > 20 cigarettes/
day in the first and second trimester

Strachan et al. (1996) Birth to 33 years , 5801 Wheezing illness Age (years)
0–7
8–16

17–33

OR (95% CI)
1.72 (1.11, 2.67)
0.94 (0.39, 2.25)
1.71 (0.97, 3.00)

Dezateux et al. (1999)
Stein et al. (1999)
Lewis et al. (1996)
Tariq et al. (2000)

Birth to 1 year
Birth to 11 years
Birth to 16 years
Birth to 4 years

, 101
, 956
20,528
, 1218

Doctor-diagnosed asthma
Current wheeze
Asthma or wheezy bronchitis
Asthma or any respiratory

symptoms

OR (95% CI), 4.9 (1.6, 15.0)
OR (95% CI), 2.3 (1.4, 3.8)
No significant relationship
No significant relationship

RR, Relative risk; CI, confidence interval; OR, odds ratio.

Table 12.6. Prospective studies on the association between maternal smoking during pregnancy and respiratory symptoms.
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in their offspring is distinguishing the effects of in utero exposure from exposure
during the postnatal period. This is because it is difficult to identify mothers who
smoke during the prenatal period only. More commonly, women smoke either
prenatally and postnatally or in the postnatal period only (Gilliland et al., 2000;
Li et al., 2000). Taken together, prenatal and postnatal exposure to tobacco
smoke increases the likelihood of wheezing illnesses during childhood, but its
role in atopy- and allergy-related asthma is not conclusive. Smoking cessation
intervention studies may help to evaluate the independent effects of prenatal
exposure to tobacco smoke and to more clearly define the modifying role of in
utero exposure to tobacco smoke in the Th1 or Th2 expression profile.

Maternal nutrition during pregnancy

Changes in dietary habits have been suspected to contribute to the increasing
prevalence of atopic disease (Arm et al., 1989; Demissie and Ernst, 1994;
Seaton et al., 1994; Demissie et al., 1996; Langley-Evans, 1997; Soutar et al.,
1997; Hodge et al., 1998; Butland et al., 1999; Beck et al., 2000; Hijazi et al.,
2000; Seaton and Devereux, 2000). During the past few decades, the consump-
tion of antioxidant-rich fresh fruits and vegetables has declined (Seaton et al.,
1994; Fogarty and Britton, 2000) and the intake of omega-6-polyunsaturated
fatty acids has increased (Black and Sharpe, 1997; Weiland et al., 1999). More-
over, fast-food eating behaviour and its associated contribution to a high body
mass index has increased among low-income families (Kuczmarski et al., 1994;
Wechsler et al., 1995; Jeffery and French, 1998; Diez-Roux et al., 1999; Binkley
et al., 2000; Flegal et al., 2002; McTigue et al., 2002; Morland et al., 2002a,b;
Nielsen et al., 2002), and in the same group the increase in prevalence of allergic
diseases has been marked (Lewis and Britton, 1998a; Litonjua et al., 1999;
Lewis et al., 2001; Koopman et al., 2002; Strunk et al., 2002). Interestingly,
higher concentrations of cord serum IgE have been reported in Black relative to
White infants (Thomas et al., 1979). This shift in the population’s dietary habits
has a direct reflection on the diet of pregnant women and may affect
the developing fetal immune system. Antioxidants are believed to prevent the
development of inflammation by decreasing IL-4-dependent IgE production
by b-cells (Warner and Warner, 2000). Diets rich in polyunsaturated fatty
acids inhibit the synthesis of the Th-1 cytokines IL-2 and INF-g and promote
IL-4 production (Langley-Evans, 1997). Moreover, omega-6 fatty acids are
precursors of arachidonic acid and hence the leukotrienes (Magnan et al., 2001).

There is a paucity of data on the association between maternal diet during
pregnancy and the development of allergic diseases in the offspring. A recent UK
study (Devereux et al., 2002) demonstrated a significantly higher CBMC pro-
liferative response to timothy grass and house dust mite among neonates whose
mothers had the lowest intakes of vitamin E during pregnancy, as determined by
food frequency questionnaire. The findings suggest that maternal diet during
pregnancy may influence the developing fetal immune system, rendering them
liable to a higher risk of developing atopy. The Childhood Asthma Prevention
Study (Mihrshahi et al., 2001, 2003), a randomized controlled trial, evaluated

270 K. Demissie et al.
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whether the incidence of atopy and asthma could be reduced by a diet
supplemented with omega-3 fatty acids. The dietary supplement started when
the infants were 6 months of age. At 18 months of age the intervention provided
a modest benefit in reducing wheezing symptoms but had no effect on serum
IgE, atopy or doctors’ diagnosis of asthma. It remains to be seen, when this study
is followed up, whether maternal dietary intervention that starts during early
pregnancy demonstrates a longer-term benefit among children at age 3 and 5
(persistent inhalant allergens will be established at follow-up) (van Asperen et al.,
1984).

Fetal size (birthweight, length and head circumference) is, in part, a marker
of fetal nutrition and has been studied in relation to the development of allergic
diseases. However, most of these investigations have not separated the effect
attributed to duration of gestation from that of fetal growth. For example, a low
birthweight infant, although preterm, may have grown appropriately for that
gestational age. Table 12.7 summarizes the results of studies that have examined
the relationship between gestational age and atopic diseases. Preterm birth has
been consistently associated with a higher prevalence of wheezing illness during
infancy (Elder et al., 1996) and in childhood (von Mutius et al., 1993; Oliveti
et al., 1996; Demissie et al., 1997; Gregory et al., 1999), but not in adulthood
(Hagstrom et al., 1998; Pekkanen et al., 2001). Preterm birth is also linked
with deficits in lung function measures in childhood (von Mutius et al., 1993;
Demissie et al., 1997). These associations are consistent with the finding that
preterm children have smaller airways, predisposing them to lower respiratory
tract infections that lead to a higher incidence of recurrent respiratory symptoms
in childhood, including wheeze. Most of these symptoms tend to resolve with
age. Although the association between preterm birth and either atopy or bron-
chial hyper-responsiveness (BHR) is not consistent (von Mutius et al., 1993;
Demissie et al., 1997), increasing gestational age was associated with atopy, as
measured by skin-prick test or serum IgE, and the diagnosis of asthma (Gregory
et al., 1999; Darlow et al., 2000; Pekkanen et al., 2001). Because most studies
did not separate the effect of gestational age from that of birthweight, the effect
observed with increasing gestational age could be attributable to increased fetal
growth.

The results of the association between birthweight and childhood atopy,
asthma and airway function are summarized in Table 12.8. Birthweight was
shown to be consistently associated with decreased airway function in childhood
(Chan et al., 1989; Frischer et al., 1992b; Demissie et al., 1997). However,
in general, birthweight and respiratory symptoms, including the diagnosis of
asthma and atopy, exhibit a U-shaped association. In other words, the preva-
lence of symptoms is higher in the extremes of birthweight distribution (Seidman
et al., 1991; Frischer et al., 1992b; Oliveti et al., 1996; Gregory et al., 1999).
Because most studies did not attempt to separate the effect of gestational age
from that of birthweight, the findings may reflect the effect of preterm birth and
increased fetal growth at the lower and higher end of the birthweight distribution
respectively. On the other hand, increasing fetal size (measured after correcting
for duration of gestation) was shown to be associated with increased incidence
and prevalence of asthma, wheeze and atopy (Gregory et al., 1999; Leadbitter
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Study, country Study design Follow-up
Number of
subjects

Measurement of
gestational age Findings

Elder et al.
(1996),
Australia

Prospective
cohort

Birth to
1 year

525 very
preterm infants,

657 controls

Early ultrasound Prevalence of recurrent wheeze requiring bronchodilator treatment

Very preterm (< 33
weeks)

Term infants

Whole group

14.5%

3%.5

Excluding parental history, BHR and
passive smoke exposure

5.3%

3%.3
Demissie

et al. (1997),
Canada

Retrospective
cohort

Birth to
5–13 years

327 Parental interview

Term (≥ 37 weeks)
Preterm (< 37 weeks)

Exercise-induced
bronchospasm OR

(95% CI)
1.00

1.8 (0.9, 3.4)

Asthma diagnosis OR
(95% CI)

1.00
1.80 (0.9, 3.5)

Term
Preterm

Change in methacholine dose–response ranking (95% CI)
0

12.7 (−18.3, 43.7)
Oliveti et al.

(1996), USA
Case–control Birth to

4–9 years
131 cases,

131 controls
Obstetric records % Preterm births

Preterm birth ≤ 37 weeks
Children with asthma

24.6
Children without asthma

13.7
Gregory et al.

(1999), UK
Longitudinal Birth to

6–23 years
239 Birth records

< 37 weeks
37–38 weeks
39–40 weeks

≥ 41 weeks

% Current
wheeze

16.7
16.7
22.6
26.4

% Asthma
treatment

16.7
16.7
18.8
22.2

% IgE
> 150 IU

50.0
32.1
38.1
33.3

IgE geometric
mean
145.8
61.5
87.4
59.3

Skin test
> 3 mm

33.3
46.7
46.2
48.0

Table 12.7. Studies describing the relationship between gestational age and atopic diseases.
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von Mutius
et al. (1993),
Germany

Retrospective
cohort

Birth to
9–11 years

7445 Parental questionnaire;
preterm birth defined
as < 37 weeks of
gestation and ≤ 2500 g

OR (95% CI)

Current asthma
Recurrent wheeze

Males
1.0 (0.4, 2.1)
0.9 (0.5, 1.5)

Females
2.6 (1.4, 4.7)
1.7 (1.1, 2.7)

% Abnormal lung function among girls
Term Preterm

PEFR
BHR
Atopy

5.2
6.3

34.3

No ventilatory
support

4.5
3.8

28.6

Ventilatory
support

26.5
10.0
19.5

Pekkanen
et al. (2001),
Canada

Prospective
cohort

Birth to
31 years

5192 Menstrual period OR (95% CI)

≤ 35 weeks
36–38 weeks
39–40 weeks

≥ 41 weeks

Atopy
1.00

1.22 (0.87, 1.70)
1.42 (1.02, 1.98)
1.65 (1.16, 2.34)

Asthma
1.00

0.90 (0.54, 1.49)
0.81 (0.49, 1.33)
0.94 (0.55, 1.61)

Hagstrom
et al. (1998),
Sweden

Case–control Birth to
30 years

55 cases,
92 controls

Obstetric records Gestational age (95% CI)
Asthma

39.4 (38.3, 40.0)
No asthma

39.7 (39.4, 40.0)
Darlow et al.

(2000), New
Zealand

Prospective
cohort

Birth to
7–8 years

29 Obstetric records,
gestational age

< 26 weeks
26, 27 weeks
28, 29 weeks
30, 31 weeks

32+ weeks

% Asthma ever
56.3
58.5
48.5
38.7
59.6

% current asthma
43.8
41.5
29.1
21.3
42.3

BHR, bronchial hyper-responsiveness; PEFR, peak expiratory flow rate; OR, odds ratio; CI, confidence interval.
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Study, country Study design Follow-up
Number of
subjects

Measurement of growth
at birth Findings

Demissie
et al. (1997),
Canada

Retrospective
cohort

Birth to
5–13 years

, 327 Per kilogram increase in
birthweight

Change in methacholine response ranking (95% CI)
−22.6 (−41, −4.2)

% change in FEV1 (95% CI)
4.4 (1.8, 7.2)

Frischer
et al. (1992),
Germany

Retrospective
cohort

Birth to entry
to primary
school

, 1812 Birthweight

Low
Normal

MD-diagnosed
asthma (%)

18
11

PEFR before
exercise (l/min)

240
248

Wheeze
(%)
40
26

Cough after
wheeze (%)

24
12

Chan et al.
(1989), UK

Longitudinal Birth to
7 years

130 low
birthweight, 120

normal birthweight

Birthweight (g) Mean (SD)

Low (< 2000)
Normal

FVC (litres)
1.39 (0.24)
1.41 (0.21)

FEV0.75 (litres)
1.16 (0.19)
1.25 (0.17)

MEF75 (l/s)
2.69(0.65)
3.01 (0.53)

MEF50 (l/s)
1.85 (0.54)
2.15 (0.49)

Oliveti et al.
(1996), USA

Case–control Birth to
4–9 years

131 cases,
131 controls

Birthweight (g) % birthweight < 2500 g

< 2500
Children with asthma

20.6
Children without asthma

9.9
Sears et al.

(1996), New
Zealand

Prospective
cohort

Birth to
18 years

, 1661 Birthweight (g)

< 2500
2500–2999
3000–3499
3500–3999
4000–4499

≥ 4500

% atopy at
13 years

37.1
30.4
44.2
36.4
30.7

0.0

% wheezing
at 9 years

21.4
22.4
29.6
29.3
34.9
44.4

% asthmatic
at 18 years

8.7
19.0
26.2
20.5
19.8
15.4

Hagstrom
et al. (1998),
Sweden

Case–control Birth to
30 years

55 asthmatic, 92
non-asthmatic Mean birthweight (kg)

Head circumference (cm)
Placental weight (g)

Ponderal index

Asthmatic adults (95% CI)
3.53 (3.38, 3.67)
34.4 (34.0, 34.8)
613 (580, 647)

2.77 (2.70, 2.84)

Non-asthmatic adults (95% CI)
3.54 (3.34, 3.60)
34.6 (34.3, 34.9)
626 (601, 651)

2.75 (2.69, 2.80)

Table 12.8. Measures of fetal growth and the occurrence of allergy, atopy or asthma.
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Pekkanen
et al. (2001),
Finland

Prospective
cohort

Birth to
31 years

, 5192 Birthweight (g) OR (95% CI)

≤ 3090
3100–3390
3400–3620
3630–3900

≥ 3910

Atopy
1.00

1.02 (0.84, 1.25)
0.99 (0.81, 1.22)
0.87 (0.70, 1.07)
1.05 (0.85, 1.31)

MD-diagnosed asthma
1.00

1.14 (0.81, 1.60)
1.12 (0.79, 1.59)
1.02 (0.71, 1.046)
1.07 (0.74, 1.55)

Seidman et al.
(1991), Israel

Retrospective
cohort

Birth to
17 years

20, 312 Birthweight (g)

< 2000
2000–2499
2500–2999
3000–3499
3500–3999
4000–4499

≥ 4500

OR (95% CI)
Asthma at 17 years

1.44 (0.79, 2.62)
1.49 (1.05, 2.12)
1.09 (0.89, 1.35)

1.00
0.97 (0.81, 1.17)
1.11 (0.83, 1.49)
1.30 (0.73, 2.67)

Gregory et al.
(1999), UK

Longitudinal Birth to
6–23 years

, 239 Head circumference (cm)

< 34
34–34.9
35–35.9
36–36.9

≥ 37

Current
wheeze (%)

17.9
11.3
36.4
22.9
26.3

Asthma
treatment (%)

21.4
15.1
23.6
11.4
26.3

IgE
≥ 150 IU (%)

33.3
27.7
38.3
34.4
62.5

Skin test
≥ 3 mm (%)

40.7
39.6
47.2
52.8
57.9

Xu et al. (2000),
Finland

Prospective
cohort

Birth to
31 years

, 5272 Ponderal index Prevalence of atopy (%)

< 2.64
2.64–2.83

> 2.83

BMI ≤ 24.8
30.4
26.3
30.5

BMI > 24.8
35.5
28.7
34.2

Leadbitter et al.
(1999), New
Zealand

Longitudinal Birth to
13 years

, 732 Head circumference (cm) OR (95% CI)

< 34
34–36.9

≥ 37

Ever asthma
1.7 (0.8, 3.9)

1.0
0.2 (0.1, 0.9)

BHR
1.0 (0.3, 2.7)

1.0
0.9 (0.2, 4.3)

IgE ≥ 150 IU
1.0 (0.5, 1.9)

1.0
3.4 (1.4, 7.9)

SPT +
0.5 (0.3, 1.0)

1.0
1.2 (0.6, 2.8)

CI, confidence interval; SD, standard deviation; OR, odds ratio; PEFR, peak expiratory flow rate; FEV, forced expiratory volume; FVC, forced vital capacity;
MEF, maximum expiratory flow; BMI, body mass index; BHR, bronchial hyper-responsiveness; SPT, skin-prick test.
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et al., 1999; Xu et al., 2000). In conclusion, the evidence on the association
between maternal dietary habit and nutrition during pregnancy and the develop-
ment of allergies, although promising, is in its infancy. Innovative studies on the
measurement and characterization of deficiencies or excesses in maternal diet
are required.

Maternal infections during pregnancy

The association between infection of the mother during pregnancy, as
well as intrauterine infection, and allergic disease in the offspring is complex.
Theoretically, intrauterine infections, such as chorioamnionitis, are believed to
stimulate cell-mediated immunity and thus protect the infant from developing
antibody-producing T-cells (Th2 response). A recent study that evaluated the
cytokine expressions of cord blood in neonates born to mothers with and with-
out uterine infection (chorioamnionitis) demonstrated more IFN-g-producing
T cells in the cord blood of infants born to mothers with uterine infection
(Matsuoka et al., 2001). However, infected neonates with the longest duration of
ruptured membranes exhibited an increased percentage of IL-4-producing T
cells (Matsuoka et al., 2001). The results from epidemiological studies are in line
with this finding.

A northern Finland birth cohort study that followed about 8000 children
born in 1985/86 found that children at the age of 7 years had a higher risk of
asthma if their mothers experienced vaginitis and febrile infections during preg-
nancy (Xu et al., 1999). The adjusted odds ratios with 95% confidence intervals
for infections were 2.08 (1.13, 3.82) during the first trimester, 1.73 (1.09, 2.75)
during the second and 1.44 (0.97, 2.15) during the third trimester (Xu et al.,
1999). Respiratory tract infections during pregnancy were also shown to be
associated with an increased risk of childhood asthma in a case–control study of
200 asthmatic and age-matched controls aged 5–16 years (Hughes et al., 1999).
A study from Tanzania also found the presence of malaria parasites in cord
blood to confer six times the risk of developing wheezing illness at the age of
4 years, and increased total IgE levels (Sunyer et al., 2001). Parasitaemia at birth
was not related to total IgE in cord blood (Sunyer et al., 2001). Maternal vaginal
colonization with Ureaplasma urealyticum and staphylococci during pregnancy
was associated with a twofold increased risk of wheezing during infancy in a
cohort study from Finland involving about 3000 infants (Benn et al., 2002). In
that study, there was a 70% increased risk of asthma during the first year of life
if the mother used antibiotics during pregnancy. The association between anti-
biotic use during pregnancy and increased risk of asthma in the child was con-
firmed by another cohort study of 25,000 children that showed a dose–response
relationship (McKeever et al., 2002). In another study from the UK, the use of
paracetamol at 20–32 weeks of pregnancy was associated with risk of wheeze
in the infant (OR 2.10; 95% CI 1.30, 3.41) (Shaheen et al., 2002). Antibiotic
and antipyretic use during pregnancy might be a marker of infection and
the effect observed in these studies may reflect the effect of infection during
pregnancy. More studies are needed to properly conceptualize the relationship
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between intrauterine infection, preterm birth, and their influences on the risk of
developing allergic diseases during childhood.

Maternal stress during pregnancy

Psychosocial stress may impact upon immune function and, in particular,
maternal stress-induced hormones may influence the T helper cell balance
through neuroimmunomodulation (Herbert and Cohen, 1993; Chrousos, 2000;
von Hertzen, 2002). There is evidence that corticosteroids and catecholamines,
two major products of the stress response, tip the Th1/Th2 balance towards
the Th2 type of immunity (Chrousos, 2000; von Hertzen, 2002). The effect
of cortisol occurs largely through suppression of Th1 function as a result
of inhibited IL-12 production and responsiveness (Chrousos, 2000). Cortisol
is a challenging hormone to study during pregnancy, since it is essential to
normal maturation of T cells, and an increase in cortisol, as well as corticotrophin
releasing hormone (CRH), ACTH and b-endorphin, is a normal finding
through gestation. Furthermore, there is a counterintuitive positive feedback
loop whereby cortisol causes placental CRH to stimulate maternal and fetal
adrenal cortisol production (Blumenfeld and Jaffe, 1986; Jones and Edwards,
1990; Goland et al., 1994).

Studies in rats (Zarrow et al., 1970) and in humans (Murphy et al., 1974;
Gitau et al., 1998) provide evidence that cortisol levels in the mother may affect
her offspring. Furthermore, several animal studies have shown that elevated
prenatal stress in the mother impacts upon the immune function of the offspring
(Henry et al., 1994; Kay et al., 1998; Coe et al., 2002). In humans, there have
been several studies that demonstrate an association between prenatal stress of
the mother and poor birth outcomes (Newton et al., 1979; Pagel et al., 1990;
Wadhwa et al., 1993), yet direct evidence of an association between prenatal
stress of the mother and immune function and Th1/Th2 balance determination
in the offspring is lacking (von Hertzen, 2002).

In a prospective study of 490 families with a history of asthma or allergy,
Wright et al. (2002) showed that perceived stress (over the past month) in
caregivers, ascertained when infants were between 2 and 3 months of age, was
associated with wheeze in the first 14 months of life (adjusted RR 1.4, 95% CI
1.1, 1.9). However, this study did not measure prenatal maternal stress, a factor
for which determination of an association with asthma in offspring is yet to be
made. At an ecological level, there has been a secular increase in stress, as
measured through work-related conditions and pressures, stress symptoms and
perceptions of stress (Kivimaki et al., 2000; von Hertzen, 2002)), while the
prevalence of asthma has also increased (Peat et al., 1994; Seaton et al., 1994;
Taylor et al., 1997; Anonymous, 1998a; Mannino et al., 2002). Individual-level
data are needed to confirm the ecological association.

The potential association between stress and asthma may help our
understanding of racial and ethnic disparities in asthma. In the past two decades,
there has been a greater increase in the prevalence of asthma in African
Americans relative to that in Whites. The prevalence rates of self-reported
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asthma in African-Americans and Whites in 1980 were 33.1 and 31.4 per 1000
respectively, and in 1999 the respective prevalence rates were 42.7 and 37.6 per
1000 (Mannino et al., 2002). Similar racial disparities were observed in mortal-
ity, hospitalizations, and emergency department (ED) visits due to asthma. The
stress of living in urban settings, and in difficult and more socio-economically
deprived neighbourhoods (Taylor et al., 1997; Williams, 1999), may be one of
the contributing factors for the disproportionately higher rates of asthma in
minority communities (Wright et al., 1998; von Hertzen, 2002). Researchers are
beginning to examine the effects of factors such as perceived racism and stress
on health outcomes (Williams, D.R., 1996; Kennedy et al., 1997; Schulz et al.,
2000; Williams and Collins, 2001; Jones, 2002), and neuroimmunomodulation
via the stress response provides a potential explanation.

Breastfeeding

There is significant controversy in the literature concerning the relationship
between breastfeeding and the primary development of atopic disease in
children. A review by Kramer (1988) summarized the literature up to 1988, using
methodological and biological standards to rate the quality of published studies.
The methodological standards included non-reliance on prolonged maternal
recall of exposure, blind ascertainment of infant feeding history, strict diagnostic
criteria, blind ascertainment of outcome, control for confounding, assessment of
dose–response effects and adequate statistical power. The biological standards
included sufficient duration of breastfeeding, sufficient exclusivity of breast-
feeding, objective criteria for severity of outcome, assessment of age at onset of
outcome and assessment of effect in children at high risk. Twenty-two studies
on atopic eczema and 13 studies on asthma were reviewed. The study findings
were inconsistent, in that there were both studies demonstrating and failing to
demonstrate an association between breastfeeding and atopy. Generally, the
studies that found a protective effect of breastfeeding were more likely to have
higher ratings on the biological standards, while negative studies were more
likely to have higher ratings on methodological standards. Kramer concluded
that, based on the mixed results of the studies reviewed, as well as failure to meet
important methodological and biological standards, no valid inferences could be
made about the association between breastfeeding and atopy.

In an analysis of data from the Third National Health and Nutrition Exami-
nation Survey (NHANES III), 1988–1994, Chulada et al. (2003) demonstrated
that, after adjusting for potential confounders, there was no statistically
significant protective effect of breastfeeding on asthma up to 3 years of age.
In that study, however, children who had been breastfed for any length of time
had a lower risk of asthma diagnosis before the age of 24 months (OR 0.72, 95%
CI 0.54, 0.95) and infants who were exposed to environmental tobacco smoke
and who were breastfed had a lower risk of asthma relative to those who were
not breastfed (P < 0.05). Another analysis of NHANES III data (Rust et al.,
2001), which examined asthma risk in children aged 2 months to 6 years, failed
to show the protective role of breastfeeding.
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A prospective birth cohort of 2187 children in Western Australia (Oddy
et al., 1999) (1598 with skin-prick test (SPT)) demonstrated that children who
were introduced to some other form of milk besides breast milk prior to 4 months
of age, were more likely to have asthma diagnosed by a doctor and SPT ≥ 2 mm
by the age of 6 years (OR asthma 1.25, 95% CI 1.02,1.52; OR positive SPT
1.30, 95% CI 1.04, 1.61). Similarly, in a New Zealand cohort of 1037 children
(Sears et al., 2002), breastfeeding appeared to increase the risk of SPT ≥ 2 mm
to any allergen at age 13, and current asthma at age 9 (respective OR 1.94 (1.42,
2.65), 1.83 (1.35, 2.47)). Family history of atopy did not affect the results. This
study met with significant criticism regarding its conclusion that breastfeeding
may be a risk factor for atopy. The critiques focused on factors such as the 3-year
recall period for ascertainment of breastfeeding history (Becquet et al., 2003),
failure to examine exclusive breastfeeding as an exposure (Murray, 2003), and
the potential role of higher socio-economic status in explaining the increased risk
of atopy in children who were breastfed (Boelens, 2003).

In a Tucson, Arizona, cohort of 1246 children (Wright et al., 2001), exclu-
sive breastfeeding for ≥ 4 months, in children of asthmatic mothers, was associ-
ated with an increased risk of asthma in the child by ages 6–13 years (adjusted
OR 8.7, 95% CI 3.4, 22.2; adjusted for maternal education, maternal smoking in
first year of life, gender, race, and siblings in the home or use of day-care). Exclu-
sive breastfeeding ≥ 4 months was also associated with an increased risk of
recurrent wheeze at ages 6–14 years (OR 5.7, 95% CI 2.3, 14.1). Exclusive
breastfeeding yielded a statistically significant protection from recurrent wheeze
at the age of 2 years (adjusted OR 0.45, 95% CI 0.2, 0.9), but this protection was
no longer statistically significant by age 3. Maternal asthma or atopy had no
effect on these results. In a Perth, Australia, cohort of 2187 children enrolled pre-
natally (Oddy et al., 1999), introduction of milk other than breast milk before 4
months of age was associated with an increased risk for current asthma by age 6
and SPT ≥ 2 mm to at least one common allergen (current asthma-adjusted HR
1.25, 95% CI 1.02, 1.52; positive SPT-adjusted HR 1.30, 95% CI 1.04, 1.61).

In a cluster-randomized trial from the Republic of Belarus by Kramer et al.
(2001), where intervention sites encouraged breastfeeding through a multi-
faceted programme, and control sites had the usual infant feeding practices,
breastfeeding was associated with a decreased risk of atopic eczema (OR 0.54,
95% CI 0.31, 0.95; adjusted for family history of atopy). In a dietary clinical trial
in which mothers of newborns at risk for atopy were recommended to breastfeed
for at least 4 months and to avoid solid foods (865 infants exclusively breastfed
compared to 256 infants formula-fed) (Schoetzau et al., 2002), breastfed infants
were protected from development of atopic dermatitis by the age of 1 year
(adjusted OR 0.47, 95% CI 0.30, 0.74).

A meta-analysis of prospective studies on the association between breast-
feeding and atopic dermatitis (Gdalevich et al., 2001) showed that the summary
odds ratio for the effect of breastfeeding was 0.70, 95% CI 0.60, 0.81. In
children with a family history of atopy, the summary OR was 0.52, 95% CI 0.35,
0.79. In studies of children with no family history of atopy there was no
association between breastfeeding and atopic dermatitis (summary OR 0.99,
95% CI 0.48, 2.03). The authors concluded that breastfeeding is particularly
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protective against the development of atopy in infants with a family history of
atopy.

In a meta-analysis of prospective studies of the association between allergic
rhinitis and breastfeeding, Mimouni Bloch et al. (2002) demonstrated a non-
statistically significant protective effect of breastfeeding on the risk of allergic
rhinitis in general (OR 0.74, 95% CI 0.54, 1.01) and in those with a family
history of atopy (OR 0.87, 95% CI 0.48, 1.58). In this analysis, breastfeeding
seems less beneficial to children without a family history of atopy, which is oppo-
site to the finding in the previous meta-analysis. Interestingly, the hypothesis that
breastfeeding may be more protective against atopic disease in those without
a family history of atopy, however, is corroborated by other studies that have
demonstrated differences in the composition of breast milk of atopic and non-
atopic women, as well as the relationship between the IgE level in the mother’s
breast milk and that in the child. For example, chemoattractants such as IL-8 and
RANTES (regulated on activation, normal T cell expressed and secreted), have
been found to exist in higher concentrations in the breast milk of allergic, relative
to non-allergic, mothers (Bottcher et al., 2000a). Similarly, the concentrations of
IL-4, IL-5 and IL-13 may be higher in the colostrum of allergic relative to
non-allergic mothers (Bottcher et al., 2000b). Furthermore, in the 6-year-old
children of non-atopic mothers, breastfeeding has been demonstrated to be
associated with lower IgE levels, whereas in the children of atopic mothers,
breastfeeding was associated with higher IgE levels (Wright et al., 1999). These
findings may account for an increase in allergic markers and symptoms in the
offspring of mothers with allergy who breastfeed. That is, in breastfed children of
mothers with allergy, there may be a greater activation of cells involved in the
allergic process. Of course, a greater risk of atopy in the offspring of an atopic
mother might be due to genetic factors, such that teasing apart the environ-
mental and genetic influences remains an important challenge. In conclusion,
due to the inconsistency of the evidence, it is not possible to make a definitive
conclusion on the association between breastfeeding and atopy, based on the
current literature.

Asthma during pregnancy

Asthma is a growing problem, and is the most frequent respiratory disorder
complicating pregnancy. Estimates from the National Health Interview Survey
indicate that asthma affects between 3.7 and 8.4% of pregnant women in the
USA (Kwon et al., 2003). The course of asthma during pregnancy varies, such
that in one-third of patients asthma symptoms remain the same, in one-third
they improve, and in one-third the symptoms worsen (Schatz, 1999; Kelsen,
2003). The majority of patients whose asthma changes course during pregnancy
revert to their pre-pregnancy state during the postpartum period (Schatz, 1999;
Kelsen, 2003). The severity of asthma peaks between 24 and 36 weeks of preg-
nancy (Schatz, 1999), at which time mothers are at greatest risk of developing
pregnancy complications. This supports the reported associations between
uncontrolled asthma and adverse infant and maternal outcomes. In various
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studies, maternal asthma during pregnancy has been linked to preterm births
(Kramer et al., 1995; Demissie et al., 1998a, 1999; Liu et al., 2001; Wen et al.,
2001; Sorensen et al., 2003), pre-eclampsia (Dombrowski et al., 1986; Demissie
et al., 1998a, 1999; Liu et al., 2001; Wen et al., 2001), placenta praevia
(Alexander et al., 1998; Demissie et al., 1998a, 1999; Wen et al., 2001),
placental abruption (Alexander et al., 1998; Liu et al., 2001; Wen et al., 2001),
low birthweight (Demissie et al., 1998a, 1999), very small and small for
gestational age (Demissie et al., 1998a., 1999; Liu et al., 2001), large for
gestational age (Liu et al., 2001), transient tachypnoea of the newborn (Schatz
et al., 1991; Demissie et al., 1998b) and gestational diabetes (Wen et al., 2001).
Asthmatic mothers also have an increased rate of Caesarean delivery and
prolonged hospital stay (Demissie et al., 1998a, 1999; Wen et al., 2001).

Several mechanisms may operate in the association between maternal
asthma and pregnancy complications. An underlying diathesis (atopy or triggers)
in the mother may cause hyperactivity or irritability of both the bronchial and
uterine smooth muscles. Thus conditions that cause hyper-responsiveness of
the bronchial smooth muscles may, at the same time, lead to preterm births
(Demissie et al., 1998a). For transient tachypnea of the newborn, a genetic
predisposition to b-adrenergic hyper-responsiveness, both in the mother and the
child, have been suggested (Demissie et al., 1998b). Fetal hypoxaemia in the
setting of uncontrolled asthma may explain the association between asthma and
fetal growth restriction and placenta praevia (Demissie et al., 1998b). The latter
is supported by the higher incidence of placenta preavia among women who live
at higher altitudes (McClung, 1969). Medications used to treat asthma during
pregnancy, particularly steroids, may be responsible for the excess gestational
diabetes and large for gestational age (LGA) births among asthmatic mothers
(Liu et al., 2001). Constriction of airway smooth muscle during asthma
attacks may be caused by local release of bioactive mediators, such as platelet
activating factor, histamine, kinins and leukotrienes, which are implicated in the
pathogenesis of pre-eclampsia (Drazen, 1992).

Many of the obstetric complications that are associated with maternal
asthma also predispose the offspring to the development of asthma during early
life. Studies in the past 2–3 years have reported that pregnancy complications,
particularly uterine-related, are associated with the development of asthma in
the offspring. A study from the UK (Annesi-Maesano et al., 2001) reported
threatened abortion, and malposition or malpresentation of the fetus, to be
associated with the development of asthma in the child. Similarly, a Norwegian
study showed that uterus-related complications, such as antepartum haemor-
rhage, preterm contractions and placental insufficiency, increased the risk of
bronchial obstruction, asthma and allergic rhinitis when the child was 2–4 years
of age (Nafstad et al., 2000a).

The series of events that links maternal asthma with obstetric complications
and the subsequent development of asthma in the child is complex, and distinct
pathophysiological pathways may be involved. A child of an asthmatic mother is
more likely to develop asthma because of genetic predisposition, irrespective of
the pregnancy complications. Also, factors such as smoking during pregnancy
and infections could be common causes for the obstetric complications and the
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development of asthma in the offspring. Alternatively, pregnancy complications,
independent of genetic predisposition and smoking, may increase the likelihood
of asthma in the child by acting on the developing immune system of the fetus.
For example, Caesarean delivery may change the gut microflora and result in
Th2 dominance in the child. In conclusion, it is entirely possible that a certain
proportion of childhood asthma is attributable to asthma during pregnancy.

Intestinal flora

The microflora of the large intestine may play an important role in the develop-
ment of allergic diseases. It has been suggested that ingestion of raw and
unpasteurized milk containing lactobacilli may enhance Th1-dominated cyto-
kine responses and protect the child from the development of allergic diseases
(Kilpelainen et al., 2000; Riedler et al., 2000; von Ehrenstein et al., 2000;
Warner and Warner, 2000). Differences in gut flora have been reported between
infants from Estonia and Sweden (Sepp et al., 1997; Bjorksten et al., 1999),
where the prevalence of allergies is low in Estonia and high in Sweden (Braback
et al., 1995). Colonization with lactobacilli and Eubacterium were more com-
mon among Estonian children, whereas among Swedish infants, colonization
with Clostridium difficile was more common.

Changes in the intestinal flora of infants occur following delivery by Caesar-
ean section. As a result, the risk of allergies among children born by Caesarean
section has been the focus of recent investigation. A Finnish study (Xu et al.,
2001) examined the association between Caesarean delivery and the risk
of developing allergic disease at 31 years of age. Caesarean delivery was
strongly associated with current doctor-diagnosed asthma at the age of 31 years
(adjusted OR 3.23; 95% CI 1.53, 6.80). No association was reported between
Caesarean delivery and the later development of atopy, hay fever or atopic
eczema. Similarly, a follow-up of children from birth to 7 years of age, through
record linkage of various registries in Finland (Kero et al., 2002), demonstrated a
significantly higher cumulative incidence of asthma at the age of 7 years in chil-
dren born by Caesarean section (4.2%) than in those vaginally delivered (3.3%,
OR 1.27; 95% CI 1.13, 1.42). In another cohort (Turku birth cohort), children
born by Caesarean as compared with vaginal delivery were also reported
to have more asthma symptoms (14.2% versus 9.4%), positive allergic skin
test (41% versus 29%) and physician-confirmed asthma (12% versus 6%).
However, these comparisons did not achieve statistical significance. Properly
designed studies are needed to confirm the concurrent increases in Caesarean
delivery rates and the prevalence of allergic diseases.

Infections

Recent studies have claimed that infections during childhood are found to be
protective against asthma and allergic diseases. This finding is also linked to
decreasing family size and increased likelihood of developing asthma. The
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observation that, over time, there is a declining family size and at the same time
an increase in allergy and asthma, has led some investigators to propose what is
termed ‘the hygiene hypothesis’.

Studies that have examined the relationship between family size and atopic
disease are summarized in Table 12.9. A number of studies have demonstrated
that the risk of allergic diseases is significantly lower among children who grow
up in large families. A landmark study conducted in the UK (Strachan, 1989),
which studied 17,414 children born during 1 week in March 1958 and followed
until the age of 23 years, showed an inverse relation between the occurrence of
hay fever at 11 and 23 years of age and the number of children in the household
at age 11. This association persisted after adjusting for the effects of potential
confounders, such as father’s social class, breastfeeding, region of birth and
cigarette smoking at age 23. Similarly, a recent retrospective study from the UK
(McKeever et al., 2001), which followed 29,238 children from birth to 2.9 years
of age, demonstrated a decreasing trend for the occurrence of eczema and hay
fever with increasing number of older siblings in the household. However, that
study did not show a similar trend for doctor-diagnosed asthma. The results
obtained from cross-sectional studies of family size and the presence of hay fever
and eczema consistently show a negative association (Jarvis et al., 1997; Bodner
et al., 1998). However, the same is not true for wheeze and asthma (Jarvis et al.,
1997; Rona et al., 1997; Bodner et al., 1998).

The validity of studies where the outcome is the occurrence of symptoms of
hay fever, eczema or asthma may be weakened because of recall bias, as well as
inconsistencies in defining these allergic diseases. Therefore some investigators
have used a more objective measure of sensitization, i.e. skin-prick test, to
study the association between the number of siblings in the household and the
presence of skin-prick test positivity to common aeroallergens. Cross-sectional
studies of family size and allergic sensitization consistently demonstrate a
decreasing trend in the occurrence of skin-prick test positivity with increasing
number of siblings in the household (von Mutius et al., 1994; Strachan et al.,
1997b; Matricardi et al., 1998). However, the results from longitudinal studies
are equivocal. Although a British study (Strachan et al., 1997a) that followed
1369 children from birth to 35 years of age showed that subjects who had three
or more older siblings were almost 50% less likely (OR 0.49, 95% CI 0.28, 0.86)
to be skin-prick test positive, another study from the same country (Karmaus
et al., 2001) did not show such an association. Interestingly, when the pulmo-
nary function of 677 school-age children was measured, the per cent predicted
FVC and FEV1 values became progressively larger as the number of siblings
increased, indicating a reduced propensity for bronchial obstruction (Mattes
et al., 1999).

It has been postulated that the occurrence of fewer signs and symptoms of
allergic diseases among children from large families could be explained by
reduced cross-infection between siblings in smaller families (Strachan, 1989).
This ‘hygiene hypothesis’ is thought to be mediated through immune modula-
tion of the T-helper lymphocytes, whereby infectious agents induce the secretion
of anti-allergic Th1 cytokines. Although the negative association between the
occurrence of atopic diseases and family size has been attributed to the ‘hygiene
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Study, country Study design Ages (years) N Exposure Findings

Strachan
et al. (1989),
UK

Prospective
cohort

Birth to 23 17,414 No. of older siblings

0
1
2
3

≥ 4

Prevalence of hay fever
in previous year (%)

20.4
15.0
12.5
10.6

8.6

Prevalence of eczema
in first year of life (%)

6.1
5.2
4.6
3.7
2.8

McKeever
et al. (2001),
UK

Retrospective
cohort

Birth to 2.9 29, 238 No. of older siblings OR (95% CI)

0
1
2

> 2

Asthma
1.00

1.13 (1.06–1.20)
1.18 (1.09–1.27)
1.17 (1.06–1.29)

Eczema
1.00

0.89 (0.85–0.94)
0.82 (0.76–0.87)
0.70 (0.64–0.76)

Hay fever
1.00

0.82 (0.72–0.94)
0.76 (0.63–0.91)
0.67 (0.52–0.86)

Jarvis et al.
(1997), UK

Cross-sectional 20–44 , 1159 OR (95% CI)

Family size
Birth order

Hay fever
0.84 (0.79–0.94)
0.87 (0.77–0.98)

Wheeze without cold
0.86 (0.75–0.98)
0.90 (0.77–1.04)

Asthma
0.77 (0.61–0.97)
0.81 (0.62–1.04)

Bodner et al.
(1998), UK

Cross-sectional 10–14 , 2111 No. of siblings OR (95% CI)

0
1
2
3
4

≥ 5

Asthma
1.0

1.6 (0.7–4.0)
1.8 (0.8–4.5)
1.3 (0.5–3.3)
0.6 (0.2–2.0)
0.9 (0.3–2.7)

Eczema
1.0

0.6 (0.3–1.2)
0.6 (0.3–1.1)
0.6 (0.3–1.2)
0.2 (0.1–0.7)
0.2 (0.05–0.6)

Hay fever
1.0

0.9 (0.4–2.0)
0.6 (0.3–1.5)
0.3 (0.1–0.9)
0.6 (0.2–1.7)
0.2 (0.04–1.0)

Rona et al.
(1997), UK

Cross-sectional Primary school-
children

11,924 Family size

1
2
3

> 3

OR (95% CI)
Asthma and/or wheeze

1.00
0.71 (0.58, 0.86)
0.62 (0.51, 0.77)
0.50 (0.40, 0.62)

Table 12.9. Studies examining the relationship between family size, birth order and atopic diseases.
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von Mutius
et al. (1994),
Germany

Cross-sectional 9–11 , 2335 No. of siblings Prevalence of atopy

0
1
2
3
4

> 5

West Germany
36.1
38.0
36.5
31.7
28.6
25.0

East Germany
19.4
17.7
15.5
15.4
16.7
11.1

Strachan et al.
(1997), UK

Cross-sectional 14–45 11,042 No. of brothers

0
1
2

> 3
No. of sisters

0
1
2

> 3

OR (95% CI)
Any allergy

1.00
0.80 (0.72–0.90)
0.66 (0.57–0.76)
0.51 (0.47–0.56)

1.00
0.98 (0.88–1.1)
0.88 (0.76–1.01)
0.93 (0.78–1.11)

Matricardi
et al. (1998),
Italy

Cross-sectional 18–24 11,371 No. of older siblings

0
1
2

≥ 3
No. of younger siblings

0
1
2

≥ 3

OR (95% CI)
Atopy (assessed by elevated IgE)

1.00
0.82 (0.73–0.92)
0.62 (0.52–0.74)
0.54 (0.42–0.70)

1.00
0.87 (0.77–0.98)
0.71 (0.60–0.83)
0.63 (0.48–0.83)
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Study, country Study design Ages (years) N Exposure Findings

Strachan et al.
(1997), UK

Prospective
cohort

Birth to 35 , 1369 No. of older siblings

0
1
2

≥ 3

OR (95% CI)
Atopy (assessed by SPT)

1.00
0.71 (0.54–0.95)
0.53 (0.36–0.79)
0.49 (0.28–0.86)

Karmaus et al.
(2001), UK

Prospective Birth to 4 , 857 Birth order

1
2

≥ 3

OR (95% CI)
Atopy (assessed by SPT)

1.00
0.94 (0.63–1.39)
0.82 (0.52–1.30)

Mattes et al.
(1999),
Germany

Prospective Birth to 7–16 , 677 No. of younger siblings
0
1

≥ 2
No. of older siblings

0
1

≥ 2

FVC%(SE) †
reference
+1.5 (1.1)
+2.6 (1.3)

reference
+2.3 (1.1)
+2.5 (1.4)

FEV1%(SE) †
reference
+1.8 (1.1)
+2.9 (1.3)

reference
+2.6 (1.1)
+2.4 (1.5)

†Expressed as a percentage of deviation from the predicted values.
OR, Odds ratio; CI, confidence interval; SPT, skin-prick test; FVC, forced vital capacity; FEV, forced expiratory volume; SE, standard error.

Table 12.9. Continued.
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hypothesis’, the results of studies investigating the relationship between
childhood infections and atopy have been inconsistent. The Tucson cohort
study (Martinez et al., 1995b) demonstrated a reduced occurrence of skin-test
reactivity among children with non-wheezing lower respiratory tract infections
within the first 3 years of life. Another study from the UK (Illi et al., 2001), which
followed 1314 children from birth to 7 years of age, also demonstrated a
reduced risk for doctor-diagnosed asthma at age 7 among children who had two
or more episodes of runny nose (OR 0.52, 95% CI 0.29, 0.92) during infancy
and one or more episodes of viral infection of the herpes type (OR 0.48, 95% CI
0.26, 0.89) during the first 3 years of life. However, an increasing number
of lower respiratory tract infections in the first 3 years of life in that study
was associated with an increasing risk for doctor-diagnosed asthma. Other
investigators have also demonstrated a greater risk for atopy and asthma in
the presence of respiratory tract infections during early life (Bodner et al., 1998;
Farooqi and Hopkin, 1998; Ponsonby et al., 1999; Nafstad et al., 2000b; Bager
et al., 2002; Celedon et al., 2002).

Of the common childhood infections, the role of measles in the occurrence
of allergic diseases has been studied extensively. However, the results obtained
from such studies do not show a consistent pattern. Although some investigators
found a negative association (Shaheen et al., 1996; Bodner et al., 1998, 2000;
Wickens et al., 1999), others showed either no risk (Farooqi and Hopkin, 1998;
Lewis and Britton, 1998b; Matricardi et al., 1998; Illi et al., 2001) or, conversely,
an increased risk for allergic diseases (Paunio et al., 2000; Bager et al., 2002)
among those exposed to measles during childhood. Investigators also sought
to examine the effect of measles immunization on the occurrence of allergic
sensitization. A longitudinal study from Guinea-Bissau (Shaheen et al., 1996)
examined children who were infected with wild measles during an epidemic and
compared them with those who did not contract measles during the epidemic
and were subsequently immunized. In that study, those who received post-
epidemic immunization had an increased prevalence of allergic sensitization as
opposed to those who had been infected with the disease during the epidemic.
One of the interpretations offered by the authors to explain these findings was
that measles immunization may enhance the occurrence of atopy. However, a
subsequent study of over 6000 British children showed no association between
measles immunization and hay fever (Lewis and Britton, 1998b).

The possibility of an increased risk of atopy due to measles vaccination led
to an investigation of the effect of pertussis immunization on the occurrence of
atopy. The first study conducted to examine this effect recruited 1934 individuals
from the 1975–1984 birth cohort at an Oxfordshire general practice (Farooqi
and Hopkin, 1998). That study showed a 75% increase in the risk of atopic
diseases among those who were vaccinated with whole-cell pertussis vaccines.
After this study, a Swedish randomized trial (Nilsson et al., 1998), conducted to
study the effect of pertussis vaccines on atopic disease, showed no relationship
between the two. Another prospective study from the UK also corroborated the
findings of the Swedish trial (Henderson et al., 1999).

Another childhood infectious agent, Mycobacterium tuberculosis, has gener-
ated considerable interest among researchers with respect to its preventive role
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in the occurrence of atopic diseases, because of its ability to stimulate the
secretion of Th1 cytokines. Evidence in favour of an inverse association between
mycobacterial infection and atopy came from a Japanese study (Shirakawa
et al., 1997) of 867 children who underwent routine tuberculin tests prior to
BCG vaccination at ages 6 and 12 years. That study demonstrated a significant
protective effect of delayed hypersensitivity to M. tuberculosis on the occurrence
of atopy at the age of 12 years. On the other hand, a recent Norwegian study
(Omenaas et al., 2000) showed no significant relationship between tuberculin
reactivity and atopy among young adults routinely vaccinated with BCG at
age 14. Furthermore, other studies also failed to demonstrate any association
between exposure to M. tuberculosis and subsequent development of atopy
(von Hertzen et al., 1999; von Mutius et al., 2000).

It can be hypothesized that if infection with mycobacteria reduces the risk of
atopy, then BCG vaccination in early life may have a protective effect on the
occurrence of subsequent atopy. Several studies have attempted to investigate
this hypothesis. A retrospective cohort study of 3- to 14-year-old children from
Guinea-Bissau (Aaby et al., 2000) showed a reduced occurrence of atopy
among children who were vaccinated with BCG (21% versus 40%). On the
other hand, a Swedish study (Alm et al., 1997), which enrolled 216 children
with a strong family history of atopy who had received BCG vaccination and
358 age-matched controls who had not been vaccinated, showed that there was
no significant difference in the occurrence of atopy and symptoms of allergic
disease between the two groups. Contrary to that study, Marks et al. (2003)
found a significant inverse relationship between BCG vaccination and atopy
only among children with a positive family history of atopy (RR 0.46, 95% CI
0.22, 0.95). Other studies reported either no relationship (Krause et al., 2003) or
a weak protective effect (Gruber et al., 2002).

Most studies have attempted to explain the inverse association between
family size and atopy by an increased propensity for infection in early childhood,
which may be transmitted by contact with siblings. However, Varner (2002) pro-
posed an interesting alternative hypothesis for this inverse relationship. He hypo-
thesized that the atopic predisposition (Th2 immune response) may confer an
evolutionary advantage to the atopic infant by reducing the severity and fre-
quency of respiratory infections early in life. He, further, elaborates his viewpoint
by citing literature that demonstrates that the Th2 immune response not only
ensures successful pregnancy and term birth, but also provides the infant protec-
tion against infections by common pathogens in early life (Sporik et al., 1990).

In sum, the findings of studies relating exposure to common infections and
vaccines in childhood and the occurrence of atopy and asthma are not consis-
tent in supporting the hygiene hypothesis. It is entirely possible that exposures
occurring in utero may have influenced the results of these studies.

A More Toxic Environment

Children today spend more of their time indoors relative to outdoors and, as
such, indoor pollutants are believed to be more important. Indoor exposures
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include aeroallergens (dust mite, cat and cockroach allergens) and irritants
(particulate matter PM10, PM2.5, NO2, SO4). Exposure to indoor irritants in early
life has not been linked directly to the incidence of atopy or asthma (Samet et al.,
1993; Garrett et al., 1998). On the other hand, exposure to these indoor
aeroallergens has been associated with the development of atopy and asthma
(Sporik et al., 1990; Perzanowski et al., 1999; Custovic et al., 2002).

The first strong evidence for the association between exposure to house dust
mite (HDM) during the first 6 months of life and subsequent development of
asthma came from a prospective study of 67 children from the UK (Sporik et al.,
1990). In that study, a greater degree of exposure to HDM allergen (Der p1) was
associated with an increasing trend of sensitization at the age of 11 years. The
relative risk of asthma in children exposed to more than 10 mg of Der p1 per
gram of dust during infancy was approximately 5.0. The results of this and
several other studies (Sears et al., 1993; Sporik et al., 1993; Peat et al., 1996;
Rosenstreich et al., 1997; Lau et al., 2000) laid the foundation for the paradigm
for the pathogenesis of asthma that has been widely accepted since the 1990s.
This paradigm is that genetically susceptible individuals upon exposure to
allergen will be sensitized (atopy). Subsequent exposure to the same allergens
will result in degranulation of mast cells through anamnestic response, leading to
inflammation and asthma.

Based on this framework, four large randomized trials were mounted in
order to assess the efficacy of allergen avoidance measures in preventing the
development of asthma and allergies (Arshad et al., 1992, 2003; Hide et al.,
1994, 1996; Chan-Yeung et al., 2000; Custovic et al., 2001; Mihrshahi et al.,
2003) (Table 12.10).

Arshad et al. (1992) prenatally randomized pregnant women into prophy-
lactic and control groups and evaluated the occurrence of asthma, eczema and
food intolerance among their infants at 1 year of age. In the prophylactic group,
mothers and children were asked to follow a strict diet, which excluded allergenic
foods. The infants’ mattresses were covered with polyvinyl and the head areas
were vented. In addition, an acaricidal preparation was used to treat the infants’
bedrooms, the living room and all upholstered furniture. The prophylactic group
was found to have a reduced incidence of asthma, eczema and food intolerance.
However, the diagnosis of asthma at 1 year of age is questionable. Furthermore,
introducing inclusion or exclusion criteria after randomization may have intro-
duced bias. The Canadian randomized trial (Chan-Yeung et al., 2000) reported
a borderline statistically significant protection for probable asthma at 1 year
with a 90% confidence limit. The results of another UK randomized trial
(Custovic et al., 2001), with similar intervention, showed borderline protection
for wheeze, but not for asthma or eczema. Similarly, an Australian randomized
trial (Mihrshahi et al., 2003) did not show any significant benefit from allergen
avoidance measures on the occurrence of wheeze and eczema. In a further
follow-up of infants at 2 years in the study by Arshad and colleagues, the
protection for eczema persisted, while that for asthma disappeared. When
the same group of infants was evaluated at 4 and 8 years of age (Hide et al.,
1994, 1996), the prophylactic group still had a lower risk of eczema, but not
asthma.
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Loss to follow-up Study size Findings
(control is reference
category)Study, country Randomization Endpoint Prophylactic (%) Control (%) Prophylactic Control Outcome

Arshad et al.
(1992), UK

Chan-Yeung
et al. (2000),
Canada

Custovic et al.
(2001), UK

Mihrshahi et al.
(2003),
Australia

Hide et al.
(1994), UK

Hide et al.
(1996), UK

Arshad et al.
(2003), UK

Prenatal

Prenatal

Prenatal

Prenatal

Prenatal

Prenatal

Prenatal

12 months

12 months

12 months

18 months

24 months

48 months

8 years

19

11

6

N/A

19

19

19

8

10

14

N/A

8

8

8

58

251

145

276

58

58

58

62

242

146

278

62

62

62

Asthma
Eczema
Food intolerance
Allergic disorder

Probable asthma
Possible asthma
Rhinitis

Severe wheeze
Wheeze medication
MD-diagnosed asthma
Eczema

Wheeze/breathlessness
Visit to ER for wheeze
Eczema

Asthma
Eczema
Food intolerance
Allergic disorder

Asthma
Eczema
Atopy
Allergic disorders

Asthma
Atopy

OR (95% CI)
0.24 (0.06, 0.91)
0.28 (0.08, 1.00)
0.30 (0.06, 1.67)
0.16 (0.05, 0.50)
RR (90% CI)
0.54 (0.29, 0.98)
0.80 (0.49, 1.31)
0.51 (0.35, 0.74)
RR (95% CI)
0.44 (0.20–1.00)
0.58 (0.36–0.95)
0.48 (0.19–1.27)
1.07 (0.78–1.46)
% difference (95% CI)
0.9 (−5.5, 7.2)
0.6 (−4.7, 5.7)
8.2 (0.6, 15.8)
OR (95% CI)
0.46 (0.17, 1.23)
0.11 (0.02, 0.56)
0.80 (0.17, 3.33)
0.10 (0.03, 0.37)
OR (95% CI)
Not significant
0.29 (0.10, 0.83)
0.27 (0.1, 0.77)
0.37 (0.16, 0.83)
OR (95% CI)
0.11 (0.01, 1.02)
0.21 (0.07, 0.62)

OR, Odds ratio; CI, confidence interval; RR, relative risk; N/A, not available; ER, Emergency Room.

Table 12.10. Randomized controlled trials for primary prevention of allergies and asthma among high-risk infants.

3
0
0

A
8
0
4
7
 
-
 
L
a
n
g
l
e
y
-
E
v
a
n
s
 
-
 
V
o
u
c
h
e
r
 
P
r
o
o
f
s
.
p
r
n

Z
:
\
C
u
s
t
o
m
e
r
\
C
A
B
I
\
A
4
7
5
5
 
-
 
L
a
n
g
l
e
y
-
E
v
a
n
s
\
A
8
0
4
7
 
-
 
L
a
n
g
l
e
y
-
E
v
a
n
s
 
-
 
V
o
u
c
h
e
r
 
P
r
o
o
f
s
 
V
P
1
0
 
D
A
#
D
.
v
p

F
r
i
d
a
y
,
 
J
u
n
e
 
1
8
,
 
2
0
0
4
 
2
:
2
9
:
2
2
 
P
M

C
o
l
o
r
 
p
r
o
f
i
l
e
:
 
D
i
s
a
b
l
e
d

C
o
m
p
o
s
i
t
e
 
 
1
5
0
 
l
p
i
 
a
t
 
4
5
 
d
e
g
r
e
e
s



The findings from these randomized trials challenge the sensitization, airway
responsiveness, inflammation and asthma paradigm that is widely accepted. This
challenge is further sustained by a recent study (Pearce et al., 1999) that scruti-
nized all observational studies of atopy and asthma. The proportion of asthmatic
cases attributable to atopy varied from 25% to 63% with a weighted mean of
38% in children, and from 8% to 55% with a weighted mean of 37% in adults.

Study results from developing countries and from some isolated communities
also revealed a lack of association between atopy and asthma (Hemmelgarn and
Ernst, 1997; Yemaneberhan et al., 1997; Sunyer et al., 2000). A study conducted
in the western part of Ethiopia showed a dissociation in the rate of atopy, as
measured by skin-test positivity, and symptoms of wheeze (in rural areas the
prevalence of atopy and wheeze were 11.8% and 1.2%, respectively, while in the
urban area they were 4% and 3.7% respectively) (Yemaneberhan et al., 1997).
Another study from Tanzania also failed to find a relationship between atopy, as
measured by serum IgE to Der p1 and cockroach, and asthma diagnosis (Sunyer
et al., 2000). In this study, Der p1 and cockroach were highly prevalent. Similarly,
among Inuit primary school children in far northern Quebec, atopy, as measured
by skin-prick test, was not found to be associated with either exercise-induced
bronchospasm or FEV1/FVC < 0.75 (Hemmelgarn and Ernst, 1997). In these com-
munities, lifestyle factors that require more vigorous physical activity may have
played a role in the lack of translation from atopy to allergic symptoms. In sum,
asthma is a heterogeneous disease and investigators need to be open-minded to
understand the risk indicators for both atopy-related and atopy-unrelated asthma.

Air pollution may aggravate existing disease by triggering symptoms. For
example, exposure to a higher concentration of ozone has been suggested to
increase the sensitivity of asthmatic patients to allergens (Weinmann, 1996). A
recent study also found an association between outdoor pollution (particulate
matter, SO2 and NO2) and wheeze among children who exhibited bronchial
hyper-responsiveness and, at the same time, had high serum total IgE levels
(Boezen et al., 1999). However, for the most part, outdoor air pollution has not
been associated with the development of atopy or asthma (Dockery et al., 1989;
Bates, 1995; Donaldson et al., 2000) and is not the main explanation for the
increasing incidence of allergic diseases (Seaton et al., 1994).

German investigators (von Mutius et al., 1992) compared the prevalences of
allergies and asthma in two cities of Germany (Leipzig and Munich) with
homogeneous genetic make-up. Leipzig is a highly polluted city in the former
East Germany and Munich is a relatively clean city in West Germany. The
prevalence of positive skin-tests and asthma was higher in the West than the
East. Their findings suggest that lifestyle factors (e.g. carpeted Western-style
buildings) rather than air pollution are more important in the occurrence of
allergic diseases (Cookson and Moffatt, 1997).

Fetal Origins of Allergic Disease

The proposition that various adult chronic diseases may have their origin in
fetal and infant life (Forsdahl, 1977; Kermack et al., 2001) has been an active
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area of research in the past two decades (Barker and Osmond, 1986a,b, 1987)
(Barker et al., 1989a,b, 1991, 1993, 1995; Osmond et al., 1990; Law et al.,
1993; Godfrey et al., 1994; Fall et al., 1995). The University of Southampton
investigators published several reports linking fetal and early childhood growth
to adult chronic diseases such as coronary heart disease, stroke, hypertension,
diabetes and chronic obstructive lung disease. On the basis of the findings,
the same group of investigators proposed the ‘fetal origins’ hypothesis, which
postulates that physiological or metabolic programming occurs when a stimulus
or insult operates during a critical period of the fetal development that
results in permanent structural and functional alterations (Rasmussen, 2001).
The validity of the fetal programming hypothesis, although supported by several
investigators, has been questioned by others (Joseph and Kramer, 1996; Seckl,
1998).

The framework described in this chapter on the link between perinatal
factors and allergic diseases does not completely fall into the classical fetal
programming arena. However, there is some overlap with respect to selected
factors. Langley-Evans (1997) discussed the role of nutritional factors during
fetal life in programming the immune function. Increased head circumference
at birth in disproportion to the growth of other organs, including those involved
in the immune system (spleen, thymus), may permanently reduce the number of
lymphocytes. Factors such as exposure to prenatal allergens, in utero exposure
to cigarette smoke, change in intestinal flora and others may shift the Th1/Th2
immunological balance towards Th2, but the permanency of these changes
is uncertain at this time. Even if we assume that these changes persist until
adolescence, at which time a good proportion of children grow out of allergies
and asthma, the proportion of subjects who develop chronic obstructive lung
disease in adulthood will be small and the public health impact of the fetal
programming hypothesis is modest. However, a thorough understanding of
the association between perinatal factors and childhood allergic diseases is
important to design interventions that reduce the very high disease burden
during childhood.

Conclusion

Perinatal factors play an important role in the aetiology of allergies at birth
and early childhood. Whether these factors will persist into late childhood
and adolescence is unknown at this time. Clearly, the field is in its infancy
and more data are needed to better understand the complex interplay between
these factors. The translation of atopy to asthma symptoms, particularly the
role of lifestyle-enhancing physical activity, warrants further examination.
Furthermore, asthma is a very heterogeneous disease and the risk indicators
for non-allergic asthma as opposed to allergic asthma should be one of the
areas of future research. Collectively, the evidence presented on prenatal factors
in the aetiology of allergic diseases is very promising. However, due to the
paucity of information in this area, prenatal intervention is not warranted at this
time.
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Introduction

Evidence continues to mount in support of the hypothesis that many chronic
degenerative diseases in adulthood have prenatal or early postnatal origins,
probably due to programming of cardiovascular and endocrine systems early in
development. However, the implications of early environments for the develop-
ment and function of the immune system in adulthood are less well understood
(Moore, 1998). This is an important area of enquiry, in that immunological pro-
cesses are centrally involved in infectious, neoplastic, atopic and autoimmune
diseases, and may, in some cases, contribute to cardiovascular disease. This
chapter will review a range of research relevant to the immune programming
hypothesis, and discuss attempts to investigate the long-term immunological
effects of early environments in an ongoing, prospective study in the Philippines
(McDade et al., 2001a,b, 2004).

The Early Life Origins of Immune Function

Compelling circumstantial evidence for the relevance of early environments
to adult immunocompetence comes from recent research in the Gambia. In
this region, the annual cycle of climate introduces marked seasonal variation
in nutritional status, with the annual rains contributing to periods of significant
hunger. Analysis of demographic records indicates that being born during the
hungry season – itself associated with lower birthweight and higher postnatal
disease exposure – increases the risk of premature death in young adulthood
by a factor of 3.7 after the age of 14.5 years, and by a factor of 10.3 after
25 years (Moore et al., 1999). The majority of these premature deaths were
infectious in aetiology, suggesting impairment in some aspect of immune
function. Although direct support for this link in human populations is
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currently limited, a number of convergent lines of evidence suggest that this is
an important area of enquiry.

Early research with murine models documented alterations in offspring
immune function following maternal nutritional deficiencies (both macro- and
micro-nutrient) that last into adulthood and into the next generation, despite
ad libitum feeding of both F1 and F2 generations (Chandra, 1975a; Beach et al.,
1982). There is evidence that the hypothalamic–pituitary–adrenal axis may
be involved in these associations. Injection of pregnant rat dams with dexa-
methasone, a cortisol agonist, has been associated with lymphoid atrophy
and impaired immunity in offspring (Eishi et al., 1983), while rats born to under-
nourished mothers demonstrate reduced hypothalamic–pituitary–adrenal (HPA)
and tumour necrosis factor (TNF)-a responsiveness to endotoxaemia, compared
to offspring of well-nourished mothers (Chisari et al., 2001). A similar pattern
of results is emerging from research conducted among non-human primates:
gestational stress, as well as injections of adrenocorticotrophic hormone (ACTH)
or dexamethasone during pregnancy, are associated with lasting irregularities in
immune function and HPA activity in juvenile offspring (Coe et al., 1992, 1996;
Clarke et al., 1994; Coe and Lubach, 2000).

The immediate effects of protein–energy malnutrition on immune function
in infancy and early childhood have been well documented. Postnatal under-
nutrition is associated with deficits in several components of cell-mediated
immunity, involution of the thymus and reduced antibody response to
vaccination (Chandra, 1988; Gershwin et al., 2000; Suskind and Tontisirin,
2001). Less intensively investigated are the immunological implications of pre-
natal undernutrition, although a relatively limited number of studies suggest that
there are significant impairments in aspects of immunity following intrauterine
growth retardation (IUGR) (Table 13.1) (Chandra, 1975b, 1981; Moscatelli
et al., 1976; Chandra et al., 1977; Ferguson, 1978; Saha et al., 1983; Pittard
et al., 1984; Mussi-Pinhata et al., 1993; Chatrath et al., 1997; Moore et al.,
1999). These findings are consistent with the fourfold increase in neonatal mor-
tality risk, and the twofold increase in postneonatal mortality risk, for infants born
small for gestational age (SGA, full term, less than 2500 g) compared to infants
born appropriate for gestational age (AGA, full term, > 2500 g) (Ashworth,
1998). Similarly, SGA infants have been shown to be at increased risk of
infectious morbidity in infancy and early childhood (Kebede and Larson, 1994;
Lira et al., 1996). Deficits in immune function following prenatal undernutrition
persist for weeks, and in some cases years, but their long-term implications for
immunocompetence beyond childhood have not been previously reported.

Gestational age is a potential confounder of the association between low
birthweight and immune function, and in a number of studies it is not possible to
separate the effects of preterm delivery from fetal undernutrition and growth
restriction. This may be an important distinction, since Chandra (1981) has
shown that by 3 months of age, pre-term AGA infants (30–34 weeks’ gestation)
recover normal T lymphocyte percentage and proliferative responsiveness to
phytohaemagglutinin (PHA), whereas full-term, SGA infants (37–41 weeks)
continue to demonstrate impairment at 12 months. Similarly, SGA infants have
reduced thymic hormone activity at 1 month, while pre-term AGA infants do not
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Participants (gestational age) Age at assessment Main outcomes Reference

26 SGA (29–42 weeks), 26 AGA
(not reported)

19 SGA (38–41 weeks), 30 AGA
(not reported)

50 SGA (not reported)

17 SGA (35–41 weeks), 31 AGA
(31–41 weeks)

8 children born SGA (not reported),
11 ‘healthy’ age-matched controls
(not reported)

9 SGA (37–41 weeks), 7 AGA
(30–34 weeks), 7 AGA (37–41 weeks)

20 AGA (38 ± 1.0), 15 AGA (32.8 ± 1.4),
15 SGA (38.0 ± 0.8)

29 SGA (33–42 weeks), 120 AGA
(33–42 weeks)

57 SGA (37–41 weeks), 52 AGA
(37–41 weeks)

25 SGA (‘full-term’), 25 AGA (‘full-term’)

472 children in the Gambian Intervention
group: maternal dietary supplementation
for 20 weeks before delivery; control
group: maternal supplementation for 20
weeks after delivery

Birth, 1 month,
3 months

Birth to 3 months

3 months to 5 years

< 4 days

1–5 years

Birth, 1, 3 and
12 months

Birth, 3 and
6 months

Birth

3 months, 6 months
or 9 months

Birth

6–9 years

SGA = reduced DTH response at 1 month; reduced lymphocyte response
to PHA at birth; reduced % T lymphocytes at birth, 1 month, 3 months;
reduced bactericidal capacity at birth; reduced response to polio vaccine

SGA = reduced % and number of T and B lymphocytes at birth; no
difference in lymphocyte response to PHA

SGA = reduced % T lymphocyte, DTH response

SGA = reduced DTH response; reduced number total and T lymphocytes;
no difference in lymphocyte response to PHA

SGA = reduced DTH response; reduced % T lymphocytes; reduced
lymphocyte response to PHA

SGA = reduced thymic hormone activity at 1 month; reduced number T
lymphocytes at all ages; reduced PHA response at birth, 3 months,
12 months

SGA = reduced DTH response, reduced IgA and IgM production at 3 and
6 months; reduced number total lymphocytes at 3 months

No difference in lymphocyte response to PHA, PWM, ConA, SpA

No difference in DTH or lymphocyte response to BCG vaccination given
12–14 weeks prior to assessment

SGA = reduced number and % lymphocytes, reduced CD4:CD8 ratio,
reduced IgG and C3

Maternal supplementation before delivery associated with improved DTH
response; supplementation after delivery associated with improved
response to rabies vaccine; no associations with birthweight

Chandra
(1975b)

Moscatelli
et al. (1976)

Chandra et al.
(1977)

Ferguson
(1978)

Chandra
(1987)

Saha et al.
(1983)

Pittard et al.
(1984)

Mussi-Pinhata
et al. (1993)

Chatrath et al.
(1997)

Moore et al.
(1999)

AGA, appropriate for gestational age; SGA, small for gestational age; DTH, delayed type hypersensitivity; PHA, phytohaemagglutinin; PWM, pokeweed
mitogen; ConA, concanavalin A; SpA, serotype c-specific polysaccharide antigen; BCG, bacille Calmette-Guérin.

Table 13.1. Prior research on the effects of prenatal undernutrition on human immune function in infancy and childhood.
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differ substantially from healthy full-term infants. However, mortality statistics in
a range of populations do not suggest a dramatic difference in neonatal and
post-neonatal mortality risk between fullterm, SGA infants, and preterm infants
of the same birthweight (Ashworth, 1998).

Prior to our research in the Philippines (see below), only two studies had
reported an association between fetal growth and a measure of immune activity
beyond childhood. In a sample of 280 men and women aged 47–55 years from
the UK, a larger head circumference at birth was associated with an increased
likelihood of elevated immunoglobulin E (IgE) in adulthood (Godfrey et al.,
1994). A larger birthweight was also associated with increased IgE, but this
association disappeared when the associations were adjusted for head circum-
ference. In a different UK sample of 305 women aged 60–71 years, lower
birthweights were associated with increased likelihood of thyroglobulin and
thyroid peroxidase autoantibody production in adults (Phillips et al., 1993).
These findings suggest that fetal environments may programme immune func-
tion in adulthood, with potentially important implications for the development of
allergic and autoimmune disease.

In both these studies, as well as those from the Gambia (Moore et al., 1999,
2001), impaired thymic development has been proposed as a key mediator of
the association between early environments and later immunocompetence. The
thymus is a primary lymphoid organ critical for normal T-lymphocyte maturation
and function, and for the production of thymic hormones with wide-ranging
immuno-regulatory properties (Steinman 1986; Schulof et al., 1987). Lymphoid
tissues are acutely sensitive to undernutrition in infancy and early childhood, to
the extent that severe malnutrition may lead to what has been described as
a nutritional ‘thymectomy’, with significant and lasting impairments in cell-
mediated immunity (Naeye et al., 1971; Dutz et al., 1976; Dourov, 1986).
Recent sonographic analyses indicate that thymic size in infancy is positively
associated with birthweight and body length, suggesting that prenatal nutrition
or fetal growth influence thymic development (Hasselbalch et al., 1999). Since
lymphoid tissues begin to develop in the second and third month of gestation,
and since prenatal undernutrition appears to have a disproportionate impact on
these tissues, the effects of early nutritional insults may be even greater than
those endured postnatally (Xanthou, 1985; Owens et al., 1989).

A parallel line of enquiry has indicated that exposure to infectious disease
early in life may have significant long-term consequences for immunity. Findings
from Guinea-Bissau suggest that measles infection in early infancy increases
the risk of death before 5 years of age by a factor of 3.8 (Aaby et al., 1993), and
that measles infection in childhood more than doubles the risk of suppressed
cell-mediated immunity 3 years later (Shaheen et al., 1996a). In addition, earlier
research has shown that gastroenteritis in the first 6 months of life – but not after
– is associated with thymic atrophy and impaired cell-mediated immunity up to
5 years later (Dutz et al., 1976; Ghavami et al., 1979).

Similarly, proponents of the ‘hygiene hypothesis’ suggest that infectious
morbidity early in life has long-term consequences for immune function by
biasing lymphocyte maturation toward the Th1 phenotype. Atopic immune
processes associated with Th2 lymphocytes are therefore reduced, protecting
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against the development of atopic disease in adulthood (Shaheen et al., 1996b;
Shirakawa et al., 1997; Matricardi et al., 2000; Illi et al., 2001). A relative
absence of infectious disease early in life is thereby hypothesized as accounting
for the rising rates of allergy and asthma in developed nations (Rook and
Stanford, 1998).

In sum, research to date suggests that both prenatal and early postnatal
environments are important for immune development and may have long-term
implications for infectious, atopic and autoimmune disease. Although the fetal
origins hypothesis focuses attention on prenatal conditions, early postnatal
environments are also critical in shaping immune development, and should be
given serious consideration. Few studies have been able to simultaneously
evaluate the effects of prenatal and postnatal environments, even though it is
likely that they play independent, and perhaps interactive, roles in the develop-
ment of immunocompetence. A unique opportunity to explore these issues
is provided by a dataset collected from a small cohort in the Philippines. Data
from this sample have been collected prospectively from the third trimester
of pregnancy through adolescence, and allow examination of the interaction
between factors in fetal life, infancy and childhood as determinants of immune
development and function.

Early Origins of Immune Function in the Philippines

Research participants and protocol

The early origins of immune function were evaluated in the Cebu Longitudinal
Health and Nutrition Study (CLHNS). This ongoing population-based survey of
maternal and child health in the Philippines began in 1983 with the recruitment
of 3327 pregnant women (Cebu Study Team, 1989). As in many countries in the
developing world, IUGR (defined as birthweight for gestational age below a ref-
erence 10th percentile; Hoffman et al., 1974) is common in the Philippines, most
likely due to high rates of maternal undernutrition during pregnancy associated
with poverty. In the CLHNS, the prevalence of IUGR is 20.9% (Adair, 1989).

Home visits were made prior to birth, immediately following birth, and every
2 months for 2 years, to collect in-depth data on child and maternal health,
anthropometry, patterns of breastfeeding, dietary intake, rates of diarrhoea and
respiratory disease, household socio-economic status and demographics, and
environmental quality (Popkin et al., 1990). Follow-up surveys were conducted
in 1991, 1994–1995 and 1998–1999. The prospective design of this study,
as well as the detailed information collected at multiple time points, provides
a unique opportunity to evaluate a number of variables that may confound,
mediate or moderate the association between IUGR and later immune function.
The immune studies reported here are part of a broader research agenda
focused on elucidating the role of prenatal and early postnatal environments on
growth, maturation and risk for chronic and infectious disease in childhood and
adolescence (Adair, 1999, 2001; Adair et al., 2001; Adair and Cole, 2003;
Kuzawa and Adair, 2003).
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In 1998–1999, 2089 CLHNS participants, 14–15 years of age at the time,
were contacted for follow-up data collection. From these remaining participants,
a subsample of 103 girls and boys was recruited based on the following criteria:
fullterm birth (≥ 37 weeks), currently healthy, and small for gestational
age (SGA: defined as < 10th percentile of birthweight for gestational age)
versus appropriate for gestational age (AGA: ≥ 10th percentile) (Hoffman et al.,
1974). By restricting the sample to fullterm births, the potentially confounding
effects of preterm delivery were eliminated. The study therefore focused upon
small size, assumed to be related to fetal undernutrition. The subsample of SGA
individuals recruited for this study was representative of all SGA individuals in
the larger CLHNS cohort, except that the average birthweight was significantly
lower than the average of 2494 g for all SGA individuals in the CLHNS
(P < 0.001).

Upon enrolment in the immune study, EDTA plasma was collected and
immediately frozen, followed by immunization against typhoid fever with a
25 mg dose of purified Vi cell-surface polysaccharide extracted from Salmonella
typhi, delivered in 500 ml sterile solution via intramuscular injection (Pasteur
Merieux, Lyon, France). Two weeks and 3 months later, follow-up blood was
drawn. Participants had not been previously immunized against typhoid.

Measures of immune function

A range of complementary immune measures was investigated to illuminate the
possible role of early environments in shaping resistance to infectious disease,
thymic development and function, and risk for atopic disease.

Anti-typhoid antibody titre

The humoral-mediated response to vaccination was assessed by comparing
anti-typhoid antibody titres in baseline samples to those drawn 2 weeks and
3 months following vaccination. This method provides an in vivo, functional
measure of immunocompetence that mimics the real-world process of pathogen
exposure and immune response that is critical in defining resistance to infectious
disease.

Thymopoietin

The thymus produces a range of thymic hormones with important roles in T-
lymphocyte maturation and peripheral T-lymphocyte function (Dardenne and
Bach, 1988; Goss and Flye, 1993). Thymopoietin – a 49-amino-acid poly-
peptide produced primarily by thymic epithelial cells – is among the best
characterized, and is involved in early T-lymphocyte differentiation and the
peripheral regulation of mature T-lymphocyte function (Goldstein et al., 1979;
Ranges et al., 1982; Singh et al., 1998). Serum thymopoietin concentrations
show a pattern of age-related decline that parallel declines in thymic volume:
levels are highest at 15–30 years and drop with age (Lewis et al., 1978). Since
the thymus may be an important link between early environments and later
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immunocompetence, thymopoietin was measured as an indicator of thymic
activity.

Immunoglobulin E

Asthma, allergy and other atopic diseases are mediated by IgE responses to
primarily innocuous, common environmental allergens, and elevated total IgE
concentrations are consistently found in atopic individuals (Wittig et al., 1980;
Magnusson, 1988). A number of studies have reported significant associations
between measures of fetal growth and later risk for allergy, asthma and
obstructive airways disease (Barker et al., 1991; Seidman et al., 1991; Godfrey
et al., 1994; Fergusson et al., 1997; Gregory et al., 1999; Shaheen et al., 1999;
Lopuhaa et al., 2000). IgE is also significant in that early postnatal exposure
to infectious disease has been associated with reduced IgE production, and
reduced risk for allergy and asthma later in life (Martinez et al., 1995; Shaheen
et al., 1996b; Shirakawa et al., 1997; Matricardi et al., 2000; Illi et al., 2001).

Data analysis

Maximum likelihood logistic regression (Stata Corporation, College Station,
Texas, USA) was used to model the likelihood of responding to the vaccine
with at least a fourfold increase in antibody titre, and least squares regression
was used to evaluate predictors of log-transformed thymopoietin and of log-
transformed IgE. Intrauterine growth retardation was the primary independent
variable of interest, but aspects of the prenatal environment (maternal nutritional
status during pregnancy, parity and season of birth), postnatal environment
(household socio-economic status, pattern of breastfeeding, pathogen exposure
and infectious morbidity) and growth (length, weight) and current status (puber-
tal status, nutritional status) were also considered as potential confounders or
covariates in these analyses (see Table 13.2).

It was hypothesized that SGA individuals would differ significantly
from AGA individuals in our markers of immune function. The model-building
strategy outlined by Lucas et al. (1999) was applied to increase confidence
that any association between IUGR and later immune function was due to the
quality of the prenatal environment, rather than correlated aspects of postnatal
experience. The crude association between SGA and later immune function
was first evaluated. Measures of current nutritional status, as well as variables
representing multiple aspects of postnatal growth and morbidity, were then
added. Interactions between SGA and these variables were considered where
appropriate. If adjustment for postnatal factors was found to attenuate the effect
of SGA, we concluded that postnatal rather than prenatal environments were
more likely to be causally related to adolescent immune function. If adjustment
for postnatal factors amplified the effect of SGA, it was concluded that both
prenatal and postnatal influences were relevant. Significant interactions between
SGA and postnatal factors were assumed to indicate that SGA modified the
effect of later environments.
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Prenatal and postnatal influences on adolescent immune function

Characteristics of SGA and AGA individuals in the sample are presented in
Table 13.2. As expected, SGA individuals had significantly lower birthweights,
and were significantly shorter and lighter in adolescence as well. In addition,
SGA individuals were more likely to come from households with lower incomes,
and to be born to mothers with lower body mass index (BMI), who were
pregnant for the first time.

Table 13.3 presents the mean unadjusted differences in the three measures
of immunity. It was immediately apparent that prenatal undernutrition did not
have a dramatic main effect on immune function. Although differences were in
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SGA
(N = 55)

AGA
(N = 48)

Female (%)
Prenatal environment

Gestational age (weeks)
Birthweight (g)
Ponderal index
Maternal BMI (kg/m2)
First pregnancy (%)
Born in wet season (%)
Weekly HH income (pesos)

Birth to 1 year
Growth in length (cm)
Weight gain, 1st year (kg)
Duration of exclusive breastfeeding (days)
Episodes of diarrhoeaa

Episodes of respiratory infectiona

Unsanitary food storage area (%)
Adequate excreta disposal (%)
Crowding, persons/room

Age 10 or 11 years
Height (cm)
Weight (kg)
BMI (kg/m2)

Age 14 or 15 years
Height (cm)
Weight (kg)
BMI (kg/m2)
Weekly HH income (pesos)
Unsanitary food storage area (%)

52.7

39.4 (1.9)
2369 (211)**

2.15 (0.30)***

21.1 (2.2)*
30.9**

41.8
194 (192)*

21.1 (2.8)
5.0 (0.9)*

50.5 (32.8)
1.4 (1.1)
4.6 (1.1)

44.8
39.1

3.0 (1.8)

132.0 (7.3)**

26.5 (5.3)**

15.1 (1.7)

132.0 (7.3)**

26.5 (5.3)**

15.1 (1.7)*
2635 (1783)***

32.1

62.5

40.1 (1.9)
3301 (376)
2.59 (0.38)
22.3 (2.6)

8.5
35.4

280 (228)

20.4 (2.6)
4.6 (1.06)

46.6 (43.3)
1.0 (1.0)
4.7 (1.3)

30.0
64.6

3.2 (1.9)

136.0 (6.2)
29.8 (5.7)
16.0 (2.1)

136.0 (6.2)
29.8 (5.7)
16.0 (2.1)
4487 (3329)

25.5

aAs assessed at six bimonthly intervals. Scores can range from 0 to 6.
*P < 0.05 (Student’s t-test for continuous variables); **P < 0.01; ***P < 0.001.
BMI, body mass index; HH, household.

Table 13.2. Descriptive statistics for small-for-gestational age (SGA) and appropriate-for-
gestational age (AGA) girls and boys. Mean (SD) values are presented for continuous
variables.
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the hypothesized direction, they were not statistically significant. However,
multivariate analyses revealed that prenatal undernutrition was significantly
associated with each immune marker when considered in interaction with
aspects of the postnatal environment. Table 13.4 demonstrates the importance
of considering such interactions.

Predictors of antibody response to typhoid vaccination

Current nutritional status is an important factor in shaping one’s ability to mount
an adequate immune response to vaccination, but in this sample responders
and non-responders did not differ significantly in BMI (18.4 and 18.5 kg/m2,
respectively, P = 0.80 for Student’s t-test). However, current nutritional
status interacted significantly with prenatal undernutrition to predict antibody
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SGA AGA P valuea

Adequate vaccine response

Thymopoietin (pmol/l)

IgE (IU/ml)

45.5%
(N = 55)

31.1 (33.5)
(N = 48)

146.5 (219.1)
(N = 55)

51.2%
(N = 41)

35.5 (32.0)
(N = 45)

99.0 (117.7)
(N = 48)

0.78

0.31

0.47

aStudent’s t-tests were used to evaluate the difference in log-transformed
thymopoietin and IgE concentrations for SGA and AGA individuals. The c2 test for
independence of categorical variables was used to evaluate vaccine
responsiveness.

Table 13.3. Measures of immune function for adolescents born small-for-
gestational age (SGA) and appropriate-for-gestational age (AGA).

SGA AGA P valuea

Probability of adequate
vaccine responseb

Thymopoietin (log pmol/l)c

IgE (log IU/ml)d

BMI: < sex-specific median
≥ sex-specific median

Exclusive breastfeeding: < 51 days
≥ 51 days

Household hygiene: poor
good

0.32
0.52
1.59
1.53
2.11
1.88

0.71
0.49
1.54
1.77
1.88
1.90

< 0.05

< 0.01

< 0.01

aSignificance level for the interaction term with birthweight-for-gestational-age.
bAdjusted for sex, pubertal status, duration of exclusive breastfeeding and diarrhoeal
morbidity in first year.
cAdjusted for sex.
dAdjusted for sex and current household income.
BMI, body mass index.

Table 13.4. Measures of immune function for adolescents born small-for-gestational age
(SGA) and appropriate-for-gestational age (AGA) in interaction with significant postnatal
factors.
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responsiveness (Table 13.4). Adolescents born SGA, and who were currently
below the sex-specific median value for BMI, stood out as those who were
least likely to respond to the vaccination. With other covariates held constant,
the probability of an adequate response was 0.32 for SGA/low current BMI
adolescents, compared to a range of 0.49–0.70 for adolescents born AGA, with
high current BMI or both (McDade et al., 2001b).

Aspects of the early postnatal environment were also found to be significant
predictors of adolescent immune function. The presence of at least one episode
of diarrhoea in the first year of life (as assessed at six bimonthly home visits)
more than doubled the likelihood of an adequate antibody response, while rapid
weight gain in the first 6 months and prolonged exclusive breastfeeding
were also associated with improved responsiveness. The combined effects of
significant prenatal and postnatal exposures is presented in Fig. 13.1. In the
best-case scenario – AGA, high current BMI, rapid weight gain in the first
6 months and prolonged breastfeeding – the predicted probability of mounting
an adequate antibody response to vaccination in adolescence was more than
three times greater than in the worst-case scenario of SGA, low current BMI, slow
postnatal weight gain and abbreviated breastfeeding.

Recent work on cardiovascular disease (CVD) risk factors has revealed sex
differences in relationships with prenatal nutrition or birth outcome (Adair et al.,
2001; Adair and Cole, 2003; Kuzawa and Adair, 2003). Poor maternal energy
status during pregnancy (low adiposity) is a stronger predictor of future CVD risk
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Fig. 13.1. Probability of mounting an adequate antibody response in relation to
significant prenatal and postnatal exposures: diarrhoea in the first year of life, rate
of weight gain in the first 6 months, and the combined effects of birthweight for
gestational age, current body mass index (BMI), rate of weight gain and duration
of exclusive breastfeeding. The ‘worst-case’ scenario represents adolescents
born small for gestational age (SGA), low current BMI, slow weight gain and short
duration of breastfeeding. (Data from McDade et al., 2001b.)
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than is low birthweight, and this association is independent of birthweight status.
Similar relationships with immune function were considered in the CLHNS
cohort. There was a significant sex-by-SGA interaction in logistic regression
models predicting antibody response to typhoid vaccination (Fig. 13.2). Males
who were SGA had a higher response rate than males who were AGA, while the
opposite trend by birth-outcome status was apparent among females. Building
from these models, maternal third-trimester arm fat area was modestly positively
related to vaccine responsiveness, and both associations were strengthened to
borderline significance (P < 0.10) once the child’s own adiposity was added
to the model (not shown). In contrast to the association with SGA, there were no
sex differences in the relationship between maternal pregnancy adiposity and
offspring immunity.

Predictors of thymopoietin concentration

Individuals born SGA were found to have lower concentrations of thymopoietin
in adolescence than AGA individuals, but this difference was only statistically
significant when prenatal undernutrition was considered in interaction with
the duration of exclusive breastfeeding. Individuals were classified as short
or long breastfeeders if they were below or above the median duration of
exclusive breastfeeding in this population (51 days). Thymopoietin production
was reduced in adolescents born SGA, regardless of the duration of breast-
feeding. For AGA individuals, short breastfeeding was associated with compara-
bly low concentrations, while thymopoietin was significantly elevated in long
breastfeeders (Table 13.4) (McDade et al., 2001a).
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Fig. 13.2. Interaction between male sex and birthweight for gestational age in
predicting the likelihood of an adequate antibody response to typhoid vaccination.
Parameters from logistic regression model including maturational status, male sex,
small for gestational age (SGA) and male × SGA; odds ratio (95% confidence
interval): male 0.15 (0.03, 0.67) P < 0.02; SGA, 0.29 (0.10, 0.90) P < 0.04;
male × SGA 18.7 (2.86, 122.1) P < 0.002.
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Postnatal growth in the first year of life was an equally important predictor of
adolescent thymopoietin production: adolescents one standard deviation above
the mean in first-year length increment (23.4 cm) had thymopoietin concentra-
tions that were 1.5 times higher than those one standard deviation below the
mean (18.0 cm). Growth during the first 6 months appeared to be particularly
important, showing a stronger positive association with adolescent thymopoietin
than growth between 6 and 12 months. Sex was also an important factor, with
boys having median thymopoietin concentrations (35.8 pmol/l) that were more
than twice those for girls (14.9 pmol/l).

Predictors of total IgE

Consistent with previous work suggesting an association between impaired fetal
growth and subsequent IgE production, individuals born SGA had elevated IgE
concentrations in adolescence, although this elevation was not statistically signif-
icant. However, a significant effect of IUGR emerged in interaction with the
pathogenicity of the postnatal environment. For both boys and girls born SGA,
adolescent IgE production was positively associated with a relatively unsanitary
household environment in the first year of life (presence of domestic animals
under the house, unhygienic food storage area, unsanitary infant food prepara-
tion practices) (Table 13.4). For AGA girls, a similar, but weaker association
was found, whereas the opposite pattern was found for AGA boys: unsanitary
conditions in the first year were associated with slightly reduced levels of
adolescent IgE (McDade et al., 2004).

In addition, consistent with previous reports of a protective effect of early
infection on later risk for atopy, respiratory and/or diarrhoeal disease in the first
6 months of life was associated with reduced IgE production in adolescence. For
adolescents who had only one reported episode of morbidity in early infancy
(recorded at 2 months, 4 months and 6 months of age), average IgE concen-
trations were nearly four times higher than those of adolescents who had four
morbidity episodes (114.8 IU/ml versus 32.4 IU/ml). Similar associations were
found when respiratory and diarrhoeal morbidity were considered separately,
and infectious morbidity in the second 6 months of life was not significantly asso-
ciated with IgE. Weight velocity in the first 6 months was positively associated
with adolescent IgE, and current household income was negatively related to
IgE. Lastly, as with thymopoietin, boys were found to have significantly higher
IgE concentrations than girls (72.8 and 43.2 IU/ml, respectively).

Associations between immune measures

Since it was hypothesized that IUGR would be associated with reduced anti-
body responsiveness to vaccination, reduced thymopoietin concentration and
increased IgE concentration, it was anticipated that vaccine responsiveness and
thymopoietin should be positively related, and that IgE should be negatively
related to both these measures. Physiologically, it is reasonable to expect these
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relationships to be at least in part causal – rather than merely correlational –
since the thymus plays an important role in processes of T-cell development and
function that have implications for IgE production and antibody responsiveness
to pathogen challenge.

Since thymopoietin and IgE concentrations differed significantly for boys
and girls, separate analyses were performed for each. No significant associations
among the immune measures were found, although there was a trend toward
reduced IgE in boys who did not respond to typhoid vaccination. The opposite
pattern was found in girls, although this difference was not statistically significant.
In addition, for girls, a trend toward the expected negative association between
thymopoietin and IgE (Pearson R = −0.22, P = 0.09, N = 57) was noted. A
weak positive association was found for boys (Pearson R = 0.23, P = 0.18,
N = 36). The small sample size – particularly with boys – was an obvious
limitation here, and these associations should be interpreted with caution.

Leptin

Immune defences – particularly antigen-specific defences – are energetically
expensive, and a growing number of investigators are applying an evolutionary,
cost–benefit approach to the study of immunology (McDade and Worthman,
1999; Buttgereit et al., 2000; Read and Allen, 2000). Scaffolded in an
adaptationist framework, this perspective recognizes that organisms have limited
energy, and that investment in immune defences consumes energy that cannot
be used for other purposes. The physiological mechanisms through which these
trade-offs are mediated are far from clear, but leptin is a likely candidate.

Leptin is similar in structure to IL-2, and is produced primarily by
adipocytes. Its role as an endocrine indicator of energy status has been probed
intensively, and a number of studies with animal models have indicated that
leptin is critical to normal cell-mediated immune processes (Howard et al., 1999;
Lord, 2002), although a recent study of Gambian children did not detect
an in vivo association (Moore et al., 2002). In the Filipino sample, prenatal
undernutrition was not related to leptin concentrations independent of adiposity.
However, because leptin signals energy reserves, it was assessed as a potential
mediator of the long-term effects of early environments on later immuno-
competence. Since leptin concentrations showed the expected sexual dimor-
phism, with levels considerably higher in females compared to males, separate
analyses were performed for each. Prenatal undernutrition was not associated
with leptin concentration in adolescence. However, consistent with leptin’s role
as an indicator of energy status, current BMI was positively associated with leptin
for both boys (Pearson R = 0.58, P < 0.001) and girls (Pearson R = 0.50,
P < 0.001).

Antibody responsiveness to typhoid vaccination was not associated with
leptin: for both boys and girls, responders and non-responders did not differ in
their mean leptin concentrations (boys: 0.22 versus 0.20 log ng/ml; girls: 0.59
versus 0.59 log ng/ml). Controlling for current BMI did not alter this pattern of
associations.
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In contrast, a positive association between leptin and thymopoietin was
noted in girls (Fig. 13.3). The crude association between these measures was
weak (Pearson R = 0.20, P = 0.15, N = 55), but was strengthened consider-
ably when the effect of current BMI was taken into account (partial R = 0.30,
P = 0.029). A positive association between leptin and thymopoietin makes
sense from an energetic perspective, and it is consistent with previous research in
starved mice, indicating that leptin administration protects against cell-mediated
immune suppression and thymic involution that would normally follow under-
nutrition (Howard et al., 1999). However, this finding needs to be interpreted
with caution given the small sample size, and the absence of a significant
association between leptin and thymopoietin in boys (partial R = −0.12,
P = 0.50, N = 32).

For both boys and girls, lower concentrations of leptin were associated with
increased IgE production (Fig. 13.4). Partial correlations – controlling again
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Fig. 13.3. The partial correlation between thymopoietin and leptin in adolescent
girls (N = 55), controlling for current body mass index (BMI).
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Fig. 13.4. The partial correlation between IgE and leptin in adolescent girls (N = 57) and
boys (N = 40), controlling for current body mass index (BMI).
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for current BMI – approached statistical significance (boys: partial R = −0.23,
P = 0.16, N = 40; girls: partial R = −0.19, P = 0.17, N = 57). However,
for the entire sample, the negative relationship between leptin and IgE was
significant (controlling for BMI and sex, partial R = −0.21, P = 0.037, N = 97).
Although negative associations between leptin and IgE have not been reported,
this pattern is consistent with previous research in mice indicating that leptin
promotes activity associated with Th1 lymphocytes, rather than Th2 activity
linked to IgE production (Matarese et al., 2001; Lord, 2002).

For the most part, the Filipino study found a pattern of associations among
leptin, thymopoietin and IgE that was consistent with current research in this
area. However, these analyses must be regarded as preliminary, and suggestive
for future research into the potential mechanisms associated with immune
programming.

Current Perspectives on the Programming of Immunity

Research on the programming of immune function is in its early stages, but it is
clear that this is an important area of enquiry. Future work with animal models
and clinical human samples will be necessary to clarify the physiological
processes through which early environments exert long-term immunological
effects. Complementing this approach, additional population-based research will
be necessary to explore the ecological contexts within which these processes
operate, and the factors that moderate their expression. More specifically, future
research should consider the following: definitions of prenatal environmental
quality, interactions between pre- and postnatal environments, physiological
mechanisms and clinical implications.

In a sample of adolescents from the Philippines, prenatal undernutrition was
associated with reduced thymopoietin production, reduced antibody response
to typhoid vaccination and elevated total IgE. We now have consistent evidence
in this population, using three different parameters of immunity, that provides
support for the hypothesis that human immune function is, at least in part,
programmed by early environments. These findings underscore the importance
of accounting for interactions between prenatal and postnatal environments
when studying early-life influences on immune function. For each immune
marker, the main effect of prenatal undernutrition was not statistically significant,
but emerged only in interaction with aspects of postnatal experience: The
duration of exclusive breastfeeding was found to moderate the effect of prenatal
undernutrition on adolescent thymopoietin concentration; adolescents born
SGA were less likely to respond to typhoid vaccination only if they were also
below the median for BMI at the time of inoculation; and a relatively unhygienic
household environment in the first year of life was associated with significant
elevations in IgE only for adolescents born SGA. This pattern of results suggests
that the long-term immunological effects of prenatal environments are not
over-determined, and may in fact be largely contingent.

While the prenatal nutritional environment is an important predictor of later
immune function, the Filipino findings also underscore the role of the early
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postnatal environment in shaping immune development. Vaccine responsive-
ness, thymopoietin concentration and IgE concentration in adolescence were all
positively associated with growth in length and/or weight during the first 6
months of life. Early episodes of infectious morbidity were associated with
reduced IgE and increased vaccine responsiveness in adolescence. Since early
infancy is a critical period for immune development in general, and the thymus
in particular, it is not surprising that postnatal factors programme immunity in
significant ways (Lewis and Wilson, 1995; Hasselbalch et al., 1999).

It is likely that significant correlations exist between prenatal and postnatal
environments, thereby increasing the challenges associated with separating their
relative contributions to immune development. For example, in the Filipino
study population, prenatal undernutrition reduced antibody responsiveness to
vaccination in adolescence, whereas diarrhoeal morbidity in the first year of life
increased antibody responsiveness. Since SGA infants are more likely to suffer
from diarrhoea in the first year of life (Table 13.2) (Ashworth, 1998), the
long-term immunological effects of prenatal undernutrition may in part be
attenuated by postnatal infectious disease experience. This situation, as well as
the failure to explicitly consider interactions between pre- and postnatal environ-
ments, may obscure significant long-term effects of prenatal undernutrition and
lead to an underestimation of their importance.

Birthweight alone is a poor indicator of the prenatal nutritional environment,
and prior research emphasizes the importance of distinguishing between infants
born small for gestational age and those born preterm, but with a comparable
birthweight. For the former, immunological impairment in infancy may be more
severe, whereas preterm AGA infants demonstrate recovery (Chandra, 1981).
Similarly, disproportionate fetal growth (as indicated by an increase in head
circumference) has been shown to be a better predictor of adult IgE concentra-
tion than birthweight, perhaps revealing an impoverished prenatal environment
that favours brain growth at a cost to the development of lymphoid tissues
(Godfrey et al., 1994).

Moreover, because birthweight follows a normal distribution among even
well-nourished and healthy populations, size at birth per se may not always be a
reliable indicator of prenatal nutritional sufficiency (Chard et al., 1993). The limi-
tations of birthweight as a marker of relevant prenatal exposures are illustrated
by research into the early life predictors of adolescent blood pressure and choles-
terol metabolism, both of which relate most strongly to maternal energy status
during pregnancy and are independent of variation in birthweight (Adair et al.,
2001; Kuzawa and Adair, 2003). Observation of a borderline positive associa-
tion between third-trimester maternal energy status and offspring antibody
response that was independent of SGA status is consistent with these findings.
Thus, as has been demonstrated for CVD risk factors, using a birth outcome such
as birthweight as the sole marker of fetal nutrition is likely to miss important
associations between the prenatal environment and postnatal immune function.

It is also interesting that measures of current environmental quality do
not appear to be significantly related to measures of adolescent immunity.
Exceptions include a negative association between current household income
and IgE, and a moderating role for current BMI with respect to vaccine
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responsiveness. Measures of pre- and postnatal environmental quality were the
primary predictors of adolescent immunity, despite the wide range of measures
of childhood and adolescent environmental quality available in the CLHNS
dataset. The relative importance of early environments in setting the long-term
trajectory of immune development is further evidence in support of the
programming hypothesis.

The long-term immunological effects of early environments may, however,
be largely contingent upon conditions experienced after birth, and interactions
between prenatal, postnatal and current environments should be considered
explicitly. Research to date indicates that large main effects of prenatal under-
nutrition on immune function may not be evident beyond infancy and early
childhood. Findings such as ours suggest that effects may emerge only in a
subset of individuals who are exposed to specific combinations of prenatal and
postnatal environments.

The physiological mechanisms linking early experience to later immuno-
competence require further elucidation. Likely candidates that have been
explored in previous research include impaired development of lymphoid tissues
(the thymus in particular), and lasting irregularities in hypothalamus–pituitary–
adrenal function. Preliminary findings from our research also suggest that leptin
– as an indicator of energetic status with immunoregulatory properties – may be
an important mediator of early environments. In addition, we have found a
number of sex differences in immune outcomes, and instances suggestive of sex
differences in relationships between early exposures and later immune function,
perhaps indicating a role for other hormones, such as sex steroids. It is likely that
a range of experimental, clinical and population-level research designs will be
necessary to reveal the mechanisms associated with immune programming.

The health implications of immune programming remain to be explored.
Prior research suggests that prenatal undernutrition increases the risk of
premature death from infectious disease (Moore et al., 1999), as well as the
risk of atopic and autoimmune disease in adulthood (Phillips et al., 1993;
Godfrey et al., 1994; Moore et al., 1999), and that early exposure to infectious
disease reduces adult risk of atopy (Shaheen et al., 1996b; Shirakawa et al.,
1997; Matricardi et al., 2000; Illi et al., 2001). With respect to infectious disease
morbidity and mortality, the impact of immune programming is likely to be most
evident in impoverished settings, where pathogen exposure is relatively high.
In addition, to the extent that inflammatory processes are related to the patho-
physiology of cardiovascular disease, cancers and other chronic conditions
(Kalayoglu et al., 2002; Ryu, 2003), immune programming may be a critical
factor mediating the association between prenatal undernutrition and adult
chronic disease processes that has been reported in a large range of populations,
from both developed and developing nations (Yajnik, 2000; Gill, 2001).
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Heritable DNA Methylation Changes as a Means to Induce
Nutritional Programming in the Pre-implantation Embryo:
Overview

This chapter will outline the hypothesis that maternal nutritional effects in devel-
oping oocytes, and in procedures used in assisted reproduction, can programme
fetal development and adult health, via heritable epigenetic changes in DNA
methylation at specific gene loci. This hypothesis arises from a range of diverse
experimental evidence, including studies in the sheep and rat. Imbalances
in nitrogen metabolism during sheep oocyte growth, for example, have been
demonstrated to increase the incidence and severity of aberrant conceptus
development that can arise following in vitro embryo culture (Sinclair et al.,
1999, 2000a). These developmental defects are associated with DNA methy-
lation changes in an imprinted gene key to fetal growth and organ development
(Young, 2001; Young et al., 2001). Rat studies suggest that, rather than a
general restriction of amino acid supply in the low-protein diets typically used to
model poor nutrition (see Chapters 6 and 8, this volume), it is likely to be the
metabolism of sulphur-containing amino acids that induces an increase in DNA
methylation in specific fetal tissues (Rees, 2002).

By combining these data with parallels of epigenetic reprogramming in
studies of cancer, we will develop the evidence that embryo technologies can
result in fetal programming and effects that provide clues to the mechanisms
underlying the fetal/embryonic origins of adult disease. The hypotheses will be
advanced that a range of diets offered during the period of oocyte growth and
maturation and pre-implantation embryo development can alter subsequent
conceptus and postnatal development, while a range of nutrients and metabo-
lites may alter the availability of methyl groups available within cells for DNA
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methylation. Imprinted genes are particularly vulnerable to DNA methylation
changes during pre-implantation development, and polymorphisms in methyl
metabolism enzymes may provide a genetic link to fetal programming.

Background and Significance

Although it is now widely accepted that metabolic responses to diet and suscepti-
bility to age-related diseases in adult humans are influenced by nutritional status
in utero (Barker and Osmond, 1986; Hales and Barker, 1992; Barker, 1998),
more recent studies with animals have shown that very early events can also
influence clinically relevant outcomes in the offspring (Young et al., 1998;
Sinclair et al., 2000a; McEvoy et al., 2001). However, the mechanisms by which
molecular events within the oocyte and/or early embryo can programme much
later development have not been established. Heritable epigenetic change (i.e.
change in the conformation of chromatin without a change in DNA sequence)
provides a strong potential mechanism, with DNA methylation being the most
likely candidate (Bird, 2002). Here we suggest that specific dietary inadequacies,
superovulation regimes and/or oocyte/embryo culture conditions can influence
the availability of the methyl groups necessary for the epigenetic methylation of
DNA. Identification of DNA methylation alterations at specific loci in the oocyte
would provide measurable characteristics indicative of the future development of
specific phenotypes.

Assisted reproduction

Recent evidence suggests that the incidence of birth defects and low birthweights
among singleton pregnancies achieved by clinically assisted reproduction
technology (ART) may be twice as high as that in the general population
(Hansen et al., 2002; Schieve et al., 2002; Moll et al., 2003). At present it is
uncertain what factors may contribute to low birthweights following ART, but
studies in mice indicate that ovarian stimulation prior to in vitro fertilization (IVF)
can delay embryo development and retard fetal development (van der Auwera
and D’Hooghe, 2001). Even in naturally mated mice, superovulation reduces
the implantation rate by 50% and lowers birthweight (Ertzeid and Storeng,
2001). We and others have suggested that since both superovulation and in vitro
maturation recover oocytes from some small or medium antral follicles (from
which they would not naturally have completed development and been ovu-
lated), factors required for the normal control of development post-fertilization
may be deficient in a subset of oocytes used for ART (Young and Fairburn,
2000; Gandolfi and Gandolfi, 2001). We have now demonstrated that this
principle is correct, where single-oocyte RT-PCR analysis of the IGF2R gene
revealed expression in bovine oocytes from large, but not small or medium,
antral follicles (K. Georgadaki and L. Young, unpublished and Fig. 14.1).

Considerable experience gained from studies with farm animals suggests
that adoption of new procedures, such as in vitro maturation and extended in
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vitro (blastocyst) culture, may introduce additional problems, including in utero
overgrowth and a varied range of congenital abnormalities that persist into
adulthood (Sinclair et al., 2000a). Exposure to unusual culture environments in
both sheep and mice leads to developmental defects associated with methylation
alterations in imprinted genes (Khosla et al., 2001; Young et al., 2001) as well as
with genome-wide defects in DNA methylation (Shi and Haaf, 2002). In addi-
tion, many reports exist of altered gene expression associated with specific
embryo culture conditions, although it is more difficult to associate these with a
specific developmental outcome (Taylor et al., 2003). Although there may well
be species differences in terms of the effect of a particular oocyte/embryo culture
environment or in the specific genes affected, mechanistic understanding of any
perturbation provides an important tool for predicting, testing and avoiding its
initiation in any new procedure.

Large offspring syndrome (LOS) and human imprinting syndromes

Unusually large offspring, presenting a broad range of congenital abnormalities,
have been born in ruminant species following the transfer of embryos that have
been exposed to an artificial, in vitro, environment during the periods of oocyte
maturation, fertilization and/or culture (Young et al., 1998), or manipulated in
some way, e.g. by nuclear transfer (Wilmut et al., 2002). A characteristic of LOS
is its sporadic occurrence both within and between laboratories using similar
protocols and media for in vitro maturation, fertilization and culture (Sinclair
et al., 2000a). This has been attributed to differences between batches of somatic
support cells and sera typically used in these studies, and to the predisposition of
batches of oocytes used in in vitro embryo production. Nevertheless, its sporadic
occurrence has rendered this a rather difficult phenomenon for many groups to
study. By contrast, we have developed a system for the in vitro culture of sheep
embryos that results in the highest reported incidence of aberrant conceptus
development (around one in two pregnancies) (Sinclair et al., 2000a), allowing
statistical differences at the molecular level to be identified. At present we are
uncertain as to what components of this system may contribute to this high
incidence, but suspect that animal genotype, the process of ovarian stimulation
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Fig. 14.1. RT-PCR detection of IGF2R in single oocytes from bovine antral follicles
of varying size. B, No cDNA, blank control; NRT, no reverse-transcriptase; S, small
(< 5 mm); M, medium (5–8 mm); L, large (> 8 mm).
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and the presence or absence of key constituents within the culture media (of
which serum is one) play a part. In addition, there is mounting evidence that
maternal nutrition plays an important role.

The extreme phenotypes observed with ART-associated LOS in cattle and
sheep share many common features with naturally occurring fetal overgrowth
syndromes in humans, such as Beckwith–Wiedemann Syndrome (BWS) and
Simpson–Golabi–Behmel syndrome, including polyhydramnios, visceromegaly,
renal dysplasia and neoplasia (Young et al., 1998; Sinclair et al., 2000a). The
great majority of BWS cases occur sporadically, either as a result of paternal
trisomy or paternal uniparental disomy, involving a cluster of fetal growth-
related imprinted genes on chromosome 11 (11p15.5), including H19,
p57KIP2, KvLQT1 and IGF2. Three independent studies of children affected
with BWS have reported a three- to sixfold increase in the incidence amongst
children conceived using either IVF or intra-cytoplasmic sperm injection (ICSI),
compared with the general population (Maher et al., 2003). In both BWS and in
another imprinting syndrome, Angelmann syndrome, the incidence of ART-
related cases associated with epigenetic DNA methylation changes in imprinted
gene loci, rather than to chromosomal defects, is unusually high (Maher et al.,
2003), further suggesting a mechanistic link. Furthermore, direct effects of
embryo or murine embryonic stem (ES) cell culture on methylation changes
in imprinted genes have been established from a variety of studies (Dean et al.,
1998; Doherty et al., 2000; Khosla et al., 2001; Young et al., 2001).

Maternal nutrition and LOS

More recently it has been observed that the nature of the diet offered to zygote
donor sheep during the period of ovarian stimulation with follicle-stimulating
hormone (FSH) can greatly influence both the incidence and severity of aberrant
conceptus development following the transfer of in vitro-cultured embryos
(Sinclair et al., 2003). The data depicted in Fig. 14.2 relate the heart:fetal weight
ratio (×100) of Day 125 fetuses (gestation = 146 days) to blood urea concentra-
tions. Evidence from a number of studies investigating the effects of nitrogen
metabolism on fertility in ruminant species indicates a threshold concentration of
plasma urea of around 7.5 mmol/l, beyond which embryo development and
fertility are compromised (Sinclair et al., 2000b). Data points above the 3
standard deviation line (3 SD) are more than 3 SD above the mean of in vivo
control fetuses (Fig. 14.2). Numbers in parentheses are fetal weights more than
3 SD above the mean of controls. It is quite apparent that there is a cluster of
animals in the top right-hand quadrant that exhibit both aberrant patterns of
growth and of development, and these data highlight the importance of maternal
nitrogen metabolism around the time of conception.

Lane et al. (2001) have also recently provided direct evidence for nitrogen
metabolic effects on the murine embryo. High levels of ammonium in the culture
media (either through supplementation or spontaneous degradation of amino
acids) reduce blastocyst cell number, impair metabolism and pH regulation,
increase apoptosis, alter expression of the H19 imprinted gene and result in
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impaired fetal growth. The mechanism by which nitrogen metabolism can affect
this programming response in ruminants and mice is not known.

Nutrient provision during early development

Studies in sheep have demonstrated that mothers initiating pregnancy with low
nutritional body stores suffer marked impairment of fetal and placental growth if
exposed to a further period of undernutrition during mid-pregnancy, whereas
mothers well-nourished at conception respond to mid-term dietary restriction by
inducing placental hypertrophy (Robinson et al., 1999). More specific evidence
of a peri-conceptual effect was obtained in sheep when maternal undernutrition
both before and for 7 days after conception resulted in an increase in arterial
blood pressure in the late-gestation fetus (Edwards and McMillen, 2002a,b).

Peri-conceptual nutritional effects in rodents have been demonstrated by
the widely used ‘low-protein rat model’, 50% protein restriction supplemented
with methionine (to satisfy the high demand for sulphur-containing amino acids
for fur production) (Langley-Evans and Jackson, 1996). This dietary treatment
has now been shown, in both rats and mice, to result in hypertensive offspring,
even when applied for only the first 4 days of pregnancy (Kwong et al., 2000;
Jackson et al., 2002; Petrie et al., 2002). In rats and mice this diet induces
elevated maternal levels of homocysteine and abnormal growth of the lung,
kidney and brain. A low-protein diet in the rat can also permanently alter
the function of the developing liver (Byrne and Philips, 2000; Rees et al., 2000).
Furthermore, pregnant rats fed a low-protein diet produced offspring with
high blood pressure compared to the control group (Langley-Evans, 2001). As
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Fig. 14.2. The relationship between heart:fetal weight ratio (×100) in Day 125
fetuses and plasma urea concentrations in donor sheep at the time of zygote
recovery and in vitro culture. Data in parentheses represent fetal weights > three
standard deviations (3 SD) above the mean of the controls. (Sinclair et al., 2003.)
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discussed below, more defined studies now suggest that an overall deficiency in
protein or protein nitrogen is not the cause of programming induced by a
low-protein diet; rather, effects of specific amino acids, such as methionine and
glycine, may underlie the mechanism (Rees et al., 2000; Jackson et al., 2002;
Petrie et al., 2002).

DNA methylation

It is likely that many of the effects of altered nutrition and of the pre-implantation
environment arise as a consequence of reprogrammed gene expression, and the
favoured mechanism underlying stably inherited changes in gene expression
is an epigenetic one. The first evidence that adult phenotype in mice could
be affected by epigenetic events in the early embryo came from a study by
Wolf Reik and his colleagues in 1993, where zygotic nucleocytoplasmic hybrid
embryos were created using nuclear transfer of female pronuclei into a recipient
egg from a different strain (Reik et al., 1993). The hybrid mouse pups showed
DNA methylation and transcriptional repression of major urinary protein genes
in their liver, as well as fetal growth deficiency.

The epigenetic process of DNA methylation is a strong candidate for induc-
ing early programming effects, as it is associated with silenced, heterochromatic
DNA and is environmentally influenced by the local availability of methyl groups
(Bird, 2002; Friso and Choi, 2002; Rees, 2002). Genomes are organized into
regions of dense heterochromatin that are transcriptionally silent, and compart-
ments of more open euchromatin, the sites of gene expression. This bimodal
pattern is established early in pre-implantation development. Once set up in
a lineage-specific manner, the heterochromatic compartment is then stably
inherited through subsequent cell divisions by maintaining the methylation of
DNA on the newly replicated strand by the maintenance methyltransferase, DNA
methyltransferase 1 (DNMT1). Methyl groups are needed to methylate replicated
DNA and to promote cell division, and so sufficient methyl-group donors are
required to support the rapid growth of the embryo and conceptus. While early
pre-implantation development in the mouse is associated with low levels of DNA
methylation (Dean et al., 2001), this is not the case in the sheep (Wilmut et al.,
2002; N. Beaujean, R. Meehan and L. Young, unpublished data) and the
situation in humans is unknown. However, the inner cell mass of both sheep and
mouse embryos (from which the fetus forms and ES cells are derived) shows
considerable levels of methylation.

Metabolism of methyl groups

Methyl groups are needed to produce new DNA and to promote cell division,
and so sufficient methyl-group donors are required to support the rapid growth
of the conceptus. The basic metabolic cycles that supply methyl groups are
complicated and involve interactions between a number of different nutrients,
as shown in Fig. 14.3. DNA methyltransferases utilize S-adenosyl methionine
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(SAM), produced from the amino acid methionine, as the substrate to provide
the methyl groups for the modification of DNA. In addition to a range of
biosynthetic methylation reactions, SAM is also an important precursor for the
synthesis of the polyamines spermine and spermidine, which play a vital role in
dividing cells. The current model of SAM action on DNA methylation suggests
that an increase in the concentration of SAM alters the kinetics of the DNA
methyltransferase reaction, triggering hypermethylation of the site being
modified (Detich et al., 2003).

After SAM has donated its methyl group to an acceptor, it is converted
to S-adenosyl homocysteine (SAHcy) which subsequently loses the adenosine
residue to form the non-protein amino acid, homocysteine. This non-protein
amino acid is a central intermediate in the metabolism of sulphur in all animals.
SAHcy inhibits DNA methyltransferases and therefore its accumulation may lead
to hypomethylation of DNA (Chiang, 1998). As the precursor for the bio-
synthesis of cysteine, homocysteine can be used to supplement the dietary
cysteine supply through biosynthesis. This pathway also produces another
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Fig. 14.3. The methionine and folic acid cycles. SAM, S-adenosyl methionine;
SAHcy, S-adenosyl homocysteine; 5-CH3-THF, methyl tetrahyrofolate; 5,10-CH2-
THF, methylene tetrahydrofolate; DHF, dihydrofolate; THF, tetrahydrofolate; dUTP,
deoxyuridine triphosphate; TTP, thymidine triphosphate; dcSAM, decarboxylated
S-adenosyl methionine.
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non-protein sulphur-containing amino acid, taurine, which has also been shown
to be important for fetal development. Feeding a diet containing an excess of
methionine increases the conversion of methionine to cystathionine (Rees et al.,
1999, 2000).

The remaining homocysteine, not destined for cysteine synthesis, is
re-methylated to form methionine. In mammals, two separate enzymes catalyse
this step to complete the series of reactions, known as the methionine cycle,
shown in the upper part of Fig. 14.3. One enzyme, methionine synthase, utilizes
a derivative of folic acid, N5-methyltetrahydrofolate (MTHF), as the methyl
donor. The reaction is mediated by the coenzyme, methylcobalamin, derived
from dietary vitamin B12. The activity of this reaction is therefore determined by
the availability of two vitamins, folic acid and vitamin B12. A second metabolic
cycle, the folate cycle, regenerates N5-methyltetrahydrofolate using the amino
acid serine as the methyl donor (shown in the lower part of Fig. 14.3).

An alternative re-methylation reaction using betaine as the cofactor is also
available to convert homocysteine to methionine. Betaine is derived from the
breakdown of choline, so the activity of the enzyme homocysteine-betaine
methyl transferase is partly determined by the availability of choline in the diet.
However, it is important to note that there are large species differences in the
relative activity of this enzyme (Snoswell and Xue, 1987). Therefore species with
a low homocysteine-betaine methyl transferase activity are more reliant on the
folate-dependent reactions, whereas choline plays a very important role in spe-
cies with a high enzyme activity, such as rodents. When choline is deficient, SAM
can be used to synthesize it, further increasing the demand for SAM at a time
when betaine is not available to supplement the re-methylation of homocysteine.
In ruminants, exogenous methionine is not derived directly from dietary protein
but largely from microbial proteins passing from the rumen, and only a very
small amount of methionine is derived from the diet. Under these circumstances
single-carbon metabolism is modified and de novo methylneogenesis increased,
with a significant elevation in homocysteine-betaine methyl transferase activity
(Snoswell and Xue, 1987). Consequently the vitamin B12 deficiency resulting
from a restricted dietary intake of cobalt reduces homocysteine-betaine methyl
transferase activity in a variety of tissues (Kennedy et al., 1992).

DNA methylation and disease

A wide range of studies has now shown that diets that are low in folate,
methionine, glycine and choline, known generically as ‘methyl-deficient
diets’, can promote cancer and other diseases (Choi and Mason, 2000; Ehrlich,
2000; Kimura et al., 2001). Often, human diets are likely to be deficient in
methionine and folate, leading to a low availability of methyl groups (Choi
and Mason, 2000). This is particularly important for humans as they have a
low homocysteine-betaine methyl transferase activity, therefore diets low in
folate increase plasma homocysteine concentrations. In adults, elevated plasma
homocysteine is now widely considered as a correlate of elevated cardiovascular
disease risk. Elevated homocysteine is also associated with persistent
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miscarriage, pre-eclampsia and the development of neural tube defects (Nelen
et al., 2000).

Supplementation with vitamins B6, B12, folic acid and betaine have all been
shown effectively to lower homocysteine levels in human blood. In the Physi-
cians Health Study undertaken in Harvard, the risk of myocardial infarction was
threefold higher in those patients with the highest 5% of homocysteine levels.
The homocyteine-associated risk was strongly enhanced by hypertension. How-
ever, it is not yet clear whether elevated homocysteine is a direct cause of cardio-
vascular problems (although it is toxic to cells lining blood vessels) or an
indicator of an indirect pathogenic process, such as epigenetically programmed
alterations in gene expression. The association of DNA methylation changes
with disease is an emerging field. The association with cancer has long been well
documented (Ehrlich, 2000); however, the development of genome-wide methy-
lation profiling assays now makes the study of other diseases more feasible.

One disease of interest in the fetal origins of adult disease context is type 2
diabetes. Non-insulin-dependent diabetes is the subject of a current DNA
methylation profiling study undertaken by the German biotechnology company,
Epigenomics, using combined-array- and mass-spectrometry-based analysis
technologies that allow the analysis of up to 50,000 methylation positions per
day (Maier and Olek, 2002). Diabetic disease progression has recently been
found to be associated with decreased blood concentrations of SAM and altered
MTHF activity (Poirier et al., 2001). It is suggested that aberrant DNA methy-
lation patterns are laid down early in the development of insulin target tissues
and may thus lead to insulin resistance in adult life (Maier and Olek, 2002).
In terms of the pre-implantation embryo, Moley (1999) also demonstrates
significant developmental effects of maternal diabetes on the GLUT1 transporter
gene at the blastocyst stage in mice. The down-regulation of this gene resulted in
decreased glucose transport into the blastocyst, lowering glucose levels within
the embryonic cells at a time when glucose is the key energy substrate. The
current challenge is to establish whether there is a mechanistic link between early
nutrition and altered DNA methylation.

DNA methylation and nutrition

Initial clues to a potential mechanism linking nutrient provision and fetal
programming arose from murine dams fed with high levels of methyl donors
(folate, choline, betaine and vitamin B12), resulting in altered gene expression of
the agouti locus and coat colour (Wolff et al., 1998). This has recently been
confirmed to be caused by an epigenetic increase in transposable element DNA
methylation within the agouti locus (Waterland and Jirtle, 2003). This trans-
posable element contains a promoter-like sequence, which stimulates expression
of the gene and determines the coat colour of the offspring. Thus, in this
experimental paradigm, the adult phenotype is dependent on the provision of
methyl supplements in the maternal diet and is independent of the genotype.

In the more widely used rat models of nutritional programming, a number of
observations suggest a link with methyl-group metabolism. For example, dietary
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excess of methionine leads to an increase in plasma homocysteine in rat dams
during early gestation (Petrie et al., 2002). There are also changes in the ratio of
SAM:S-adenosyl homocysteine (SAH; an inhibitor of DNA methylation) in
the maternal liver. The effects of these changes on the early stages of embryonic
and fetal development are as yet unknown. It is clear, however, that later
in gestation the excess of methionine increases global DNA methylation in
the fetal liver and, in extreme cases, leads to neonatal mortality, probably as
a result of liver and kidney damage (Fontanier-Razzaq et al., 2002). These
changes in organ growth appear to be the result of changes in cellularity,
reflected by a lower DNA content. Furthermore, these changes in the growth of
the organs may be consistent with the observation that there is an increase in
blood pressure in the offspring of dams exposed to these diets early in the
postconception period (Kwong et al., 2000). Changes in adiposity and glucose
tolerance reported for the offspring of rats fed the low-protein diets are a result
of interactions with other dietary components, and are not believed to be
associated with the excess of methionine. The maternal low-protein diet in rats
permanently alters the structure and function of the fetal liver, reducing anabolic
glucokinase and glutamine synthase and increasing catabolic enzyme activities
(Burns et al., 1997). This may predispose the liver to produce, rather than use,
glucose.

The observation that glycine supplementation can prevent the hypertensive
effects of a low-protein diet (Jackson et al., 2002) provides further evidence for
the methyl cycle effect, since glycine metabolism drives the further production of
SAM. Since the low-protein diet is associated with excess methionine, degraded
methionine would increase glycine utilization. Thus Jackson et al. (2002) suggest
that the effects of glycine supplementation may limit the damaging effects of
methionine or its metabolic products, such as homocysteine, on the maternal,
fetal or placental compartments. Rats have a high requirement for sulphur-
containing amino acids for fur formation. If excess to requirements, degraded
methionine would increase glycine utilization. We suggest that the observed
increases in homocysteine in low-protein dietary experiments are likely to be due
to its production when excess methionine is metabolized to cysteine (Petrie et al.,
2002). Elevated plasma homocysteine elevates SAH, inhibits methyl donation
from SAM, reduces DNA methylation and correlates with developmental abnor-
malities (Chen et al., 2001). In our low-protein-diet studies, maternal, but not
fetal, glycine concentration was increased (Rees et al., 1999). Jackson et al.
(2002) have suggested that increased maternal glycine might increase the drive
to cross the placenta. Marginal glycine levels may be available during human
pregnancies on low-protein diets (Jackson et al., 1996) and it is interesting to
note that folate deficiency can further limit glycine availability (Arnstein and
Stankovic, 1956). Homocysteine clearance by re-methylation to methionine
can also occur using the enzyme methyltetrahydrofolate reductase but, in the
process, folate deficiency is incurred, providing an alternative means of inducing
early pregnancy loss and fetal defects.

Methyl-deficient diets are not commonly studied during pregnancy in the
sheep, where methyl groups are usually provided by rumen microorganisms,
rather than from direct nutrition. However, dietary deficiency in vitamin B12 can
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be induced in adults by dietary cobalt deficiency, resulting in appetite reduction
and weight gain (Marston, 1970). By imposing cobalt-deficiency-induced
vitamin B12 deficiency in lambs, Kennedy et al. (1992) found that methionine
synthase activity (catalysing the transfer of methyl groups from 5-
methyltetrahydrofolate to homocysteine) was significantly reduced in the liver,
kidney and spinal cord. The SAM:SAH ratio was reduced in liver, suggesting
that activity of SAM-dependent methyltransferase enzymes would be impaired,
and the plasma homocysteine concentrations were also elevated. Thus natural
dietary deficiencies in sheep, as in rats and humans, can alter components of
the methyl cycle, providing an experimental means for direct application of fetal
or embryonic programming studies in this organism. This is a major focus of our
current research.

Role of DNA Methylation in Programming the Embryo

During pre-implantation development, when the embryo is free-living in the
oviduct and uterus, maternal nutrients may have a much more direct effect
on development than postplacentation. In addition, the extensive chromatin
remodelling occurring during pre-implantation development, when the
structurally diverse sperm and oocyte chromatin structures combine, means
that DNA methylation reprogramming is highly dynamic (Young and Fairburn,
2000; Reik et al., 2001; Li, 2002) and may induce particularly severe
programming effects at this time. For this brief period, transposable elements
incorporated into mammalian genomes through the course of evolution can be
temporarily expressed through loss of DNA methylation-mediated silencing
(Walsh et al., 1998) and perturbation of this process by methyl-donor nutrients
has been demonstrated, at least at the agouti locus in mice (Waterland and Jirtle,
2003). Since the human genome comprises over 35% transposable elements,
and 4% of these are found within genes, such sequences may be more suscepti-
ble to dietary alteration early in development and thus are prime candidates for
the programming mechanism. Other candidates include imprinted gene loci, as
discussed below.

Imprinted genes

The genes most likely to be involved in nutritional programming during early
development remain to be clarified. Several imprinted genes are potent determi-
nants of birthweight and specific genes can affect development of specific organs
and the placenta, making this group of monallelically expressed genes strong
candidates for mediating disease programming (Jirtle et al., 2000; Young,
2001). As candidate mediators of the proposed epigenetic basis for nutritionally
programmed effects leading to impaired fetal development and adult disease,
imprinted genes may be particularly vulnerable to disruptions in DNA methy-
lation during oogenesis and pre-implantation embryogenesis, when methylation
imprints are established and maintained (Young, 2001; Kiersenbaum, 2002).
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Around 60 imprinted genes have been identified in the mouse genome and, of
those so far examined, around half are expressed in the placenta (Reik et al.,
2003). In the mouse, most imprinted genes are not monoallelically expressed
until after implantation. In contrast, the IGF2 gene is already monoallelically
expressed by the blastocyst stage in the human embryo (Lighten et al., 1997)
and is also monoallelically expressed prior to implantation in the sheep embryo
(McLaren and Montgomery, 1999). These observations highlight the importance
of choosing the best available model for human embryo studies, on the basis of
similarities in biology. Working with sheep, we have recently demonstrated that
imprinted genes can be disrupted in the pre-implantation embryo by in vitro
culture and somatic cell nuclear transfer, and that this can lead to aberrations
in conceptus growth and development (Young et al., 2001, 2003). Whether
nutrition can induce a similar effect now requires a direct test.

Effects of in vitro culture on methyl cycle activity

Serum is a rather poorly defined media constituent, known to result in epigenetic
alterations in gene expression in both the mouse and sheep embryo (Doherty
et al., 2000; Young et al., 2001). Serum added to embryo culture also increases
both the incidence and severity of aberrant fetal phenotypes in cattle, sheep and
mice (Sinclair et al., 1999, 2000a; Khosla et al., 2001). Working with a similar
batch of serum to that used in earlier LOS studies (Sinclair et al., 1999; Young
et al., 2001), we have recently begun to investigate the effects of serum on the
methylation status of blastocysts (Rooke et al., 2003). Bovine oocytes were
matured, fertilized and then cultured in our standard synthetic oviductal fluid
medium (SOF; Tervit et al., 1972), either in the presence or absence of serum,
according to the method of Sinclair et al. (2000b). SAM and SAHcy were
measured in bovine blastocysts (two blastocysts per assay) by pulse labelling
(2 h) with (35S)methionine. Including steer serum in the medium used to culture
blastocysts increased the incorporation of label into SAM compared to our basal
medium of SOF plus albumin (2278 versus 899 pmol per two blastocysts per
2 h, P < 0.01), and also tended to reduce incorporation into SAHcy (126 versus
205 pmol per two blastocysts per 2 h, P < 0.1). As a result, the ratio of SAM to
SAHcy was increased from 8 to 26 when cow serum was included in SOF
(P < 0.05). Therefore serum, known to perturb epigenetic markers during in
vitro culture (Young et al., 2001), changed the methyl-group availability in
bovine blastocysts.

Genetic and programmed variability

The high degree of variability in the expression of aberrant fetal development in
the LOS study of Young et al. (2001) and related studies, even for full-sibling
fetuses derived from embryos cultured in the same micro-drop environment,
suggests a variable predisposition of the oocyte prior to embryo culture (Sinclair
et al., 2000a). This variability may have arisen as a consequence of the inherent

344 L.E. Young et al.

354A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:29:42 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



genetic variability that exists between oocytes from a single donor animal
(Young, 2001). Oocyte cytoplasmic influences on DNA methylation, resulting
in growth deficiency, have been observed in mouse experiments with zygotes
of mixed genotype (Reik et al., 1993). The extent of DNA methylation in fetal
tissues depends on methyl enzyme polymorphisms that act to determine the
abundance of methyl groups (Friso and Choi, 2002). Genes for methyl-group
metabolizing enzymes such as methyltetrahydrofolate reductase, methionine
synthase and cystathione b-synthetase, have specific alleles that predispose to
cancer and cardiovascular disease in adults through elevated plasma homo-
cysteine, a determinant of methyl-group availability (Ueland et al., 2001). It
is part of our working hypothesis, therefore, that nutritional challenges that
compromise DNA methylation will be exacerbated in fetuses and/or mothers
exhibiting such genetic traits. The most common MTHF mutation affects around
12% of the population and so can create significant variability in nutritional
response. Gillman (2002) has pointed out that what is genetic for the mother
is environmental for the fetus, citing that the maternal thermolabile allele of
methyltetrahydrofolate reductase may confer risk of neural tube defects even in a
fetus with normal genotype (Wenstrom, 2002).

DNA methyltransferases

The functional DNA methyltransferases direct methyl groups directly on to the
DNA (Bird, 2002). DNMT3L has been identified recently as specifically influenc-
ing the methylation of imprinted genes during oogenesis (Hata et al., 2002).
Alterations in the expression of the methyltransferases have been observed in a
wide variety of human tumours, where alterations in DNA methylation are a
common feature (Reid et al., 2002). Thus, in addition to methyl-group availabil-
ity induced by experimental diets, DNA methylation is also dependent on the
expression of the DNA methyltransferase enzymes. As DNMT1, 3a, 3b and 3L
are all expressed in mature oocytes (H. Fairburn, J. Taylor and L. Young,
unpublished data), their deposition during oogenesis may be incomplete in
some smaller antral follicles prematurely ovulated after FSH stimulation. Such
variable expression of the DNA methyltransferases may provide a further
variable determining the ultimate extent of methylation in the oocyte and
pre-implantation embryo. Since gene expression is more easily, quickly and
inexpensively determined than DNA methylation in routine assays, differences
may provide the basis of more routine screening methods for use in
oocytes/pre-implantation embryos.

The most accepted current model of SAM action on DNA methylation is that
an increased concentration of SAM stimulates DNA methyltransferase action,
triggering hypermethylation, and that this protects the genome against cancer
risk by preventing global hypomethylation and activation of oncogenes (Detich
et al., 2003). SAH, on the other hand, inhibits DNA methyltransferases (Chiang,
1998). However, it has recently been suggested that SAM also results in hyper-
methylation of DNA by inhibiting the action of the methyl DNA binding protein 2
(Mbd2) ‘demethylase’ (Detich et al., 2003), an enzyme whose functionality has
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been the subject of recent controversy (Bhattacharya et al., 1999; Ng et al.,
1999; Ramchandani et al., 1999). In addition to in vitro demethylation assays,
support may be given to this mechanism by the observation that methyl-deficient
diets hypermethylated liver DNA although most liver cells are postmitotic and
do not undergo replication (Poirier et al., 2001). This is a prerequisite for
maintenance of DNA methylation.

Clinical relevance

In addition to dietary restriction, nutritional supplements commonly taken during
pregnancy, especially folate and vitamin B12, are potent regulators of methyl-
group availability and hence may be very effective in determining embryonic
and fetal epigenetic programming. As folate supplementation is only common-
place within women actively intending pregnancy, lack of supplementation
may induce previously uninvestigated changes that are less dramatic than the
well-investigated neural tube defects. Alteration in DNA methylation by dietary
methyl supplementation throughout pregnancy in the agouti mouse altered the
phenotype to one that enjoyed increased adult health and longevity (Cooney
et al., 2002), suggesting the possibility for nutritional intervention. Studies
providing an insight into the efficacy of dietary influences on methyl-group
availability in programming oocyte quality, and ultimately promoting adult
health, are now timely. Elucidation of the importance of interactions with
genotype, and exploring the possible influence of heterogeneity in DNA
methyltransferase expression between oocytes, are also key elements that may
provide novel potential markers of oocyte quality and developmental potential.
In addition, definition of the mechanisms by which methyl-group availability
to the oocyte can be altered (e.g. nutrition, superovulation or embryo
culture) would provide an important route for developing improved assisted
reproduction procedures.

Embryonic stem cells: a model for the future?

The application of assisted reproduction technologies, such as in vitro fertiliza-
tion and embryo culture, may also programme development through a similar
mechanism to that proposed here for methyl-donor-related nutrients. Since the
availability of a controlled, normal population of human embryos is not available
for investigation of these questions, we now propose that human embryonic
stem cells (hESC) provide an ideal system in which to model and test the
pre-implantation effects of specific nutrients/in vitro culture environments on
DNA methylation, and to assess their phenotypic effects on relevant differenti-
ated tissues in the fetus. In order to establish directly the metabolic events medi-
ating nutrient–gene interactions by epigenetic programming, cultures of hESC
could be assayed for key components of the methyl cycle and tested for the
influence of various methyl-donor enzyme polymorphisms. The programmed
effects on DNA methylation after in vitro differentiation of hESC into fetal cell
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types could then be investigated. This approach will allow the first test of the
hypothesis outlined in this chapter in a human embryonic system.

Conclusion

Although compelling evidence exists from a variety of sources that DNA methy-
lation can be programmed in ways that can induce adult disease phenotypes, the
strong suggestion that this mechanism may also variably programme the oocyte
and pre-implantation embryo, depending on the dietary effect on methyl-group
metabolism, remains to be evaluated. Newer evidence that histone methylation
may also be a heritable epigenetic modification also merits study of nutritional
effects on this process. We suggest that the health implications for human
pregnancy and infertility now merit testing of these hypotheses.
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Introduction

Growth hormone (GH) and insulin-like growth factors (IGFs) are members
of either the class I, cytokine-receptor superfamily that encompasses other
fetal hormones, including prolactin, or tyrosine kinase/mannose-6-phosphate
receptors, all of which are implicated in the growth and maturation of the fetus
(Symonds et al., 2001a). Each hormone may have a direct and indirect role in
regulating fetal responsiveness to undernutrition.

During pregnancy, the overall control of GH and IGF secretion resides
primarily within the placenta and the fetal liver (Anthony et al., 1995). A more
important regulatory role for the placenta in modulating the programming effects
of nutrient restriction is therefore predicted prior to the establishment of central
control mechanisms within the fetus during late gestation. In contrast, during the
embryonic period the maternal nutritional environment will have an overriding
influence in regulating endocrine exposure and sensitivity of the conceptus.
Within the fetal GH–IGF system, the magnitude of fetal response is dependent
on the degree of maturity of the hypothalamic–pituitary–adrenal axis. For
species in which this axis is immature at birth, such as rodents, a minimal
fetal response to undernutrition would be expected.

In terms of reviewing our current knowledge of the fetal endocrine responses
to undernutrition, it is important to have an established developmental frame-
work which then enables us to understand why the fetal consequences can vary
substantially. The stage of gestation will have a substantial influence on the
mechanisms involved and the extent to which the mother, placenta or fetus are
the primary sites of endocrine responsiveness (Fig. 15.1). It is also critical to
remember that many consequences of fetal undernutrition are manifest in the
absence of any gross change in fetal body or organ weights (Symonds et al.,
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2001b). Only under conditions of extreme fluctuations in maternal dietary intake
(Antonov, 1947), or alterations in placental size, is fetal body weight normally
restricted in a disproportionate fashion.

Timing of Maternal Nutritional Manipulation and Fetal Outcomes

An increasing number of epidemiological and animal-based studies provides
support for the concept that the timing of nutritional restriction has a profound
influence on the outcome in terms of sensitivity to adult cardiovascular disease.
The most frequently cited examples come from the Dutch famine of 1944/1945.
During the 5-month period of the famine, mean energy intake was 3.2 MJ/day,
compared with 6.3 MJ/day immediately afterwards (Roseboom, 2000). Dietary
restriction during early gestation had the greatest effect on the ratio of placental
size to birthweight (Lumey, 1998). As a consequence, a normal-sized term infant
with a disproportionately larger placenta is born, and such infants are proposed
to have a much greater risk of adult coronary heart disease and obesity
(Roseboom et al., 2000a,b) (Fig. 15.2). In contrast, famine exposure in later
gestation produced modest reductions of both placental and birthweights that
are accompanied by glucose intolerance in the resulting offspring as adults
(Ravelli et al., 1998).
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The sheep is perhaps an ideal animal model for studying these types of
developmentally targeted nutritional interventions, and will be the primary focus
for the rest of this chapter. Like humans, sheep have a long gestation, and nor-
mally produce a single fetus that is born with a mature hypothalamic–pituitary
axis. It is interesting to note that when using sheep models of undernutrition, at
the same magnitude of nutrient restriction imposed under the Dutch famine,
there is seldom any effect on birthweight, but a pronounced effect on placental
mass can occur (Fig. 15.3). The consistent finding that a 50% variation in
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maternal food intake can determine placental mass may have further relevance
to contemporary human populations, for which a similar range in the upper and
lower quartiles for estimated maternal energy intake is found in both early and
late gestation (Godfrey et al., 1996).

A further important consideration, when determining how long-term
adverse health outcomes can occur, is whether a population that is subjected
to famine conditions, in addition to enemy wartime occupation, will exhibit
an enhanced or prolonged stress response during pregnancy. Would this then
significantly compromise fetal organ development in the absence of any pro-
nounced effect on size at birth? (See Chapter 16, this volume.) In the case of the
Leningrad siege, a halving of an already restricted subsistence ration resulted in
a pronounced decrease in birthweight (Fig. 15.4).
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Differential effects on metabolism of counter-regulatory hormones depending
on stage of the life cycle

In terms of nutritional mediators of endocrine responses to undernutrition, it is
necessary to consider other established metabolic counter-regulatory hormones,
i.e. cortisol, thyroid hormones and prolactin, in addition to those within the
GH–IGF axis. This is because of the close interactions in metabolic control
between each and, in the case of GH and prolactin, the potential cross-reactivity
in ligand–receptor binding. To identify how each hormone may act independ-
ently or synergistically on the embryo, placenta or fetus, emphasis should be
placed on the very different effect each can elicit in comparison with established
metabolic roles in the adult.

The majority of metabolic hormones have been studied under conditions
of global nutrient restriction. In this state, changes in plasma concentrations
act to ensure normal metabolic function is maintained (Bauer et al., 1995). It
is not therefore unexpected that the placenta or fetal organs exhibit a range of
permanent compensatory responses to reduced nutrient availability, depending
on which is growing faster during the period of nutrient restriction. As a
consequence, hormone receptor abundance and/or sensitivity will be up- or
down-regulated, thereby placing that individual at increased risk of metabolic
impairment in later life (Whorwood et al., 2001).

It is not only the stage of gestation during nutritional manipulation that will
determine fetal outcome: maternal age and parity have a large influence on size
at birth and the mother’s ability to respond to nutritional interventions. For most
species, the weight of their offspring will be smallest in their first pregnancy
(e.g. Fig. 15.5). This is due to lower maternal body weight as well as to the
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competition between maternal tissues, the placenta and fetus for the available
nutrition when both are growing. This is a state that occurs in pregnant adoles-
cents but not in adults. In the overfed juvenile animal, pronounced placental
and fetal growth retardation occurs (Wallace, 2000). Under these abnormal
conditions it is not surprising that increasing maternal food intake results in
intrauterine growth retardation. Consequently, this represents a very different
range of maternal metabolic and endocrine adaptations than are found in
nutrient-restricted adults with growth-retarded fetuses (Table 15.1). These very
different outcomes are likely to have important implications for the interpretation
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Maternal
metabolite/
hormone

Maternal nutritional adaptation
associated with IUGR

Overfeeding
of juvenile

Nutrient restriction
of adult References

Glucose
Insulin-like growth

factor-I
Insulin
Growth hormone
Thyroxine

Tri-iodothyronine

↑
↑

↑
↓
↑

↑

↓
↓

↓
↑
↓

↓

Bauer et al. (1995), Wallace et al. (2000)
Bauer et al. (1995), Wallace et al. (1997)

Bauer et al. (1995), Wallace et al. (2000)
Bauer et al. (1995), Wallace et al. (1997)
Symonds et al. (1995), Wallace et al.

(1997)
Symonds et al. (1995), Wallace et al.

(1997)

↑, Increased; ↓, decreased.

Table 15.1. Comparison of the maternal metabolic and hormonal environments that accom-
pany intrauterine growth retardation (IUGR) following nutritional manipulation of the mother.
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of pregnant rat studies, in which the majority of work has been conducted on
young, growing mothers that are experiencing their first pregnancy (Gardner
et al., 1998; Nwagwu et al., 2000).

Fetal Ontogeny and Responsiveness to Nutritional Enhancement
of the GH–IGF System

Tissue responsiveness to GH, IGF and related hormones is determined by
bioavailability of the hormone and receptor abundance. Relative expression,
ontogeny and nutritional responsiveness vary greatly between tissues. Each
receptor is most abundant in those tissues in which they have the greatest impact
on metabolic regulation. In the liver, for the majority of ligands and receptors
studied to date, abundance, when determined as either mRNA or protein,
gradually increases with gestational age, to peak at term (Fig. 15.6). The notable
exception to this is IGF-II (Li et al., 1993). This developmental process ensures
that organ function attains maturity at around the time of birth, which is perhaps
the most challenging point of any individual’s life span. In the liver, birth is
associated with the rapid onset of gluconeogenesis, non-essential amino acid
synthesis and waste product removal, as well as haematopoiesis, a function
performed primarily in bone marrow in later life. Hepatic function dramatically
increases after birth, when nutritional supply to the offspring is no longer
subjected to the constraints of both maternal and placental requirements,
hence whole-body growth rate rapidly doubles. This is then followed by
the appearance of adult forms of the GH receptor and gradual transition from
insulin- to GH-dependent growth (Li et al., 1999).

Nutritional adaptations within the fetal GH–IGF axis become apparent at
the time of birth in the liver, as mRNA abundance for IGF-I, and additionally
receptors for GH and prolactin, all peak (Fig. 15.6). These developmental
changes are mediated in part by an increase in fetal plasma cortisol concentra-
tion (Li et al., 1996, 1999; Phillips et al., 1997), but are also paralleled by higher
plasma prolactin (Phillips et al., 1997). However, the ovine fetal GH receptor is
considered unresponsive to circulating GH (McMillen et al., 2001), for which
the plasma concentration remains high through late gestation. This poses
the question as to the functional relevance of any change in plasma GH
concentration with respect to fetal organ sensitivity to GH.

Endocrine Regulation of Fetal Growth

Many hormones in the fetal circulation, including IGF-I, have been shown to be
positively correlated with birthweight, using large data sets that cover the full
biological range of normal, small and large offspring (Owens, 1991). However,
in order to identify the primary endocrine mediators involved in tissue growth,
this type of strategy is not ideal. For example, fetal plasma concentrations of the
catabolic hormone cortisol are not directly related to size at birth, but cortisol
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infusion into the fetus reduces growth rate, whereas adrenalectomy is associated
with enhanced fetal growth (Fowden et al., 1996).

In the case of intrauterine growth retardation resulting from placental insuffi-
ciency, the fetus is subjected to prolonged hypoxia as well as hypoglycaemia.
This is a very different challenge compared with undernutrition alone, in which
oxygen supply to the fetus would not necessarily be compromised. Placental
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Fig. 15.6. Ontogeny of mRNA abundance for insulin-like growth factors (IGF-I
and -II), growth hormone receptor (GHR) and long and short forms of the prolactin
receptor (PRLR) in the fetal liver of sheep. (Adapted from Li et al., 1996; Phillips
et al., 1997.)
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restriction and the resulting hypoxia therefore has a very different effect on the
fetal GH–IGF axis in late gestation compared to even severe nutrient restriction
(Fig. 15.7). In the late-gestation, placentally restricted and growth-retarded
sheep fetus, plasma IGF-I and GH are both reduced, whereas GH is raised
during maternal nutrient restriction (Harding et al., 1985; Owens et al., 1994).
The high plasma concentrations of IGF-II are unaltered by either manipulation,
although, as discussed below, it is IGF-II receptor abundance that may be more
important in determining tissue responsiveness.

Despite the pronounced rise in plasma GH during maternal nutrient
restriction, there is no change in the specific binding of GH to its hepatic receptor
(Bauer et al., 1995). A less severe, but longer, period of maternal nutrient
restriction does, however, result in a sustained down-regulation in mRNA for
both the GH and prolactin receptors (Fig. 15.8). These adaptations are not
accompanied by any immediate effect on whole-body or liver growth. They may
have important consequences when GH-dependent growth becomes dominant.

The extent to which IGF-II directly mediates nutritionally related effects on
fetal growth has not been ascertained. IGF-I infusion into the late-gestation fetus
results in increased mass of a range of organs, including the liver, lungs, heart,
kidneys, spleen and adrenal glands, in conjunction with preventing the normal
decrease in individual placentome weight seen with gestational age (Lok et al.,
1996).

IGF-II as a regulator of fetal growth

Increases in fetal organ growth can accompany tissue-specific enhancements
of either growth factor ligand or receptor abundance, although there is some
overlap between complementary components of the IGF system. In the fetus,
IGF-II is dominant over IGF-I, and its effects on fetal growth are mediated by
both the IGF-I and -II receptors. The bioavailability of IGF-II is partly dependent
on the abundance of its receptor, which acts to inactivate its anabolic effects.
Intrauterine growth retardation arising as a consequence of placental insuffi-
ciency is accompanied by an increase in placental IGF-II mRNA (Abu-Amero
et al., 1998), but a greater rise in receptor abundance (Fig. 15.9). In contrast,
the fetal overgrowth that accompanies in vitro fertilization in sheep results in
tissue-specific decreases in IGF-II receptor mRNA and protein abundance, for
which the greatest effect is within the liver (Young et al., 2001). This has led to
the hypothesis that reduced fetal methylation and expression of IGF-II receptor
greatly promotes fetal growth.

Interestingly there is no change in the plasma concentration or tissue mRNA
abundance of IGF-II between overgrown (in vitro-fertilized) and normal fetuses
measured at 125 days’ gestation (Young et al., 2001). No correlation has been
demonstrated between fetal weight and any indices of IGF-II. Whether this
example of fetal overgrowth is confined to sheep embryos produced in culture,
or whether it may be replicated using a diet that would act to promote DNA
methylation, e.g. by increasing methionine availability (Petrie et al., 2002), has
yet to be confirmed.
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GH and prolactin as endocrine regulators of fetal growth

The precise role(s) of GH and prolactin in regulating fetal growth remain a
matter of debate. Prolactin could be more important than GH in terms of
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Fig. 15.7. Comparison of the effects of placental restriction throughout gestation
with a severe period of maternal nutrient restriction (NR; 25% of ad libitum intake
from 100 to 125 days’ gestation) on fetal growth and the insulin-like growth factor
(IGF) and growth hormone (GH) axis. C indicates control. (Adapted from Harding
et al., 1985; Owens et al., 1994; Bauer et al., 1995.)
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promoting liver growth. GH secretion remains high through late gestation. In
contrast, prolactin secretion is pulsatile and maintained by a tonic stimulatory,
rather than inhibitory, drive from the hypothalamus (Houghton et al., 1995;
McMillen et al., 2001) and its concentration increases during late gestation. A
close temporal relationship between the pulsatility of GH and prolactin secretion
exists in the fetal sheep (Albers et al., 1993).
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Fig. 15.8. Effect of maternal nutrient restriction (NR; 50% of calculated meta-
bolizable energy requirements necessary to produce a 4.5 kg lamb) from 110 days
gestation up to term on mRNA abundance for the growth hormone receptor (GHR)
and prolactin receptor (PRLR) in the livers of young sheep. Significant differences
between nutritional groups at the same postnatal age: *P < 0.05, **P < 0.01,
***P < 0.001. C indicates control. (Adapted from Hyatt et al., 2002.)
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The active promotion of fetal prolactin secretion suggests an important
developmental role during late gestation, the plasma concentration being
increased by increasing maternal nutrition (Stephenson et al., 2001), thereby
promoting adipose tissue maturation in preparation for life after birth (Budge
et al., 2000). In contrast, GH may normally have an overriding negative
influence on fetal organ development, particularly adipose tissue. Fetal
hypophysectomy results in a pronounced increase in adipose tissue deposition,
which is overcome by GH replacement within the fetus (Stevens and Alexander,
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1986). At the same time, there is a pronounced increase in fetal body weight
(Fig. 15.10). An inhibitory influence of GH on fetal growth is supported by the
recent finding that chronic pulsatile infusion of GH into growth-retarded fetal
sheep did not improve growth despite restoring fetal plasma IGF-I (Bauer et al.,
2003). At the same time, this procedure resulted in reduced fetal intestine and
kidney weights.

The potential direct anabolic effects of prolactin on fetal growth have
not been studied to date. There is an established seasonal influence on placental
and fetal mass (Jenkinson et al., 1994) that could be mediated by reciprocal
increases in maternal and fetal plasma prolactin (Bassett et al., 1989)
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Fig. 15.10. Effect of fetal hypophysectomy (HPX) and growth hormone (GH)
replacement on fetal weight and adiposity in the sheep. Significant differences
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(Fig. 15.11). However, maternal and fetal plasma prolactin is also under positive
nutritional regulation (Koritnik et al., 1981; Stephenson et al., 2001), so any
confounding effects of maternal nutrition in these studies of seasonality require
clarification. A direct role for the prolactin receptor (PRLR) in determining fetal
growth, as a result of changes in receptor abundance within the liver, could
provide an explanation as to why the Aa heterozygote polymorphism (of the
a allele of the PRLR locus) for the PRLR gene has recently been shown to be
positively correlated with uterine length and placental mass in pigs (van Rens
et al., 2003).
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Fig. 15.11. Influence of time of year on placental and fetal weights of twin
pregnancies near to term and fetal plasma prolactin concentrations in sheep.
Significant differences between seasonal groups: *P < 0.05, **P < 0.01. (Adapted
from Bassett et al., 1989; Jenkinson et al., 1994.)
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Composition and Amount of Food Intake as Determinants of
Fetal Growth and Placental Morphology

The extent to which perturbations in maternal nutrition can directly influence
fetal growth is not, as yet, fully quantified. This is due, in part, to the very differ-
ent models of dietary manipulation that have been most widely published. When
using historical epidemiological findings to gain insights into fetal programming,
it must be noted that most individuals or populations are likely to have been
subjected to a restricted diet in comparison to contemporary populations (Table
15.2). Energy intake also differs markedly between publications despite little,
if any, effect on birthweight. Furthermore, within and between geographically
adjacent groups of pregnant women, very large variations in recorded maternal
food intake have been illustrated (Godfrey et al., 1996; Mathews et al., 1999).

Similar issues affect the interpretation of results from animal studies. For
example, a failure to allow experimental animals to feed on their more natural
diet, which for sheep, includes a high proportion of roughage, could have impor-
tant consequences for the fetal GH–IGF axis. Allowing sheep to feed to appetite
rather than an arbitrary amount calculated on a predetermined lamb birthweight
(i.e. to 100% of Agriculture and Fisheries Research Council recommendations,
taking into account requirements for both ewe maintenance and growth of the
conceptus, in order to produce a 4.5 kg lamb at term; Agricultural Research
Council, 1980), results in larger offspring for which liver size is enhanced
(Fig. 15.12). Under these different nutritional conditions, fetal hepatic IGF-II, but
not IGF-I, mRNA abundance is only significantly up-regulated in previously
nutrient-restricted fetuses when the mothers are then fed to appetite (Brameld
et al., 2000). It is therefore not only the level of nutrient restriction, but also
the subsequent amount of feed that is critical in determining the magnitude of
adaptation within the GH–IGF axis. Conversely, feeding pregnant sheep a diet
of pellets twice daily which are very rapidly consumed, but allowing ad libitum
(and unrecorded) intake of a low-quality roughage, i.e. straw, appears to result
in very different placental and fetal growth patterns than are found under more
normal dietary regimes (Fig. 15.13).

Feeding a complete pelleted diet through pregnancy prevents the normal
decline in placental weight with advancing gestational age observed in sheep,
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Location
Maternal food intake

(MJ/day)
Birthweight

(g) Reference

The Netherlands – not
exposed to the famine

Aberdeen, UK
Southampton, UK

Portsmouth, UK

6.2

10.1
9.78 (early)/
9.72 (late)

8.58 (early)/
9.23 (late)

3383

3186
3527 (boys)/
3444 (girls)

3425 (boys)/
3281 (girls)

Roseboom (2000)

Campbell et al. (1996)
Godfrey et al. (1996)

Mathews et al. (1999)

Table 15.2. Comparison of published food intake for contemporary epidemiological studies
with retrospective data from the time of the Dutch famine (1944/45).
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and results in a complete loss of inverted, i.e. A-type, placentomes (Osgerby
et al., 2002). A loss of A-type and predominance of D-type placentomes is also
associated with an adverse maternal environment earlier in gestation, e.g. when
pregnant sheep are fed to 60% of calculated total metabolizable energy require-
ments with a mixed diet of hay and concentrate, compared with ad libitum hay
and a fixed amount of concentrate, regardless of nutrient intake during the
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Fig. 15.12. Influence of increased maternal nutrition in the second half of gestation
on the responsiveness of the fetal liver insulin-like growth factor-II (IGF-II) mRNA
abundance near to term in sheep. Mothers were either fed to appetite through
gestation (i.e. consuming 8.7–9.9 MJ/day) or nutrient restricted (NR) between 28
and 80 days’ gestation (i.e. consuming 3.03–3.8 MJ/day) and then either fed to
appetite or to fully meet maintenance requirements (i.e. consuming 6.7–7.5 MJ/day).
Significant differences between nutritional groups are indicated by different super-
scripts: a versus b, P < 0.05. (Adapted from Brameld et al., 2000; Heasman et al.,
2000.)
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second half of gestation (Heasman et al., 1998; Dandrea et al., 2001). Similarly,
chronic exposure of pregnant sheep to the hypobaric hypoxia of high altitude
also produces such a placental phenotype (Penninga and Longo, 1998).

Abnormalities in placental development leading to the complete loss
of inverted placentomes may explain the reduction in fetal and placental
weights that are only found when nutrient restriction is imposed using a
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high-concentrate, pellet-only diet (Fig. 15.13). Under these conditions, restricted
fetal growth is accompanied by a lower plasma concentration of IGF-I and
glucose, despite significantly higher maternal plasma glucose (Osgerby et al.,
2002). This comparison provides good evidence of the large effects that the fre-
quency of feeding, compared with the absolute amount of feed intake, may have
on fetal nutrition. Taken together, these findings indicate a marked divergence in
the close correlation usually found between maternal and fetal plasma glucose
concentrations, when restricted energy availability persists throughout a 24 h
period (Fig. 15.13). Feeding the bulk of any diet only once or twice daily can
have a substantial influence on the nutrient flux between the mother and fetus
(Simonetta et al., 1991). This may be a direct consequence of producing much
greater fluctuations in fetal glucose and cortisol than are the norm when regular
feeding patterns are adopted (Fig. 15.14). The extent to which transient daily
rises in fetal plasma cortisol may be sufficient to reprogramme organ develop-
ment and/or its sensitivity to later cortisol exposure has not been explored.

Cortisol as an Endocrine Regulator of the GH–IGF System?

Cortisol is of major importance in the regulation of hormone receptor
abundance in preparation for life after birth. This, together with the assumption
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Fig. 15.14. Effect of frequency of maternal feeding on hourly changes in fetal plasma
glucose and cortisol concentration. � indicates time of feeding. (Adapted from Simonetta
et al., 1991, with permission.)
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that undernutrition is a stressful experience for the fetus, has led to the wide
acceptance that the primary candidate for mediating fetal tissue responses to
undernutrition is cortisol.

The evidence that the programming effects of fetal nutrient restriction are
mediated by cortisol, originates in part from developmental changes in IGF, GH
and prolactin receptors in late gestation that can be induced by cortisol infusion
into the fetus (Fig. 15.15). It has also been shown that maternal dexamethasone
administration between 26 and 29, but not between 59 and 66, days’ gestation
can result in hypertension in the resulting offspring (Dodic et al., 1998). A similar
finding has been observed using cortisol at a dose sufficient to increase maternal
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Fig. 15.15. Effect of fetal glucocorticoid status on the abundance of insulin-like
growth factors-I (IGF-I), -II (IGF-II), and growth hormone (GHR) and prolactin
(PRLR) receptors, in the late-gestation sheep fetus. ADX, adrenalectomized;
nd, data not available. (Adapted from Li et al., 1993, 1996; Phillips et al., 1997.)
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plasma concentrations eightfold (Fig. 15.16). This increase is appreciably higher
than the transient doubling of maternal cortisol during nutrient restriction in late
gestation (Edwards and McMillen, 2001). However, in contrast, when maternal
nutrient restriction is imposed between 30 and 80 days’ gestation, a marked
reduction in plasma cortisol occurs (Bispham et al., 2003). Irrespective of the
timing of maternal nutrient restriction, no consistent effect on fetal plasma
cortisol has been reported (Brameld et al., 2000; Edwards and McMillen, 2001).
Maternal cortisol infusion in late gestation sufficient to transiently double
maternal and fetal plasma cortisol can, however, raise fetal blood pressure
(Jenson et al., 2002).

Interestingly, it has also been shown that administration of dexamethasone
in late gestation results in a marked reduction in maternal food intake, with
a 50% decline in maternal plasma thyroxine (Fig. 15.17). Similarly, in rats,
a decrease in maternal food intake over the final week of gestation occurs
following maternal dexamethasone administration (Holness and Sugden, 2001).
No data have been published in sheep relating to maternal food intake or to
the metabolic and hormonal environment, either at the time of, or following,
dexamethasone or cortisol administration in early gestation.

Maternal nutrient restriction targeted at the time of maximal placental
growth can have pronounced effects on liver development that are related to
glucocorticoid sensitivity. Thus, in the livers of neonatal offspring, these include
an increase in glucocorticoid receptor mRNA abundance and decreased 11b-
hydroxysteroid dehydrogenase type 2 mRNA abundance or enzyme activity,
which could be interpreted as enhancing tissue sensitivity to cortisol (Whorwood
et al., 2001). These hepatic adaptations are accompanied by higher GH receptor
and IGF-I mRNA in the absence of any change in organ mass (Fig. 15.18). There
is, however, a pronounced loss of the normal linear relationship between plasma
IGF-I and liver weight at term in nutrient-restricted offspring compared to
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controls (Heasman et al., 2000). Adaptations of this type may subsequently act
to compromise hepatic expression of IGFs in later life, as well as liver growth.

Maternal Nutrient Restriction and Thyroid Hormones as
Mediators of Fetal Reprogramming?

Other probable endocrine regulators of the fetal GH–IGF axis in addition to, or
instead of, cortisol include the thyroid hormones. Reduced plasma thyroid hor-
mones within both the mother and fetus are a consistent adaptation to maternal
nutrient restriction that persists for the duration of the reduced caloric intake
(Clarke et al., 1998; Rae et al., 2002). Following the restoration of maternal
nutrition to appetite, maternal plasma thyroid hormones increase significantly.
This is predicted to have important consequences for early fetal development
prior to the formation of the fetal thyroid gland, as the only source of thyroid hor-
mones for the conceptus is from the maternal circulation (St Germain, 1999).
Thyroid hormones have a role in regulating the growth and/or development of
nearly all fetal tissues and organs (Symonds, 1995). Abnormalities in tissue
metabolism following reduced thyroid hormone secretion in adults include
reduced oxygen uptake (Clausen et al., 1991) for which a similar relationship is
apparent in the late-gestation fetus. Tri-iodothyronine has also been implicated
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Fig. 15.17. Effect of maternal dexamethasone administration between 138
and 140 days’ gestation on maternal food intake and plasma thyroid hormone
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from Clarke and Symonds, 2003.)
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in the prepartum down-regulation of IGF-II mRNA in the fetal liver, which may
account for the hepatic overgrowth that accompanies fetal hypothyroidism
(Forhead et al., 1998).
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Fig. 15.18. Effect of maternal nutrient restriction (NR, i.e. consuming 3.2–3.8 MJ/
day of metabolizable energy) or feeding to appetite (i.e. consuming 8.7–9.9 MJ/
day) up to 80 days’ gestation, followed by feeding to fully meet maintenance
requirements (i.e. 6.7–7.5 MJ/day) on the fetal insulin-like growth factor (IGF)/
growth hormone (GH) axis, glucocorticoid (GR) receptor and 11b-hydroxysteroid
dehydrogenase (HSD) type 2 mRNA in the near-term fetal sheep liver. Significant
differences between nutritional groups: *P < 0.05; **P < 0.01. (Adapted from
Brameld et al., 2000; Whorwood et al., 2001.)
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Divergent effects of Hypoglycaemia on the Liver and Hypothalamic–Pituitary
Axis

It is possible that transient fluctuations in fetal glucose mediated through chronic
maternal undernutrition over the final month of gestation (Edwards et al., 2001)
may be sufficient to reset the fetal hypothalamic–pituitary–adrenal axis. In
fetuses of nutrient-restricted ewes there is a precocious rise in ACTH in response
to insulin-induced hypoglycaemia. At the same time, fetal glucose is negatively
correlated to ACTH in nutrient-restricted fetuses only, whereas the established
negative correlation with insulin is present in all fetuses, irrespective of maternal
nutrition.

The extent to which a threshold concentration of glucose may exist with
respect to the increase in GH during undernutrition has not been investigated.
It is possible that ghrelin (a GH-releasing acylated peptide) released from the
placenta near to term could have a direct involvement (Gualillo et al., 2001). In
adults it acts to increase plasma GH (Kojima et al., 1999). A gestationally related
rise in pituitary sensitivity to glucose could, in this way, be the signal for the
increase in hypothalamic neuropeptide Y (NPY) content (Warnes et al., 1998),
thereby providing a nutritionally mediated signal for the onset of parturition
(Fig. 15.19). This emphasizes the divergent sensitivity to fluctuations in plasma
glucose concentration between peripheral tissues and the hypothalamic–
pituitary axis as term approaches.

Inadequate substrate supply to the liver is unlikely to compromise fetal
survival compared with a reduction in glucose supply to the brain. A resetting of
IGF synthesis and/or receptor abundance will be sufficient to ensure liver metab-
olism is matched to nutrient availability. The brain has a much higher rate of
metabolism than the liver, which, together with an obligatory requirement for
glucose, would be predicted to promote glycaemic sensitivity. Growth of the
brain is normally spared at the expense of other fetal tissues. In the mother an
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Fig. 15.19. Summary of the mechanism by which maternal nutrient restriction in
late gestation enhances the sensitivity of the fetal hypothalamus to hypoglycaemia.
GH, growth hormone; NPY, neuropeptide Y.
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increase in GH acts to spare maternal glucose utilization by peripheral tissues,
thereby maximizing its availability for the fetus. For the fetus, an increased
capacity to sense and respond to a decrease in plasma glucose could be a critical
trigger for initiating parturition. A failure to make this type of response, even
in normally growing fetuses in the face of a further nutritional challenge, may
contribute, at worst, to fetal death, or, more likely, to compromised fetal devel-
opment and subsequent tissue functions. This susceptibility would be particularly
pronounced towards the end of gestation, when the fetus is insensitive to GH, as
a result of receptor insensitivity and the prevailing high concentrations (Bauer
et al., 1995).

Conclusion

It is apparent that the nutritional regulation of the fetal GH–IGF axis is highly
complex. At any given stage of gestation, its activity and sensitivity is coordi-
nated by both the current and previous nutritional experiences. A large number
of anabolic and catabolic hormones can up- or down-regulate the ability of
peripheral tissues and the brain to adapt effectively to an increase or decrease in
nutrient supply. The consequences of these adaptations may become apparent
immediately and lead to a reduction in fetal growth and/or precipitate parturi-
tion, or, more likely, will manifest much later in an individual’s life span as a
range of metabolic complications which contribute towards adult cardiovascular
disease, including hypertension, diabetes and syndrome X (Barker, 1998).
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Epidemiological Overview

Numerous epidemiological studies in distinct populations in the UK and
the rest of the world have demonstrated a link between low birthweight
and the subsequent development of hypertension, insulin resistance, type 2
diabetes and cardiovascular disease (Barker, 1991; Barker et al., 1993a,b;
Fall et al., 1995; Yajnik et al., 1995; Curhan et al., 1996a,b; Leon et al., 1996;
Lithell et al., 1996; Moore et al., 1996; Forsen et al., 1997; Rich-Edwards
et al., 1997). Even the smaller of twins at birth has higher blood pressure in
later life (Levine et al., 1994), although this has not been a consistent finding
(Baird et al., 2001). The association between birthweight and later cardio-
metabolic disease appears to be largely independent of classical lifestyle risk
factors such as smoking, adult weight, social class, alcohol and lack of exercise,
which are additive to the effect of birthweight (Barker et al., 1993b). The
relationships are apparently continuous and represent birthweights within
the normal range, rather than severe intrauterine growth retardation, multiple
births or very premature babies (Barker, 1991, 1994; Curhan et al., 1996a,b),
although premature babies also have increased cardiovascular risk factors in
adulthood (Irving et al., 2000). Additionally, postnatal catch-up growth may
also be predictive of later risk of cardiovascular disease (Barker, 1991; Osmond
et al., 1993; Levine et al., 1994; Leon et al., 1996; Bavdekar et al., 1999;
Eriksson et al., 1999; Forsen et al., 2000; Law et al., 2002), suggesting that it
is the restriction of intrauterine growth rather than smallness itself which is
important.

These early life effects seem to be important predictors of later
disease, increasing the risk of adult disease by 40–300% (Barker et al.,
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1990; Curhan et al., 1996a,b). In the Preston study, a small baby with a large
placenta had three times the relative risk of adult hypertension compared with
a large baby with a normal placenta (Barker et al., 1990). In a study of 22,000
US men, those that were born lighter than 5.5 lb had a relative risk of
adult hypertension of 1.26, and of type 2 diabetes of 1.75, compared with
those of average birthweight (Curhan et al., 1996b). The relative risk of hyper-
tension in light normal babies was 1.43 in 71,000 female American nurses
(Curhan et al., 1996a). However, despite the large body of data describing such
early life associations, there is still considerable debate as to the importance of
birthweight in determining later disease (Huxley et al., 2002), and the magnitude
of any such effect. It has been suggested that some studies linking lower
birthweight with higher adult blood pressure fail to take into account the impact
of random error, and may involve inappropriate adjustment for confounding
factors (Huxley et al., 2002). Despite this caveat, the mass of human epi-
demiological data and the production of animal models showing that early
life environmental manipulations produce persisting adult effects suggest that
discrete prenatal events can have permanent effects on adult physiology and
pathology.

The Concept of Fetal Programming

To explain the apparent association of fetal growth and later disease, the idea
of early life physiological ‘programming’ or ‘imprinting’ has been proposed
(Barker et al., 1993a; Edwards et al., 1993; Seckl, 1998). Such programming
occurs in a variety of systems and reflects the action of a factor during sensitive
periods or ‘windows’ of development to exercise organizational effects that
persist throughout life. Two major environmental hypotheses have been
proposed to explain the mechanism by which low birthweight is associated
with adult disease: fetal undernutrition, and overexposure of the fetus to
glucocorticoids. A third hypothesis suggests that genetic factors may lead to
both low birthweight and subsequent risk of cardiovascular disease (Fig. 16.1).
Indeed, genetic loci have been described which may link smallness at birth
with adult disease (Dunger et al., 1998; Hattersley et al., 1998; Vaessen et al.,
2001). Although the loci implicated relate to insulin, insulin-like growth factors
and their cognate signalling pathways, making them biologically plausible
candidates, there remains debate as to the reproducibility of the findings to
date (Frayling et al., 2002), perhaps because studies have been underpowered
(Frayling and Hattersley, 2001). Thus, the relative importance of genetic
and environmental factors in programming phenomena remains unknown.
However, the occurrence of associations between early life environmental
manipulations and later physiology and disease risk in isogenic rodent models,
and, less certainly, the birthweight–adult disease associations in human twins,
strongly implicate environmental factors at least partly in the causation of
the epidemiological findings. Here we address the specific issue of hormonal
programming by glucocorticoids.
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Prenatal Glucocorticoids as Mediators of Programming

Steroid hormones are typically associated with long-term organizational effects.
For example, neonatal exposure to androgens programmes the expression of
hepatic steroid-metabolizing enzymes and the development of sexually dimor-
phic structures in the anterior hypothalamus, as well as sexual behaviour (Arai
and Gorski, 1968; Gustafsson et al., 1983). Oestrogens also exert organizational
effects on the developing CNS (Simerly, 2002). Critically, these effects can only
be exerted during specific perinatal periods, but they then persist throughout
life, largely irrespective of any subsequent sex steroid manipulations. The mech-
anisms may reflect the influences of sex steroids on the growth, maturation and
remodelling of organs during the perinatal period. In the rat, the sexually dimor-
phic nucleus of the hypothalamic preoptic area is larger in males. Testosterone,
selectively in this nucleus, inhibits apoptosis specifically between postnatal days
6 and 10, thus producing the male adult phenotype (Davis et al., 1996).

Fetal glucocorticoid overexposure may have a role in the early-life
programming of adult disease. Glucocorticoid receptors (GRs), members of the
nuclear hormone receptor superfamily of ligand-activated transcription factors,
are expressed in most fetal tissues from the early embryonal stages (Cole
et al., 1995). Expression of the closely related, higher-affinity mineralocorticoid
receptor (MR) has a more limited tissue distribution and is only present at a later
gestational stage (Brown et al., 1996a,b). Additionally, GRs are highly expressed

Intrauterine Exposure to Glucocorticoids 383

Fig. 16.1. Two major environmental hypotheses have been proposed to explain
the mechanism by which low birthweight is associated with adult disease: fetal
undernutrition and overexposure of the fetus to glucocorticoids. A third hypothesis
suggests that genetic factors may lead to both low birthweight and subsequent risk
of cardiovascular disease: for example, a genetically mediated insulin resistance
may lead to both reduced insulin-mediated fetal growth and later disease.
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in the placenta (Sun et al., 1997). Perinatal glucocorticoids alter the rate of
maturation of various organs, such as the lung (Ward, 1994), heart (Bian et al.,
1992, 1993), kidney (Celsi et al., 1997) and gut. This maturing effect of gluco-
corticoids underpins their widespread use in obstetric and neonatal practice in
accelerating fetal lung maturation when preterm labour threatens or occurs.

Glucocorticoid effects on birthweight

Glucocorticoid treatment during pregnancy has been shown to reduce birth-
weight in animals, including non-human primates (Reinisch et al., 1978; Ikegami
et al., 1997; Nyirenda and Seckl, 1998; Nyirenda et al., 1998; French et al.,
1999; Newnham et al., 1999; Newnham and Moss, 2001). Glucocorticoids are
widely used in the management of women at risk of preterm delivery to enhance
fetal lung maturation, and in the antenatal management of fetuses at risk of
congenital adrenal hyperplasia. Human studies have confirmed that antenatal
glucocorticoids are associated with a reduction in birthweight (French et al.,
1999; Bloom et al., 2001), although normal birthweight has been reported in
infants at risk of congenital adrenal hyperplasia receiving low-dose dexametha-
sone in utero from the first trimester (Forest et al., 1993; Mercado et al., 1995).
Furthermore, in a recent study of pregnant women with asthma, use of daily
inhaled and/or periodic oral glucocorticoid resulted in no changes in birthweight
compared with a control non-asthmatic group. In contrast, a lack of gluco-
corticoid treatment in asthmatic women was found to be associated with a
reduction in offspring birthweight (Murphy et al., 2002). However, these
apparently paradoxical findings may be explained by an adverse effect of
poorly controlled asthma on fetal growth, in particular due to the effects of
inflammatory mediators on placental function. In addition, the route of steroid
administration may be important: steroids were predominantly administered by
inhalation, and, when oral steroids were given, prednisolone was used, which is
rapidly inactivated by placental 11b-hydroxysteroid dehydrogenase type 2 (see
below). Fetal cortisol levels are increased in human fetuses with intrauterine
growth retardation or in pregnancies complicated by pre-eclampsia, implicating
endogenous cortisol in retarded fetal growth (Goland et al., 1993, 1995).
Cortisol also affects placental size, the effect being dependent on the dose and
timing of exposure (Gunberg, 1957).

Prenatal glucocorticoid effects on the brain

Glucocorticoids are also essential for normal brain development, exerting
a number of effects in most regions of the developing brain. During fetal
development, the hippocampus and the hypothalamic–pituitary–adrenal (HPA)
axis are particularly sensitive to endogenous and exogenous glucocorticoids.
Perinatal glucocorticoids, or stress, programme specific effects in the brain,
notably the HPA axis and dopaminergic-motor systems (Welberg and Seckl,
2001).
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Prenatal glucocorticoid effects on blood pressure

Other glucocorticoid-sensitive systems are affected by early-life programming.
Glucocorticoids are known to increase blood pressure in adults. Cortisol elevates
the blood pressure in fetal sheep when infused directly in utero (Tangalakis et al.,
1992) and at birth in humans (Kari et al., 1994) and in sheep (Berry et al., 1997).
The administration of betamethasone to pregnant baboons elevates fetal blood
pressure (Koenen et al., 2002). Antenatal glucocorticoid exposure also leads to
permanently elevated blood pressure in later life. Rats treated with dexametha-
sone in utero have elevated blood pressure in adulthood (Benediktsson et al.,
1993; Sugden et al., 2001), as do sheep exposed to excess glucocorticoid
in utero, either as maternally administered dexamethasone or as a maternal
cortisol infusion (Dodic et al., 1998, 2002a,b; Jensen et al., 2002). The timing of
glucocorticoid exposure appears to be important; exposure to glucocorticoids
during the final week of pregnancy in the rat is sufficient to produce permanent
adult hypertension (Levitt et al., 1996), whereas the sensitive window for such
effects in sheep is earlier in gestation (Gatford et al., 2000). Such differences may
be due to the complex species-specific patterns of expression of GR, MR and the
isoenzymes of 11b-hydroxysteroid dehydrogenase, which are crucial in both the
regulation of maternal glucocorticoid transfer to the fetus, and in modulating
glucocorticoid action at the tissue level.

Prenatal glucocorticoid effects on glucose homeostasis

Maternal glucocorticoid administration has an effect on cord glucose and insulin
levels in the ovine fetus (Sloboda et al., 2002a) and on glucose homeostasis in
the adult offspring. In an ovine model, antenatal glucocorticoid exposure with or
without fetal growth restriction altered glucose metabolism (Moss et al., 2001).
Maternal, but not fetal, injections of betamethasone restricted fetal growth
(Newnham et al., 1999); however, offspring of both groups had altered glucose
metabolism postnatally (Moss et al., 2001). The important implication of this
study is that the programming effects on glucose homeostasis in this model are
related to the exposure of the fetus to excess glucocorticoid in utero, rather than
to an effect of intrauterine growth retardation. In rats, last-trimester glucocorti-
coid exposure programmes permanent hyperglycaemia and hyperinsulinaemia
in the adult offspring (Nyirenda et al., 1998). Indeed, the combination of hyper-
tension, glucose intolerance and HPA axis activation in this animal model
resembles the human ‘metabolic syndrome’, an important feature of the
fetal origins observations. Again, the timing of exposure is important; earlier
treatment does not result in glucose intolerance in the adult offspring.

Placental 11b-Hydroxysteroid Dehydrogenase Type 2

Glucocorticoids rapidly cross the placenta; however, fetal glucocorticoid levels
are much lower than maternal levels (Beitins et al., 1973). This is thought to be
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due to the enzyme 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD-2)
which is present in the placenta and catalyses the rapid metabolism of
cortisol and corticosterone to the inert 11-keto steroids, cortisone and 11-
dehydrocorticosterone (Brown et al., 1996b) (Fig. 16.2). However, the enzyme
is not a complete barrier to maternal steroids (Benediktsson et al., 1997), and
dexamethasone is a poor substrate (Albiston et al., 1994). In addition, the
efficiency of placental 11b-HSD-2 near term varies in both humans and rats
(Benediktsson et al., 1993; Stewart et al., 1995). A relative deficiency of
11b-HSD-2, with consequent reduced inactivation of maternal steroids, may
lead to overexposure of the fetus to glucocorticoids, retard fetal growth and
programme responses leading to later disease (Edwards et al., 1993). Studies in
rats have demonstrated that lower placental 11b-HSD-2 activity is seen in the
smallest fetuses with the largest placentas (Benediktsson et al., 1993). Similar
associations between placental 11b-HSD-2 activity and birthweight have been
noted in humans (Stewart et al., 1995; Shams et al., 1998; McTernan et al.,
2001), although not all studies confirm this (Rogerson et al., 1996, 1997). These
babies are the ones predicted to have the highest adult blood pressures.
Additionally, markers of fetal exposure to glucocorticoids, such as cord-blood
levels of osteocalcin (a glucocorticoid-sensitive osteoblast gene product that
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Fig. 16.2. 11b-Hydroxysteroid dehydrogenase-2 (11b-HSD-2) acts as a ‘barrier’
to maternal corticosteroids. 11b-HSD-2 is present in the placenta and many fetal
tissues until mid-gestation, and inactivates cortisol (F) (corticosterone in rats and
mice) to cortisone (E) (11-dehydrocorticosterone in rats and mice). The fetus
therefore has much lower circulating levels of active glucocorticoid.
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does not cross the placenta), also correlate with placental 11b-HSD-2 function
(Benediktsson et al., 1995).

Further evidence for the importance of 11b-HSD-2 as a placental barrier
to maternal glucocorticoids comes from studies of individuals with the rare
autosomal recessive syndrome of apparent mineralocorticoid excess. Individuals
with this disorder are homozygous (or compound heterozygous) for mutations
in the 11b-HSD-2 gene and are of low birthweight (1.2 kg less than unaffected
siblings) (Dave-Sharma et al., 1998). Thus, a lack of 11b-HSD-2 in the fetus or
placenta causes growth retardation in humans. In contrast, 11b-HSD-2 null mice
have normal birthweight (Kotelevtsev et al., 1999). However, the crossed genetic
background of the original 11b-HSD-2 null mouse may have obscured effects
specific to the loss of 11b-HSD-2; indeed preliminary data suggest that in
isogenic mice, 11b-HSD-2 nullizygosity lowers birthweight (Holmes et al., 2002).
Additionally, there may also be species differences here. Thus, the mouse shows
mid-gestational loss of placental 11b-HSD-2 gene expression (Brown et al.,
1996a), whereas in humans, placental 11b-HSD-2 activity increases through
gestation (Stewart et al., 1995).

Inhibition of 11b-HSD-2 by treatment of pregnant rats with carbenoxolone
has effects similar to those of dexamethasone, leading to offspring of reduced
birthweight and adult hypertension and hyperglycaemia (Benediktsson et al.,
1993; Lindsay et al., 1996a,b). These effects of carbenoxolone are independent
of changes in maternal blood pressure or electrolytes, but do require the
presence of maternal glucocorticoids; the offspring of adrenalectomized
pregnant rats treated with carbenoxolone are protected from these effects.
However, it must be noted that carbenoxolone is non-selective and inhibits other
11b-HSD isozymes and other related dehydrogenases.

A common mechanism may underlie fetal programming through maternal
undernutrition and glucocorticoid exposure. Dietary protein restriction during rat
pregnancy selectively attenuates 11b-HSD-2, but apparently not other placental
enzymes (Langley-Evans et al., 1996a; Bertram et al., 2001; Lesage et al.,
2001). Indeed, in the maternal protein restriction model, offspring hypertension
can be prevented by treating the pregnant dam with glucocorticoid synthesis
inhibitors, and can be recreated by concurrent administration of corticosterone,
at least in female offspring (Langley-Evans, 1997).

Because maternal glucocorticoid levels are much higher than those of the
fetus, subtle changes in placental 11b-HSD-2 activity may have profound effects
on fetal glucocorticoid exposure. A relative deficiency of placental 11b-HSD-2
therefore has far greater potential consequences in terms of the fetal
glucocorticoid load than any alteration in fetal adrenal steroid production, once
the capacity of the fetal HPA axis to suppress fetal adrenal output has been
overwhelmed.

11b-HSD-2 and the Fetus

There may also be complex developmental windows of fetal tissue gluco-
corticoid sensitivity, the implications of which are uncertain. Many fetal tissues
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express 11b-HSD-2 until mid-gestation, at least in rodents, but probably also in
humans (Stewart et al., 1994; Brown et al., 1996a). Glucocorticoids interact with
both glucocorticoid and mineralocorticoid receptors (GRs and MRs), which are
also widely expressed from mid-gestation. Dexamethasone and carbenoxolone
may therefore exert effects directly on fetal tissues in addition to, or rather than,
acting via the placenta. The time windows for glucocorticoid action are not fully
determined, although for dexamethasone, treatment restricted to the last week
of gestation in rats shows clear effects (Levitt et al., 1996). However, fetal
mouse tissues show striking silencing of the 11b-HSD-2 gene at mid-gestation,
which presumably allows crucial developmental and maturational actions
of glucocorticoids to occur before birth (Brown et al., 1996a). The complex
ontogeny of the 11b-HSD isozymes and corticosteroid receptors indicates
intricate developmental control of glucocorticoid action at the cellular level
(Brown et al., 1996b; Diaz et al., 1998), and may explain the developmental
windows of tissue sensitivity to glucocorticoid programming. In human fetal
tissues, 11b-HSD-2 also appears to be silenced. This probably occurs between
weeks 19 and 26, since before this time enzyme activity is widespread (Stewart
et al., 1994), whereas later 11b-HSD-2 mRNA is not detected, except in kidney
(and presumably other aldosterone target tissues). The implications of these
complex developmental windows of tissue glucocorticoid sensitivity for fetal
programming remain unexplored.

Regulation of 11b-HSD-2

If placental 11b-HSD-2 plays an important role in modulating maternal
environmental actions upon fetal and placental development, then its regulation
is of considerable interest. Placental 11b-HSD-2 is not apparently regulated by
environmental factors such as ethanol or nicotine (Waddell and Atkinson, 1994).
Nitric oxide selectively attenuates 11b-HSD-2 in human syncytiotrophoblasts in
vitro (Sun et al., 1997). Thus, nitric oxide-mediated placental vasodilatation
might be counteracted by glucocorticoid vasoconstriction, which is enhanced
by nitric oxide attenuation of glucocorticoid inactivation by 11b-HSD-2 (Sun
et al., 1997). However, the effect of exogenous glucocorticoid administration
on placental and umbilical vessel resistance remains unknown; studies report
conflicting effects of betamethasone administration in pregnancies complicated
by intrauterine growth retardation and increased placental vascular resistance
(Adamson and Kingdom, 1999; Wallace and Baker, 1999; Wijnberger et al.,
1999).

Recent studies have demonstrated that 11b-HSD-2 in the human placenta is
regulated by oxygen concentrations (Alfaidy et al., 2002). Pre-eclampsia is a
condition causing significant maternal and perinatal morbidity and is associated
with reduced fetal growth. The genesis of pre-eclampsia is related to deficient
trophoblast invasion of maternal spiral arteries, which might result in a reduction
of placental oxygen (Alfaidy et al., 2002). In placental tissue from pre-eclamptic
pregnancies, 11b-HSD-2 is reduced, and the activity and expression of
11b-HSD-2 in placental tissues is oxygen dependent throughout gestation
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(Alfaidy et al., 2002). These changes in 11b-HSD-2 may occur in response to the
vascular abnormalities in pre-eclampsia and result in increased glucocorticoid
action in the placenta and transfer to the fetus.

In pregnancies complicated by asthma, placental 11b-HSD-2 activity is
significantly reduced in those women not taking inhaled glucocorticoid treatment
(Murphy et al., 2002). There is also an association between reduced placental
11b-HSD-2 activity, reduced birthweight and increased fetal cortisol concentra-
tions in these pregnancies (Murphy et al., 2002), suggesting that inflammatory
mediators in uncontrolled asthma may have important deleterious effects on
placental 11b-HSD-2 activity and placental function.

In the rat, placental 11b-HSD-2 activity is not regulated by maternal or
fetal glucocorticoids or other adrenal steroids (Waddell et al., 1998), although
high progesterone levels inhibit 11b-HSD-2 (Baggia et al., 1990; Brown et al.,
1996b), of potential relevance to the placenta near term. In contrast, in
the baboon, oestrogens maintain placental 11b-HSD-2 (Baggia et al., 1990).
Intrauterine growth retardation in humans is also associated with reduced fetal
adrenal androgen production (Goland et al., 1993), which may then attenuate
placental 11b-HSD-2, increasing materno-fetal glucocorticoid transfer. In the
sheep, cortisol inhibits placental 11b-HSD-2 expression (Clarke et al., 2002),
suggesting it may increase further glucocorticoid action, contributing perhaps to
the cortisol amplification cascade that triggers parturition in this species.

Maternal or fetal stress and glucocorticoids stimulate placental secretion of
corticotrophin-releasing hormone (CRH), in contrast to their typical inhibition
of CRH in the hypothalamus. CRH is elevated in the neonatal circulation
in association with intrauterine growth retardation (Goland et al., 1993) or
maternal hypertension (Goland et al., 1995). This might stimulate the fetal HPA
axis to secrete glucocorticoids, amplifying fetal glucocorticoid excess. Thus, a
cascade of effects may increase glucocorticoid levels in the growth-retarded fetus
(Edwards et al., 1993; Seckl, 1994). This fetal glucocorticoid excess may achieve
a short-term benefit by increasing the availability of glucose and other fuels;
however, the longer term consequences of such measures would be the
programming of elevated glucocorticoid levels, higher blood pressure and
hyperglycaemia. These responses may be useful to support a predicted
increased level of environmental challenges after birth (the thrifty phenotype
hypothesis); however, in the absence of such conditions the exaggerated
set-point of offspring physiology and homeostasis may promote disease.

Tissue Targets of Glucocorticoid Programming

Liver and pancreas

Several important hepatic processes are regulated by glucocorticoids, including
key enzymes of carbohydrate metabolism such as phosphenolpyruvate carboxy-
kinase (PEPCK), a rate-limiting enzyme in gluconeogenesis. In rats, exposure to
excess glucocorticoid in utero leads to offspring with permanent elevations in
PEPCK transcription and activity in the gluconeogenic periportal region of the

Intrauterine Exposure to Glucocorticoids 389

399A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:30:03 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



hepatic acinus (Nyirenda et al., 1998). GR expression is also increased in adult
rats exposed to antenatal dexamethasone, again only in the hepatic periportal
zone. This increase in GR may be crucial, since animals exposed to dexa-
methasone in utero have potentiated plasma glucose responses to exogenous
corticosterone (Nyirenda et al., 1998).

Glucocorticoid exposure late in rat pregnancy predisposes the offspring
to glucose intolerance in adulthood. Adult offspring of rats exposed to dexa-
methasone in late pregnancy have fasting hyperglycaemia, reactive hyperglycae-
mia and hyperinsulinaemia (Nyirenda et al., 1998). Overexpression of PEPCK
in a rat hepatoma cell line impairs suppression of gluconeogenesis by insulin
(Rosella et al., 1993), and transgenic mice with overexpression of hepatic
PEPCK have impaired glucose tolerance (Valera et al., 1994). Thus, the
observed glucose intolerance in rats exposed to excessive glucocorticoids in
utero may be explained in part by programmed hepatic PEPCK overexpression
leading to increased gluconeogenesis. Additionally, this may be mediated by
increased GR.

11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD-1) is the predominant
form of the enzyme found in liver, and is responsible for the reactivation of
cortisol (corticosterone in rodents) from cortisone (11-dehydrocorticosterone in
rodents). 11b-HSD-1 and GR have been co-localized in the rat liver (Whorwood
et al., 1992), suggesting that 11b-HSD-1 may regulate ligand access to GR
(Whorwood et al., 1992; Seckl and Chapman, 1997; Jamieson et al., 2000).
Glucocorticoids, in turn, regulate 11b-HSD-1 activity (Voice et al., 1996).
Studies have shown that increasing levels of plasma cortisol are associated with
increases in the activity of PEPCK and other gluconeogenic enzymes in the fetus
(Fowden et al., 1993). Additionally, the activity of gluconeogenic enzymes is
decreased in the 11b-HSD-1 knockout mouse (Kotelevtsev et al., 1997), suggest-
ing that local glucocorticoid concentrations are important in the regulation
of hepatic gluconeogenesis. Changes in hepatic 11b-HSD-1 may therefore
influence metabolic processes. Both maternal and fetal exposure to excess
glucocorticoid result in an increase in hepatic 11b-HSD-1 mRNA and protein
in fetal sheep (Yang et al., 1995; Sloboda et al., 2002a). Such changes in
11b-HSD-1 increase the potential to regenerate active glucocorticoids, and may
further influence the expression of glucocorticoid-dependent hepatic enzymes
involved in glucose homeostasis and HPA feedback. Hepatic 11b-HSD-1 mRNA
levels in adult rats have been reported as unchanged in response to antenatal
dexamethasone exposure (Nyirenda et al., 1998) and decreased in response to
antenatal carbenoxolone exposure (Saegusa et al., 1999).

Administration of betamethasone to pregnant ewes, as single or multiple
doses, reduces offspring birthweight and alters their glucose metabolism.
Intriguingly, administration of betamethasone directly to the ovine fetus leads to
offspring with normal birthweight, but again is associated with altered glucose
metabolism (Moss et al., 2001). Additionally, maternal betamethasone treatment
in this model elevates cord plasma glucose levels (Sloboda et al., 2002a,b).
These findings indicate altered fetal glucose homeostasis, perhaps as a result
of increases in intrahepatic glucocorticoid levels consequent on the increased
hepatic 11b-HSD-1 activity and/or increased GR signalling (see below).
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In utero undernutrition impairs rat pancreatic b-cell development (Garofano
et al., 1997, 1998), resulting in reduced b-cell mass and subsequent glucose
intolerance, and recent evidence suggests that glucocorticoids may play an
important part in this (Blondeau et al., 2001). In rats with normal nutrition, fetal
pancreatic insulin content is negatively correlated with fetal corticosterone levels,
and b-cell mass increases when fetal steroid production is impaired (Blondeau
et al., 2001). Maternal malnutrition in the rat is associated with elevated
maternal and fetal corticosterone levels, in addition to decreased fetal pancreatic
insulin content and b-cell mass. Preventing the corticosterone increase in food-
restricted dams, by adrenalectomy with corticosterone replacement, restores
b-cell mass (Blondeau et al., 2001). The mechanisms by which glucocorticoids
modulate pancreatic development are unclear, but may include a direct effect of
glucocorticoids on b-cells (Sharma et al., 1997), or an effect on the developing
exocrine pancreas (McEvoy and Hegre, 1976; Rall et al., 1977). Further, gluco-
corticoids influence the expression of insulin-like growth factor-II (IGF-II), a key
peptide growth factor in pancreatic development, in addition to the IGF receptor
and several insulin-like growth factor binding proteins (IGFBPs) (Hill and
Duvillie, 2000).

Blood pressure

In rats, prenatal dexamethasone affects a number of organs related to blood
pressure control and maintenance, in particular the heart, vasculature, kidney
and brain. Effects include permanent induction of the pattern and balance of a-
and b-adrenergic receptor expression and potentiation of adenylate cyclase
(Huff et al., 1991; Bian et al., 1992), either of which might alter subsequent
vascular responsivity to vasoconstrictors.

Fetal sheep become hypertensive and show increased pressor responses
to angiotensin II when directly infused with cortisol (Tangalakis et al., 1992).
Additionally, chronic low-dose maternal cortisol infusions reduce fetal growth
rate, increase heart weight and ventricular wall thickness and increase blood
pressure in fetal sheep (Jensen et al., 2002). Brief prenatal exposure to
glucocorticoids in utero leads to hypertension in adult sheep of both sexes,
in association with a permanent increase in angiotensin (AT) type 1 receptors
in the hypothalamus, and increased MR and GR mRNA in the hippocampus
prenatally (Dodic et al., 2002a,b). Maternal dexamethasone treatment also
programmes alterations in the renin–angiotensin system of the ovine fetal kidney
(Moritz et al., 2002). Angiotensinogen, the AT1 receptor and the AT2 receptor
were increased in fetal kidneys after dexamethasone treatment. Although there
was no difference in basal blood pressure between fetuses that had received
dexamethasone and control animals, the glomerular filtration rate was reduced
in response to angiotensin II in the dexamethasone-treated group (Moritz et al.,
2002).

Development of the heart and its biochemistry are also programmed by
prenatal dexamethasone (Bian et al., 1993; Langdown et al., 2001a,b), as is the
sympathetic innervation of some organs (Navarro et al., 1989). These effects

Intrauterine Exposure to Glucocorticoids 391

401A8047 - Langley-Evans - Voucher Proofs.prn
Z:\Customer\CABI\A4755 - Langley-Evans\A8047 - Langley-Evans - Voucher Proofs VP10 DA#D.vp
Friday, June 18, 2004 2:30:03 PM

Color profile: Disabled
Composite  150 lpi at 45 degrees



may be arterial-bed specific, notably with regard to endothelin-1 sensitivity
(Docherty et al., 2001).

Muscle and fat

Exposure to antenatal dexamethasone in rats is also associated with program-
ming of fat and muscle metabolism (Cleasby et al., 2003a). There is tissue-
specific programming of GR expression; GR is down-regulated in soleus muscle,
but elevated in visceral adipose tissue. Elevated GR expression in visceral
adipose tissue in the presence of circulating hypercorticosteronaemia suggests
increased glucocorticoid action in visceral fat. This may contribute to both
adipose and hepatic insulin resistance. These changes in GR expression do not
appear to be the result of metabolic derangement in the adult animal, correction
of the hypercorticosteronaemia and insulin sensitization were not sufficient to
normalize the programmed changes in GR (Cleasby et al., 2003b).

Adipose Factors and Programming: an Emerging Area?

Leptin

Leptin, an adipose gene product that signals both centrally and peripherally,
where it plays a role in insulin sensitivity, is present in the circulation of human
and porcine fetuses from mid-gestation (Jaquet et al., 1998; Chen et al., 2000),
and in adipose tissue of human fetuses by 20 weeks’ gestation (Lepercq et al.,
2001). Additionally, mRNA for leptin and leptin receptors have been detected in
the fetal tissues of many other species (Yuen et al., 1999; Hoggard et al., 2000;
Lepercq et al., 2001; Mostyn et al., 2001; Thomas et al., 2001). In the human
fetus, circulating leptin levels increase towards term, associated with a significant
increase in body fat after 34 weeks of gestation (Jaquet et al., 1998; Geary et al.,
1999; Cetin et al., 2000), and in fetal sheep, leptin mRNA increases in adipose
tissue with increasing gestational age (Yuen et al., 1999). Intriguingly, leptin
concentrations in human fetal cord blood correlate directly with body weight
and adiposity at birth (Koistinen et al., 1997; Schubring et al., 1997; Jaquet
et al., 1998; Ong et al., 1999; Lepercq et al., 2001), indicating a potential role
linking fetal growth and metabolic programming.

In rats, antenatal treatment of the pregnant mother with dexamethasone
reduces fetal plasma and placental levels of leptin, while maternal plasma leptin
levels remain unchanged or increase (Sugden et al., 2001; Smith and Waddell,
2002). Additionally, dexamethasone reduces placental expression of the leptin
receptor isoform Ob-Rb, which mediates leptin action (Smith and Waddell,
2002), while levels of the isoform ObR-S (the proposed transport form of
the receptor) are modestly increased (Sugden et al., 2001). In contrast, in the
sheep, exogenous cortisol or dexamethasone administration directly to the fetus
increases plasma leptin concentrations, albeit transiently (Forhead et al., 2002;
Mostyn et al., 2003). The differences between these studies may reflect the route
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of glucocorticoid administration, species, fetal body fat levels and/or maternal
nutrient intake. Crucially, to separate cause from consequence, the effect of
perinatal leptin ‘replacement’ upon the adult metabolic phenotype in low
birthweight models remains to be determined.

Adiponectin

Adiponectin (acrp30, adipoQ) is an abundant, adipose-specific protein which
is secreted into the blood. Deficiency of adiponectin, which is negatively
associated with fat mass (Hu et al., 1996) and positively associated with insulin
sensitivity (Weyer et al., 2001), may mediate obesity-related resistance to
insulin. Lower plasma adiponectin levels appear to predict the later occurrence
of type 2 diabetes (Lindsay et al., 2002). The predictive effect of adiponectin on
the development of type 2 diabetes seems independent of the degree of obesity
(Vozarova et al., 2002). Adiponectin is strikingly regulated by hormones and
other factors during postnatal development (Combs et al., 2003). Any role
of adiponectin during prenatal development and in programming models is
unexplored but, given the emerging biology of the adipocyte and its important
role in some programming phenomena (Cleasby et al., 2003a), is likely to be of
interest.

Programming of the Brain: the Hypothalamic–Pituitary–Adrenal
(HPA) Axis

Studies in animal models indicate that the HPA axis is an important target
for glucocorticoid programming. The HPA axis is controlled by a negative
feedback system in which glucocorticoids released by the adrenals interact
with glucocorticoid receptors in the pituitary, hypothalamus and hippocampus.
Overactivity at any point along the pathway should result in negative feedback to
decrease the amount of corticotrophin-releasing hormone (CRH), and thus
decrease the synthesis and release of glucocorticoids.

Prenatal dexamethasone exposure or 11b-HSD-2 inhibition permanently
increases basal plasma corticosterone levels in adult rats (Levitt et al., 1996;
Welberg et al., 2000). The resultant hypercorticosteronaemia with altered feed-
back may contribute directly to the observed hypertension and hyperglycaemia,
particularly with the associated increase in hepatic glucocorticoid sensitivity.
In sheep, exposure to betamethasone in utero alters HPA responsiveness in the
offspring at up to 1 year of age. The outcomes varied according to the time of
gestation at which the synthetic glucocorticoid was administered, and whether it
was administered to the mother or the fetus (Sloboda et al., 2002b). Maternal
administration of betamethasone resulted in offspring with significantly elevated
stimulated and basal cortisol levels, whereas betamethasone administration to
the fetus resulted in attenuated ACTH responses to CRH + arginine vasopressin
(AVP) when compared with control animals (Sloboda et al., 2002b). Intrigu-
ingly, maternal undernutrition in rodents (Langley-Evans et al., 1996b) or sheep
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(Hawkins et al., 2000) also affects adult HPA axis function, suggesting that HPA
programming may be a common outcome of prenatal environmental challenge,
perhaps acting in part via alterations in placental 11b-HSD-2 activity, which is
reduced by maternal dietary constraint (Langley-Evans et al., 1996a; Bertram
et al., 2001).

Further evidence for the importance of the timing of exposure in determin-
ing the long-term effects of glucocorticoid programming comes from recent
studies in guinea-pigs. These animals have a relative glucocorticoid resistance
because of a mutant GR gene (Keightley and Fuller, 1994); prenatal gluco-
corticoid exposure therefore has smaller effects on the HPA axis in offspring
(Dean et al., 2001; Liu et al., 2001). In males, short-term exposure to dexa-
methasone (2 days) leads to significantly elevated basal plasma cortisol levels,
whereas repeated doses reduced basal and stimulated plasma cortisol levels in
adults. In contrast, juvenile females exposed for 2 days have reduced HPA
responses to stress, whereas adult females exposed to repeated antenatal doses
of dexamethasone have higher plasma cortisol levels in the follicular and early
luteal phases.

A single study of the effects of glucocorticoid programming in primates
showed that the offspring of mothers treated with dexamethasone during late
pregnancy had elevated basal and stress-stimulated cortisol levels and a 30%
reduction in hippocampal size (Uno et al., 1994). These studies in guinea-pigs
and primates indicate that exposure to excess glucocorticoids in utero can
programme HPA axis function in species that produce neuroanatomically
mature young.

Programming offspring behaviour

Overexposure to glucocorticoids in utero, as a result of either prenatal dexa-
methasone administration or 11b-HSD inhibition, leads to alterations in adult
behaviour and may programme ‘behavioural inhibition’, and reduced coping
under conditions of stress. Administration of dexamethasone to rats for all
3 weeks of gestation, or only in the last week, reduces ambulation and rearing
in the open field in adult animals (Welberg et al., 2001), although another study
did not find this (Holson et al., 1995). These studies employed subtly different
timings of exposure, again suggesting that very specific time windows exist for
the effects of prenatal treatments. Additionally, late gestation administration
of dexamethasone alters exploration on an elevated plus-maze and reduces
immobility both in the acquisition and the retrieval phase of a forced-swim test,
implying impaired coping and a reduced capacity for acquisition, consolidation
and/or retrieval of information under stressful circumstances (Welberg et al.,
2001). This suggests that fetal glucocorticoid exposure, especially during the
last week of gestation, may programme ‘behavioural inhibition’ (Fig. 16.3)
and reduced coping in aversive situations later in life. Intriguingly, inhibition
of 11b-HSD, which is most highly expressed in mid-gestation, produces a
phenotype intermediate between continuous and final-week dexamethasone
exposure (Welberg et al., 2000).
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Prenatal glucocorticoid exposure also affects the developing dopaminergic
system (Diaz et al., 1995, 1997a,b), with clear implications for proposed
developmental contributions to schizo-affective, attention-deficit hyperactivity
and extrapyramidal disorders.

Structural effects of antenatal glucocorticoids on the CNS

Exposure to glucocorticoids may alter brain structure (Matthews, 2000). Studies
in young and aged animals and humans have demonstrated that stress and
increased glucocorticoid concentrations can lead to changes in hippocampal
structure (Bremner et al., 1995; Sheline et al., 1996; Stein et al., 1997; Sapolsky,
1999). In rhesus monkeys, treatment with antenatal dexamethasone caused a
dose-dependent neuronal degeneration of hippocampal neurons and reduced
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Fig. 16.3. Schematic diagram of the likely molecular mechanisms underpinning
glucocorticoid programming of the hippocampus. In the rat, prenatal exposure
to dexamethasone leads to an increase in presynaptic serotonin (5-HT) re-uptake
in the raphe–hippocampal innervation. 5-HT is key to the maintenance of
glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) expression in fetal
and adult hippocampal neurons. Reduction in hippocampal 5-HT, acting via specific
5-HT receptors, probably of the 5-HT7 subtype, will alter the second and third
messenger cascades, which impact on tissue-specific alternate promoters/first
exons of the GR gene. Reduced GR and MR feedback in the hippocampus resulting
from the reduction in GR and MR, leads to hypothalamus–pituitary–adrenal (HPA)
activation. Conversely, GR and MR are permanently upregulated in the amygdala
along with the increased amygdala corticotrophin-releasing hormone (CRH), which
is presumed to underpin the ‘anxiety-like’ behaviour seen in this model. The
amygdala, in turn, stimulates the HPA axis, and thus the increased GR and MR may
amplify the effects of hippocampal desensitization. PVN, paraventricular nucleus.
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hippocampal volume in the fetuses, which persisted at 20 months of age (Uno
et al., 1990). Fetuses receiving multiple lower-dose injections showed more
severe damage than those receiving a single large injection (Uno et al., 1990).
Human and animal studies have demonstrated that altered hippocampal
structure may be associated with a number of consequences for memory and
behaviour (Bremner et al., 1995; Sheline et al., 1996; Stein et al., 1997).

In mice, prenatal treatment with prednisolone appears to lead to delayed
motor development, offspring having delayed eye opening, and delayed devel-
opment of lifting, walking and gripping skills (Gandelman and Rosenthal, 1981).
In rhesus monkeys, prenatal dexamethasone was not associated with delayed
motor development (Uno et al., 1994). In sheep, betamethasone exposure in
utero is associated with delayed myelination in those areas of the brain under-
going active myelination at the time of exposure, such as the optic nerve
(Dunlop et al., 1997), with unknown consequences.

CNS programming mechanisms

The brain is clearly important as a target for glucocorticoid programming;
however, the mechanisms of the programming effects appear to differ depend-
ing on the timing of the exposure, and are species specific. As with other tissues,
changes in tissue receptor levels and in pre-receptor glucocorticoid metabolism
may underpin these effects. In the rat, while both long- and short-term exposure
to prenatal dexamethasone result in adults with elevated basal corticosterone
levels, the underlying mechanisms differ depending on the timing of exposure.
Exposure to dexamethasone during the last third of pregnancy reduces MR and
GR levels in the hippocampus and increases CRH mRNA in the hypothalamic
paraventricular nucleus (PVN) (Welberg et al., 2001). In contrast, dexametha-
sone throughout gestation does not alter hippocampal GR or MR, but increases
receptor expression in the amygdala, a structure that stimulates the HPA axis
(Levitt et al., 1996; Welberg et al., 2001). Thus in the rat, late-gestational
dexamethasone exposure may permanently alter the ‘set point’ of the HPA
axis at the level of the hippocampus, reducing feedback sensitivity, whereas
continuous exposure may increase forward drive of the HPA axis through the
amygdala. Thus, distinct neural mechanisms underlie the common outcome of
altered HPA axis activity following prenatal glucocorticoid exposure.

The behavioural changes observed in prenatal glucocorticoid-exposed
offspring may be associated with altered functioning of the amygdala, a structure
involved in the expression of fear and anxiety. Intra-amygdala administration of
corticotrophin-releasing hormone (CRH) is anxiogenic (Dunn and Berridge,
1990). Prenatal dexamethasone or 11b-HSD inhibition increase CRH mRNA
levels specifically in the central nucleus of the amygdala, a key locus for the
effects of the neuropeptide on the expression of fear and anxiety (Welberg et al.,
2000, 2001). Indeed, corticosteroids facilitate CRH mRNA expression in
this nucleus (Hsu et al., 1998) and increase GR and/or MR in the amygdala
(Welberg et al., 2000, 2001). The amygdala stimulates the HPA axis,
thus an elevated corticosteroid signal in the amygdala consequent on the
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hypercorticosteronaemia in the adult offspring of dexamethasone-treated dams,
may produce the increased CRH levels in adulthood (Fig. 16.3). A direct
relationship between brain corticosteroid receptor levels and anxiety-like
behaviour is supported by the phenotype of transgenic mice with disrupted GR
expression in the brain, which show markedly reduced anxiety behaviours
(Tronche et al., 1999). Intriguingly, the mechanisms by which the behavioural
changes of glucocorticoid programming are effected appear to differ, depending
on the timing of dexamethasone exposure, although the resultant HPA and
behavioural phenotypes are similar. As discussed, although animals exposed to
dexamethasone during the whole of pregnancy and those exposed only during
the last week both have elevated basal glucocorticoid levels, the central changes
are distinct (Welberg and Seckl, 2001). Dexamethasone exposure during the last
week of gestation increases CRH mRNA in the PVN and reduces GR and MR
levels in the hippocampus (Welberg et al., 2001), whereas exposure throughout
gestation does not alter hippocampal GR or MR, but increases the expression of
these receptors in the amygdala (Levitt et al., 1996; Welberg et al., 2001).

How might such mechanistically distinct effects come about with gluco-
corticoid exposure at different times during development? It seems reasonable
to propose that programming may only happen at critical times during organ
development. Thus, glucocorticoid exposure in the last days of gestation in the
rat can target CNS regions actively developing, such as the hippocampus,
but not those yet to develop or those already in their final state. The long and
complex pre- and postnatal ontogeny of the brain makes it a prime target for
programming. The complex patterns of expression of the key candidate genes,
GR, MR and the 11b-HSDs, in the brain may underlie this (Diaz et al., 1998;
Matthews, 1998). While the details of brain ontogeny patterns are species-
specific, the broad impression of tissues protected from, or allowing timed
exposure to, glucocorticoids appears a tenable interpretation of these exquisite
patterns of gene expression. Clearly exogenous (or endogenous) steroids can
only have developmental effects on specific target genes and systems during
their individual ontogenic windows of susceptibility.

Possible Common Final Mechanisms

Insulin-like growth factors (IGFs)

Considerable data suggest an important role for IGFs in the determination of
placental and fetal growth (Jones and Clemmons, 1995). The IGFs are detect-
able in many fetal tissues from the first trimester, and IGF concentrations in the
fetal circulation increase during pregnancy. An extensive series of null mutant
knock-out mice has been used to document the roles played by many compo-
nents of this system and the related insulin receptor system in fetal growth
and organ development. Both IGF-I and IGF-II are essential for fetal growth;
birthweights of IGF-I and IGF-II null mice are reduced by 40% when compared
with their wild-type littermates. IGF-II is a paternally expressed gene in mam-
mals, which is also essential for placental growth (Wood, 1995; D’Ercole et al.,
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1996). Recent studies have suggested that the IGF-II gene may be important in
regulating the placental supply of, and fetal demand for, maternal nutrients to
the mammalian fetus (Constancia et al., 2002). IGF-I is required for prenatal
maturation and postnatal growth, and the type I IGF receptor mediates most of
the actions of IGF-I and IGF-II on growth. Inactivation of the IGF-I receptor
results in severe growth retardation (45% of normal birthweight).

IGF-I, IGF-II, both IGF receptors and several IGFBPs are regulated by
glucocorticoids in fetal and adult tissues in vivo and in vitro (Luo et al., 1990;
Price et al., 1992; Li et al., 1993, 2002; Cheung et al., 1994; Miell et al., 1994;
Delany and Canalis, 1995; Conover et al., 1996; Mouhieddine et al., 1996;
Bach et al., 1997). Such regulation is complex and highly developmentally- and
tissue-specific (Li et al., 1996; Forhead et al., 2000). Offspring IGFs are also
affected by maternal nutrition in rats (Woodall et al., 1996) and in humans
(Barker et al., 1993a), and thus provide a putative pathway for maternal and
feto-placental genetic, epigenetic and environmental factors (including 11b-HSD
and glucocorticoids) to determine development and programming. Importantly,
hepatic production of the binding protein (IGFBP-1), which neutralizes the
action of IGF-I, is markedly induced in late-gestation fetuses by maternal dexa-
methasone (Price et al., 1992). The IGFBP-1 gene is glucocorticoid-responsive
(Goswami et al., 1994) and transgenic mice overexpressing IGFBP-1 show low
birthweight and adult hyperglycaemia (Rajkumar et al., 1995). Moreover, GRs
interact with the liver-enriched transcription factor hepatic nuclear factor-1
(HNF-1), in regulating IGFBP-1 and other genes (Suh and Rechler, 1997), and
HNF-1 is mutated in some forms of diabetes (Yamagata et al., 1996).

Molecular Mechanisms of Glucocorticoid Programming

Indications of the molecular mechanisms by which early life environmental
factors may programme offspring physiology come from the studies of the
processes underpinning postnatal environmental programming of the HPA axis
in the ‘neonatal handling’ paradigm (Levine, 1957, 1962; Meaney et al., 1988,
1996). In this model, 15 minutes of daily handling of rat pups during the first
2 weeks of life (Meaney et al., 1988) permanently increases GR density in the
hippocampus and prefrontal cortex, but not in other brain regions. This increase
in receptor density potentiates the HPA axis sensitivity to glucocorticoid negative
feedback and results in lower plasma glucocorticoid levels throughout life, a state
compatible with a good adjustment to environmental stress (Meaney et al.,
1989, 1992). Neonatal glucocorticoid exposure may have similar effects
(Catalani et al., 1993). The neonatal handling model appears to be of physio-
logical relevance, since handling enhances maternal care-related behaviours
and natural variation in such maternal behaviour correlates similarly with the
offspring HPA physiology and hippocampal GR expression (Liu et al., 1997).
The long-term manifestations of some prenatal programming can be substan-
tially modified by the immediate postnatal environment (Maccari et al., 1995),
suggesting that distinct ‘windows’ occur, and showing that apparently similar
early life events may produce different responses depending upon their degree,
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duration, developmental timing or sequence. Again, the implications for human
epidemiology are that distinct offspring pathophysiologies may be determined
merely by the timing and severity of the stimulus/stress involved.

Neuronal pathways and mechanisms

In recent years, the precise pathways involved in neonatal handling program-
ming have been dissected. Handling acts via ascending serotonergic (5-HT)
pathways from the midbrain raphe nuclei to the hippocampus (Smythe et al.,
1994). Activation of 5-HT induces GR gene expression in fetal hippocampal
neurons in vitro (Mitchell et al., 1990) and in neonatal (O’Donnell et al., 1994)
and adult hippocampal neurons in vivo (Yau et al., 1997). The ‘handling’
induction of 5-HT requires thyroid hormones that are elevated by the stimulus.
Consistent with this, administration of dexamethasone to fetal guinea-pigs leads
to an elevation of fetal thyroid hormone and an upregulation of hippocampal
GR mRNA (Dean and Matthews, 1999). At the hippocampal neuronal mem-
brane, some recent findings implicate the ketanserin-sensitive 5-HT7 receptor
subtype, which is positively coupled to cAMP generation, in the handling effects
(Meaney et al., 2000). In vitro, 5-HT stimulation of GR expression in hippo-
campal neurons is blocked by ketanserin and mimicked by cAMP analogues
(Mitchell et al., 1990, 1992). 5-HT7 receptors appear to play a key role in this
action (Laplante et al., 2002). In vivo, handling also stimulates cAMP generation
in the hippocampus (Diorio et al., 1996). The next step appears to involve
stimulation of cAMP-associated and other transcription factors, most notably
NGFI-A and AP-2 (Meaney et al., 2000). NGFI-A and AP-2 may bind to the GR
gene promoter (Encio and Detera-Wadleigh, 1991).

The GR gene: a programming target

The GR gene expression is regulated in a complex tissue-specific manner.
Although GRs are expressed in all cells, the level of expression and receptor
regulation vary considerably between tissues, and even within a tissue (Herman
et al., 1989). Transgenic mice with a reduction of 30–50% in tissue levels of GR
have major neuroendocrine, metabolic and immunological abnormalities (Pepin
et al., 1992; King et al., 1995). The level of expression of GR is thus critical
for cell function. As discussed, there is much evidence to suggest that GR gene
transcription can be programmed in a tissue-specific manner by perinatal events.
The GR promoter is extremely complex, with multiple tissue-specific alternate
untranslated first exons in rats (McCormick et al., 2000) and mice (Cole et al.,
1995), most within a transcriptionally active ‘CpG island’. All these mRNA
species give rise to the same receptor protein, as only exons 2–9 encode the
protein. The alternate untranslated first exons are spliced on to the common
translated sequence beginning at exon 2. In the rat, two of the alternate exons
are present in all tissues which have been studied; however, others are tissue
specific (McCormick et al., 2000). This permits considerable complexity of
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tissue-specific variation in the control of GR expression and, potentially,
programming (Fig. 16.4).

The tissue-specific first exon usage appears to be altered by perinatal
environment manipulations (McCormick et al., 2000). Indeed, handling
permanently programmes increased expression of only one of the six alternate
first exons (exon 17) utilized in the hippocampus (McCormick et al., 2000). Exon
17 contains sites appropriate to bind the very third messenger/intermediate early
gene transcription factors (AP-2, NGF1-A) induced by neonatal manipulation
(Meaney et al., 2000). In contrast, prenatal dexamethasone exposure, which
increases hepatic GR expression, decreased the proportion of hepatic GR mRNA
containing the predominant exon (exon 110), suggesting an increase in a minor
exon 1 variant (McCormick et al., 2000). Such tissue specificity of promoter
usage may help explain why prenatal dexamethasone programmes increased
adult GR expression in the periportal zone of the liver and in the amygdala, but
reduced GR expression in the hippocampus, and unchanged expression in
many other brain regions and tissues.

Intriguingly, the apparent congruence between the effects of prenatal and
postnatal environmental manipulations upon the adult HPA axis appears to
reflect distinct underlying processes. Prenatal dexamethasone exposure perma-
nently alters developing monoaminergic systems. Prenatal treatment decreases
brain 5-HT levels and advances the expression of the neuronal 5-HT transporter,
which functions as a re-uptake site, removing 5-HT from the synapse and thus
attenuating its action, including that in the hippocampus (Slotkin et al., 1996;
Muneoka et al., 1997). In the postnatal handling model, animals in the non-
handled group have decreased hippocampal 5-HT turnover. It appears that
distinct mechanisms operating at different times of development can produce
apparently similar permanent alterations in phenotype, in this case increased
HPA axis activity.

The next crucial questions ask how discrete late prenatal/early postnatal
events can permanently alter gene expression. Intriguing recent data have
explored this in terms of chromatin. Some evidence is emerging for selective
methylation/demethylation of specific promoters of the GR gene. Preliminary
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Fig. 16.4. Schematic diagram of the rat glucocorticoid receptor (GR) gene, which has
multiple, untranslated tissue-specific first exons, allowing tissue-specific effects. There are
eight translated exons (2–9), and over 10 untranslated first exons (here 11, 12, etc.), most
of which lie within a transcriptionally active ‘CpG island’. All mRNA transcripts produce the
same protein but the levels of expression of the mRNAs containing the different exons 1,
differ in a tissue-specific manner. Prenatal manipulations may alter the expression of specific
promoters in specific tissues, allowing tissue-specific changes in GR density in response to
an environmental challenge.
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data suggest that the NGFI-A site around exon 17 is subject to differential and
permanent methylation/demethylation in association with variations in maternal
care (Weaver et al., 2002). Moreover, GR itself appears under some circum-
stances to mediate differential demethylation of target gene promoters, at least
in liver-derived cells. The demethylation persists after steroid withdrawal. During
development, such target promoter demethylation occurs before birth and may
fine-tune the promoter to ‘remember’ regulatory events occurring during
development (Thomassin et al., 2001).

Glucocorticoid Programming in Humans?

From the above it appears clear that exposure to glucocorticoids antenatally has
an effect on birthweight in animal models and in humans, and may have effects
on blood pressure, glucose tolerance and the HPA axis. What relevance might
this have to human physiology?

Glucocorticoid treatment during pregnancy reduces birthweight (French
et al., 1999; Bloom et al., 2001), but there is little evidence concerning the
longer-term effects of glucocorticoids in utero. 11b-HSD-2 substrates, such as
cortisol and prednisolone, would be anticipated to have little effect; however,
glucocorticoids such as dexamethasone are commonly exploited because of
their effect on the fetus. Substituted glucocorticoids such as dexamethasone and
betamethasone, which are poor substrates for 11b-HSD-2, are most commonly
used to treat fetuses at risk of preterm delivery, which may occur in up to 10% of
pregnancies. There is no doubt that such synthetic glucocorticoids enhance lung
maturation and reduce mortality in preterm infants (Crowley, 2000). Addition-
ally, a single course of prenatal corticosteroid is associated with a significant
reduction in the incidence of intraventricular haemorrhage and a trend toward
less neurodevelopmental disability (Crowley, 2000). However, a recent survey
of British obstetric departments showed that 98% were prescribing repeated
courses of antenatal glucocorticoids (Brocklehurst et al., 1999). Corticosteroid
injections may be repeated four or more times in threatened preterm labour
between 24 and 34 weeks of gestation. There is little evidence for the safety and
efficacy of such a regime (Whitelaw and Thoresen, 2000). In addition, women at
risk of bearing fetuses at risk of congenital adrenal hyperplasia often receive
low-dose dexamethasone from the first trimester to suppress fetal adrenal andro-
gen overproduction. Birthweight in such infants has been reported as normal
(Forest et al., 1993; Mercado et al., 1995); however, it must be remembered that
programming effects of antenatal glucocorticoids are seen in animal models in
the absence of any reduction in birthweight (Moss et al., 2001).

Antenatal glucocorticoid administration has also been linked with higher
blood pressure in adolescence (Doyle et al., 2000), although this study is
complicated by the powerful effects of differential growth rates around puberty
on blood pressure.

A number of studies aimed at establishing the long-term neurological and
developmental effects of antenatal glucocorticoid exposure have been compli-
cated by the fact that most of the children studied were born before term and
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were therefore already at risk of delayed neurological development. In a group
of 6-year-old children, antenatal glucocorticoid exposure was associated with
subtle effects on neurologic function, including reduced visual closure and visual
memory (MacArthur et al., 1982). Children exposed to dexamethasone in early
pregnancy because they were at risk of congenital adrenal hyperplasia, and who
were born at term, showed increased emotionality, unsociability, avoidance and
behavioural problems (Trautman et al., 1995). Furthermore, a recent study has
shown that multiple doses of antenatal glucocorticoids, given to women at risk
of preterm delivery, were associated with reduced head circumference in the
offspring (French et al., 1999). There were also significant effects on behaviour:
three or more courses of glucocorticoids were associated with an increased risk
of externalizing behaviour problems, distractibility and inattention (French et al.,
1998).

As in other animals, the human HPA axis appears to be programmed by the
early life environment. Higher plasma and urinary glucocorticoid levels are
found in children and adults who were of lower birthweight (Clark et al., 1996;
Phillips et al., 1998). This appears to occur in disparate populations (Phillips
et al., 2000) and may precede overt adult disease (Levitt et al., 2000), at least in
a socially disadvantaged South African population. Additionally, adult HPA
responses to ACTH stimulation are exaggerated in those of low birthweight
(Levitt et al., 2000; Reynolds et al., 2001), reflecting the stress-axis biology
elucidated in animal models. Furthermore, this HPA activation is associated with
higher blood pressure, insulin resistance, glucose intolerance and hyperlipi-
daemia (Reynolds et al., 2001). Finally, the human GR gene promoter has
multiple alternate untranslated first exons (R. Reynolds and K.E. Chapman,
unpublished observations), analogous to those found in the rat and mouse.
Whether these are the subjects of early life regulation, and the molecular
mechanisms by which this is achieved, remain to be determined.

Thus in humans, as in rodents, prenatal glucocorticoid overexposure
appears to programme an adverse adult cardiovascular, metabolic, neuroendo-
crine and behavioural phenotype. Whether this is an unusual or a common
mechanism to explain the link between low birthweight/size at birth and adult
disorders is the subject of ongoing studies.
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‘brain sparing’ 136, 164
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cardiovascular disease continued
and birthweight 16, 381–382

cohort studies 89–99, 106
ecological and migrant studies

88–89
future research 100–101
meta-analysis 108–118
public health implications 120–123
significance of correlation 99–100

and maternal undernutrition
118–119

and postnatal growth 96–99, 381
risk factor modification in adulthood

121–122, 123
cardiovascular system, fetal

response to hypoxaemia 55–60
mechanisms 60–67
modification by chronic hypoxia

67–74
carotid body function 66
carotid chemoreflex 61–63
carunclectomy 142, 236
catabolic hormones 26
‘catch-up’ growth 96–99, 206, 214, 217,

381
catecholamines 64–65, 68
causative relationships 106–108,

114–115
Cebu Longitudinal Health and Nutrition

Study (CLHNS) 315–325
antibody response to typhoid

vaccination 319–320
associations between immune

measures 322–323
data analysis 317, 318
IgE levels 322
immune function measures 316–317
leptin levels 323–325
participants and protocol 315–316
prenatal and postnatal influences on

immune function 318–319
thymopoietin concentration 321–322

cell culture, pancreatic cells 180
cell cycle 176
cell division 3

methyl groups 338–339
central nervous system programming

393–397, 400
cerebrovascular disease 90–91, 92, 93,

95
chicken embryo 56, 57–58

Childhood Asthma Prevention Study
270–271

China 122–123, 167
cholesterol levels 119–120, 121, 123, 165
choline, dietary 340
chorioamnionitis 276
cigarette smoking 88, 121, 267–270
circulation, redistribution 31, 55–58,

63–65, 68–71, 164
clonal selection 12
Clostridium difficile 282
coat colour 40, 341
cobalt, dietary 340, 343
coconut oil 140
cohort studies

birthweight and adult body weight
198–201

birthweight and cardiovascular
disease 89–99, 106

blood pressure 118–119
maternal nutritional supplements

201–203
retrospective 101
type 2 diabetes 158–162

colostrum 280
combined ventricular output (CVO),

redistribution 31, 55–58, 63–65,
68–71

concanavalin 313
conceptual period, maternal nutrition

28–29, 42–43, 337–338
coping behaviour 394–395
cord-blood mononuclear cells (CBMC)

264–267, 270
corticosterone 386
corticotrophin-releasing hormone (CRH)

277, 389, 396–397
cortisol 143, 277, 385, 390, 391,

392–393
metabolism 386
and tissue hormone receptors

370–373
‘couch potato’ syndrome 221–223
cow serum 344
C-peptide 165
CRH see corticotrophin-releasing

hormone
critical periods 3–4, 42–43, 136–137

kidney development 243–244, 246
pancreas development 171,

181–182
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rat pregnancy 136–137
crocodilians, sex determination 2
cysteine, synthesis 139, 339–340
cytokines

in atopic disease 261–267
b-cell sensitivity 186–187, 215
in breastmilk 280

delayed-type hypersensitivity (DTH) 313
demethylation 345–346
Denmark 165–166
developing countries 141

fetal growth 315
Philippines CLHNS study 315–325
‘westernization’ 122–123, 164–165,

216–217
dexamethasone treatment 385, 388, 390

and blood pressure 42, 143–145,
249, 391

central nervous system programming
393–397, 400

fat and muscle metabolism 392
and food intake 249
and offspring adiposity 213–214
and plasma leptin 392–393
use in preterm delivery risk 401

diabetes mellitus
type 1 181, 186–187, 252
type 2 10, 252, 341, 393

evidence of programming
157–162, 181–184

future research perspectives
166–167

mechanisms of programming
163–166

diarrhoeal disease, infant 320, 322, 326
diet

methyl deficient 340–343
nutrient balance 37–38, 240
‘westernization’ 216–217
see also maternal protein restriction;

maternal undernutrition; postnatal
nutrition

Diet and Nutrition Survey, Britain 131
dietary supplements 120–121, 201–203,

346
diethylstilbestrol (DES) 8
‘diseases of affluence’ 220
DNA methylation 38–39, 40, 139, 333,

334

and disease 340–341
methyl group metabolism 338–340
and nutritional deficiencies 340,

341–343
and nutritional supplementation 346
role in programming embryo

343–346
variability in fetal tissue 345

DNA methyltransferases 338–339,
345–346

dopaminergic system 395
ductus venosus 59
dust mite exposure

infant 289
maternal 265–267

Dutch Hunger Winter 16, 23, 25, 33, 41
causes 199
offspring blood pressure 38, 118
offspring body weight 199–201,

212–213
offspring cholesterol levels 120
offspring glucose tolerance 166

ecological studies, cardiovascular disease
88–89, 106, 118–119

eczema, atopic 266
and breastfeeding 278–280
and childhood infections 282–288
prevalence 259–260

embryo culture
fetal overgrowth following 335–337
methyl cycle activity 344
variability of abnormal fetal

development 344–345
zygote donor diet 336–337

endocrine disruptors 8–9
endocrine status, maternal 143–145
endothelium–endocrine interactions

177–179
end-stage renal disease (ESRD) 252
energy intake, excess 141
environmental factors 8–9, 14–15

and allergic diseases 260, 288–291
environmental hypotheses 382, 383
epidemiological studies 16, 381–382

birthweight and cardiovascular
disease 88–96

distinguishing causation from
association 106–108, 114–115

Estonia 282
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Ethiopia 291
ethnic differences 252, 277–278
Eubacterium 282
evolutionary advantage 9–10, 288
Exendin-4 184
experimental models

birthweight and adult obesity
198–203, 212–214

birthweight and blood cholesterol
120

immune function programming 312
large animal species 142
maternal nutrition 22, 27–28,

130–141, 235–236
rodents 130–141
type 1 diabetes 186–187
type 2 diabetes 181–184

Falashas 10
family size 283–288
famine 6, 16, 23, 41, 101

offspring blood pressure 38, 118
offspring body weight 198–201,

212–213
offspring cholesterol levels 120
offspring glucose tolerance 166

fat intake
childhood/adulthood 121–122,

217–218, 219
maternal 140, 141, 236, 240

fat metabolism 392
fat pad mass 218, 219
fats

polyunsaturated 270
saturated 140

fear 396–397
femoral vasoconstriction 61, 63, 66,

68–71, 72–74
fetal growth

and body proportions 30–32
and childhood atopy 271–276
and fetal nutrition 26
high altitude pregnancies 75–77
and maternal nutrition 4–6, 24–32,

135–136
trajectory 28–30
see also intrauterine growth

retardation; small for gestational
age

fetal insulin hypothesis 162–163

fetal metabolic substrates 26–28, 32,
34–36

fetal nutrition 24–26
fetal origins of adult disease (FOAD)

hypothesis
human evidence 16, 88–96
origins 105–106

fetal overgrowth 335–336
fetal undernutrition

and blood pressure 240–241
models 216, 235–236
and renal disease 250–253
and renal structure and function

236–240
see also maternal protein restriction;

maternal undernutrition
feto-placental metabolism 35–36
fibroblast growth factor (FGF) 174
Finland 94, 95, 98–99
Flk-1 expression 179
folate 38–40, 341, 342
folate cycle 339, 340
follicle stimulating hormone (FSH) 336
food intake

excess 141
global restriction 130–133, 216, 240,

249
see also famine

food intolerance 289
Fresco 202
functional capacity concept 10–12

Gambia 323
gender differences 162, 183

hypertension 253–254
immune programming 321, 322, 327
insulin resistance in young adults

162
genetic factors 382, 383

atopic disease 263–264
insulin resistance 163
overweight/obesity 224–225

Germany 291
gestational age

and atopic diseases 271, 272–273
cardiovascular response to

hypoxaemia 56
and immune function 312–314

gestational stage 41–43, 213, 246
global undernutrition 130–133, 216, 240
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glomerular filtration rate (GFR) 237, 239,
243, 244

glomerular hypertrophy 239
glomerular number 236–239, 244–246,

247, 249–250
determination of 237

glomerulosclerosis 241, 250, 253
glucocorticoid receptor (GR) gene 147,

399–401
glucocorticoid receptors (GRs) 383–384

adipose tissue 392
brain 223, 396–397, 398–399
kidney 215
muscle 392

glucocorticoids
fetal ‘barriers’ 386–387
fetal exposure 213–214, 370–373,

383–384, 401–402
and birthweight 384
and blood pressure 143–149,

213–214, 248–249, 384, 385,
388, 391

and brain development 384,
393–397

and glucose homeostasis 385
liver function 389–391
and maternal undernutrition

213–214
molecular mechanisms 398–401
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timing of exposure 385

postnatal 147–149
glucose consumption, placenta 34–35
glucose metabolism 181–184, 385,

390–391
glucose tolerance 158–162, 181–184,

215
glucose transporter 1 (GLUT1) gene 341
glucose transporters 34, 174–175, 182
glutamine–glutamate cycle 35
glycine 35–36, 38, 138–139, 342
glycine–serine cycle 35–36, 38–39
glycogen synthase 161
granulocyte macrophage colony

stimulating factor (GM-CSF) 261
growth see fetal growth; postnatal growth
growth curves

fetal 28–30
postnatal 203–204, 206, 381

growth factors 174
growth hormone 36–37, 216

growth hormone–insulin-like growth factor
(GH–IGF) axis 370–373

Guatemala, INCAP Longitudinal Study
202–203

Guinea-Bassau 288, 314
guinea-pigs 22, 28, 33, 56, 212

glucocorticoid programming 394
maternal undernutrition 132, 133
pancreatic development 171

gut endoderm 172

handling, neonatal 398–399, 400
hay fever 283, 283–288
head size 6, 31, 106, 164, 314, 326
heart:fetal weight ratio 336, 337
heart, fetal

development and prenatal
glucocorticoid exposure 391–392

growth 32
sympathetic innervation 61

heart rate
and fetal hypoxaemia 55–56, 69, 77
neural control 61–63

hedgehog gene family 172
Helsinki cohort study 94, 95, 98–99, 204
hepatic nuclear factor-1 (HNF-1) 398
Hertfordshire cohort study 97, 106,

158–160
heterochromatin 338
high altitude, pregnancy 75–77
hippocampus 384, 395–397, 398, 400
Homeostasis Model Assessment (HOMA)

scale 162
homocysteine 139–140, 337–342
homocysteine-betaine methyl transferase

340
homosexuality 9
hormone disruptors 8–9
‘horse racing’ 204
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HPA axis see hypothalamic–pituitary–

adrenal (HPA) axis
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hypertension

renal mechanisms 241–248
risk factor modification in adulthood
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see also blood pressure
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hypothalamic–pituitary–adrenal (HPA)
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cardiovascular response 55–60
mechanisms 60–67
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current perspectives 325–327
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health implications 327
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transgeneration effects 2–3
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imprinted genes 343–344
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imprinting syndromes 336
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and cardiovascular disease risk 88,
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infant weight
and glucose tolerance 158–159
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infections
childhood 282–288, 314–315, 320,
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maternal during pregnancy 276–277
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insulin 26
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fetal insulin hypothesis 162–163
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insulin-like growth factor binding proteins
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insulin-like growth factors (IGFs) 37, 174,
176–177, 178, 216, 391,
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insulin receptors 175, 182, 215
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insulin resistance 138, 181–184,
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insulin secretion 217–218
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high altitude 75–77
and immune function 312–314, 315
see also birthweight; fetal growth;
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cell differentiation 172–174
vascularization 177–179

Italy 165
IUGR see intrauterine growth retardation

Janus kinase (JAK)-2 225
Jewish migrants 10

ketones 27–28, 32
kidneys 10, 11, 12, 13

angiotensin II receptors 148, 149
development 214–215, 243–244,

246
and birthweight 249–250

function 237, 239–240
and hypertension 241–248

glucocorticoid receptors 215
renin–angiotensin system 243, 244,

245, 253, 391
structure 136–137, 236–241
see also renal disease

labour 56, 58
fetal hypoxia 71–74

lactate 32, 35
lactobacilli 282
lactogen, placental 36–37
Lamarckian theory 3
large animals

as models of programming 142
see also pigs; sheep

large offspring syndrome (LOS) 335–337
Leipzig 291
Leningrad, Siege of 118, 120, 198–199
leptin 183–184, 217–218, 219, 323–325,

327, 392–393
and insulin 225
resistance 225–226

signalling 184, 224–226, 392
life span 138, 214
lifestyle factors 160, 291
liver

blood flow in fetal hypoxaemia
59–60

carbohydrate metabolism 182, 223
glucocorticoid programming

389–391
maternal protein restriction 215–216,

337, 342
llama fetus 68, 71
locomotor activity 221–222, 224
Lorenz, Konrad 2
losartan 244
low-density lipoprotein (LDL) cholesterol

121, 138–139
Lucas, Alan 2
lungs 10, 11, 14, 215
lymphoid tissues 314

macronutrient balance 37–38, 240
macrosomic infants 96, 335–337
magnesium 40
malaria parasites 276
male reproductive development 8
MAP-kinase pathway 225
maternal constraint 23–24, 26
maternal–fetal interface, cytokine

expression 262–263
maternal nutrition, dietary excess 141
maternal protein restriction 6, 214

and adult obesity 212–214
and blood pressure 39, 133–140,

145–149, 214–215, 240,
241–248, 337–338

and DNA methylation 337–338, 342
and fetal growth 135–136
and 11b-HSD 145–146, 387
liver development and function

215–216, 337, 342
pancreatic development 175–181,

186–187
pre-implantation embryonic

development 337–338, 342
and renal disease 250–252
and renal structure/development

136–137, 236–240
timing in pregnancy 41, 246

maternal size 23
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maternal undernutrition 4–7, 37–41
and atopic disease 270–276
biological plausibility as programming

stimulus 23–24
and birthweight 120–121
and blood pressure 118–119
experimental models 130–141,

235–236
and fetal body proportions 30–32
global 130–133, 216, 240
HPA axis function 393–394
human versus animals 27–28
large offspring syndrome 336–337
macronutrient balance 37–38, 240
and muscle development 160–161
periconceptual period 28–29, 42–43,

337–338
and placental size 32–34
specific nutrients 140–141
timing in pregnancy 3–4, 28–29,

41–43, 136–137, 213, 246
see also maternal protein restriction

measles infection 287, 314
meta-analyses 108–158
metabolic adaptations 9–10
metabolic substrates 26–28, 32, 34–36
metabolic syndrome 159, 219–223, 385
methionine 38, 39, 40, 187

dietary deficiency 139–140
dietary excess 38, 339–340,

341–342
methionine cycle 339, 340
methionine–homocysteine metabolism

139–140
methionine synthase 343
methyl-deficient diet 340–341, 342–343
methylene tetrahydrofolate 36, 38–39
methyl groups 338–340, 344
N5-methyltetrahydrofolate (MTHF) 340,

341
methyltransferases 338–339
mice

agouti locus 341
coat colour 40
11b-HSD-2 gene silencing 388
immune function programming 312
imprinted genes 344
prenatal glucocorticoids 396

micronutrients 38–41, 140–141, 214,
236

microsphere technique 56, 59

migrants 10, 88–89, 166
milk, unpasteurized 282
mineral nutrition 41
mineralocorticoid receptors (MRs) 383,

396–397
miscarriage 39, 341
motor development 396
multiple regression models 205–206
Munich 291
muscle

development 160–161
metabolism 175, 182, 225, 226,

392
Mycobacterium leprae 263
Mycobacterium tuberculosis 287–288
myocardial circulation 57–58

L-NAME (NG-nitro-L-arginine methyl
ester) 67

National Health and Nutrition
Examination Survey III
(NHANES III) 278

Nauruan islanders 164–165
neonatal handling model 398–399, 400
nephrectomy, unilateral 245–246
nephrogenesis 243–244, 246
nephron number 12, 136–137, 237–238,

241, 242, 244–246, 253
neural tube defects 39, 341
neuroendocrine regulatory systems 223
Neurogenin-3 gene 172–174
neurological development 384, 393–397,

396, 401–402
neuropeptide Y (NPY) 6, 63–64, 225
NGFI-A transcription factor 399
niacin 40
nitric oxide 66–67, 72–74, 77–78, 133,

186–187, 388
nitric oxide clamp technique 67, 72–74
nitric oxide synthase, inducible (iNOS)

176
nitrogen metabolism 336–337
NG-nitro-L-arginine methyl ester see

L-NAME
noradrenaline 63–64, 64, 68
Notch pathway 172–174
nutritional deficiencies 2–3, 139–140,

340, 342–343
nutritional supplementation 120–121,

201–203, 346
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obesity see overweight/obesity
OB-Rb receptor 225
observational data, limitations 87–88
obstetric complications 39, 281–282
oestrogen-like compounds 8
oestrogens 383
omega-6 fatty acids 270
oocytes, in vitro maturation 334–335
oral contraceptives 8
organs

development 3–4, 164
functional capacity 10–12
size 31
see also named organs

osteocalcin 386–387
ovarian stimulation 334, 335–336, 336
overweight/obesity 16

adipogenesis 224–226
and birthweight 197–207
and breastfeeding 205, 207
children 162, 203–204
endocrine and metabolic mechanisms

223–224
experimental evidence for

programming 212–214
genetic factors 224–225
global prevalence 196–197
indicators of 195–196
and postnatal nutrition 221–223
sedentary behaviour 221–223
thrifty phenotype hypothesis

164–166, 221–222
WHO classification 196

oxidative metabolic substrates 26–28, 32,
34–35

oxidative processes 137–138
oxygen deprivation see hypoxaemia, fetal
ozone 291

Pacific region 164–165
pancreas

adaptation in pregnancy 185–186
b-cells 40, 41, 42, 160, 172–176,

184–187, 223, 391
development 158, 160, 171–174

and low protein diet 138, 175–181,
186–187, 215, 391

function 41, 42, 138
functional capacity 10–11
leptin receptors 184

transgenerational progamming
184–186

pancreatic cells, culture 180
Papua New Guinea 164
paracetamol 276
paraventricular nucleus (PVN) 223, 396
Pdx-1 expression 174, 179, 184
PEPCK (phosphoenol-pyruvate

carboxykinase) 182, 223,
389–390

periconceptual nutrition 28–29, 42–43,
337–338

perinatal mortality 71
peripheral blood mononuclear cells

(PBMC) 264–267
peripheral vascular resistance 56, 57, 58,

61, 63–64, 68–74
pertussis immunization 287
phentolamine 65
Philippines, Cebu Longitudinal Health

and Nutrition Study 315–325
phosphatidylinositol 3-kinase (PI3K) 175,

215, 223, 226
phosphoenol-pyruvate carboxykinase

(PEPCK) 182, 223, 389–390
phosphorus 40
Physicians Health Study 341
phytohaemagglutinin 313
phyto-oestrogens 8
pigs 31, 142, 236, 249
Pima Indians 163, 252
placenta

endocrinology 36–37
11b-HSD-2 143–146, 248–249,

385–389
metabolism 34–36
size/weight 32–34, 135, 216
transport capacity 34, 37
vascular resistance 34, 388–389

placental function 27
nutritional regulation 32–37
and pancreatic development 184,

185–186
variation between species 27–28

placenta praevia 281
placentation 132
platelet activating factor 267–268
platelet-derived growth factor (PDGF)

174
pokeweed nitrogen (PWM) 313
pollen exposure 265
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pollutants 265–267, 288–291
ponderal index at birth 6, 7, 31, 98, 106,

162, 203
postnatal environment 398–399, 400,

402
and atopic disease 260, 288–291
and immune function development

325–327
postnatal growth 24, 106

and adult body weight 203
and cardiovascular disease 96–99
‘catch-up’ 206, 217, 381
and immune system development

322
and maternal nutritional

supplementation 202–203
patterns of 203–204, 206, 381
and type 2 diabetes 158–159,

181–182
postnatal nutrition

and adult body weight 216–219, 226
and immune function 312

prednisolone 384
pre-eclampsia 26, 39, 341, 384, 388–389
pregnancy

asthma 280–282
at high altitude 75–77
complications 39, 281–282
maternal–fetal interface 262–263
nutritional supplementation 201–203
pancreatic adaptation 185–186
timing of programming insults/stimuli

3–4, 28–29, 41–43, 136–137,
213, 246

Preston cohort study 106, 158–160, 382
preterm births 267–268, 271, 272–273,

281, 381, 384, 401–402
primates, non-human 56, 57, 312, 385,

395–396
priming 264–267
progesterone 42, 389
programming

concept 2, 382, 383
critical periods 3–4, 42–43, 136–137,

171, 181–182, 243–244, 246
demonstration of principle 2–3
human evidence 6–7, 16, 23,

158–162, 401–402
and maternal nutrition 37–41, see

also maternal protein restriction;
maternal undernutrition

origins of hypothesis 105–106
and physiological function 10–15
survival advantage 9–10, 288
transgenerational effects 2–3,

184–186
propanolol 64–65
protein, excess dietary 141
protein kinase B (PKB) 223
protein restriction see maternal protein

restriction
proximal tubules 236–237
psychosocial stress, maternal 277–278
public health issues

birthweight and cardiovascular
disease risk 120–123

immune programming 327
overweight/obesity 206, 222–223
postnatal nutrition and metabolic

disease 218–219
purine synthesis 39

race 252, 277–278
rats

critical developmental periods
136–137

fetal glucocorticoid exposure 385,
390, 391, 392, 396

11b-HSD-2 activity 143–146, 389
kidney structure and function

136–137, 236–240, 243–248
maternal nutrition 133–140,

337–338
neonatal handling paradigm

398–399, 400
pancreatic development 171–174

Raven’s Progressive Matrices 201
regression analysis 205–206

adjustment for current body size
117

renal disease
and fetal undernutrition 250–253
gender differences 253–254

renal failure, chronic 252
renin–angiotensin system (RAS) 141,

147–149, 214–215
intrarenal 243, 244, 245, 253, 391

replicative senescence 3
reproductive development 8–9
respiratory tract infections, maternal 276
retinoic acid 241
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retroperitoneal fat pad 218, 219
Reykjavik Study 94
rhesus monkey 56, 57, 395–396
rhinitis, allergic 266, 280
riboflavin 40
rodents

maternal undernutrition 133–140,
216, 337–338

muscle development 161
see also guinea-pigs; mice; rats

S-adenosyl homocysteine (SAH) 339,
341–342, 343, 344

S-adenosyl methionine (SAM) 40,
338–340, 344

S-adenosyl methionine (SAM):S-adenosyl
homocysteine (SAH) ratio 139,
341–342, 343, 344

salt intake 236, 241, 253
saturated fatty acids 140
sciatic nerve section 63
Second World War famine 6, 16, 23, 25,

33, 38, 41, 118, 166, 198–201,
212–213

sedentary behaviour 221–223
senescence, replicative 3
serine 35–36
serine–glycine cycle 35–36, 38–39
serine kinases 175
serotonin (5-HT) 395, 399, 400
serotype c-specific polysaccharide antigen

(SpA) 313
serum, embryo culture 344
sex dependent responses 183
sex determination, crocodilians 2
sex differences see gender differences
sex steroids 383
sexual behaviour, human 9
sexual development 8–9
sheep

assisted reproduction 335–336
critical periods of development 3
fetal glucocorticoid exposure 385,

390, 391, 392–393
fetal growth trajectory 28–30
fetal hypoxaemia 55–56, 68–71
maternal nutrition 27–29, 42–43,

337
as model of programming 142
placental metabolism 34–35

placental weight 33
renal development 243

Sheffield study 97, 106
signal transducers and activators or

transcription (STAT) 225–226
Simpson–Golabi–Behmel syndrome 336
skinfold thickness, maternal 38
skin-prick test positivity 268, 279, 283
small for gestational age (SGA) 312–314,

318–319, 325–327
see also fetal growth

smoking 88, 121, 267–270
snacking 217
social class 201
social mobility 89
socio-economic factors

atopic disease 278, 279
and birthweight 75–76
immune function 322
maternal protein intake 134
and obesity 219–220

sodium intake 141, 236, 241, 253
sodium nitroprusside 67
sodium transporters 248
soleus muscle 392
South America, Bolivia 75–77
spermidine 339
spermine 339
Sprague–Dawley rat 239, 244
8-SPT (8-p-(sulphophenyl)-theophylline)

66
starch intake 240
stature, adult 205
stem cells 346
stress

coping behaviour 394–395
maternal 224, 240, 277–278

stroke 90–91, 92, 93, 95
subscapular:triceps skinfolds ratio 199
sugar intake 6, 7, 240
8-p-(sulphophenyl)-theophylline see

8-SPT
sulphydryl group 187
superovulation 334
suppressors of cytokine signalling (SOCS)

225–226
Sweden 93–94, 95, 282
sympathetic nervous system 63–64
syndrome of apparent mineralocorticoid

excess (AME) 143, 387
syndrome ‘X’ see metabolic syndrome
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synthetic oviductal fluid 344
system A amino transporter 34
systematic overviews (meta-analyses)

108–118

tachypnoea, newborn 281
taurine 40, 177–179, 180–181, 187, 215,

339–340
T cells 312, 313, 316

activation 261–264
allergen exposure in utero 264–267
Th1/Th2 cytokine expression

261–264, 276, 288
teratogens 9
testosterone 2, 9, 383
tetrahydrofolate (THF) 38–39
thalidomide 9
thiamin 40
thiazide-sensitive Na–Cl cotransporter

248
thinness at birth 160, 162
threonine 138
thrifty genotype 220
thrifty phenotype 9–10, 97, 163–166,

183, 217–222
thymopoietin 316–317, 319, 321–322,

324
thymus 314, 316
thyroid hormones 26, 399
Tibet 76
transcription factors 174, 398, 399
transforming growth factors 174
transgenerational programming 2–3,

184–186
transit-time flowmetry 57
transposable elements 343
triglycerides 159, 165
tumour necrosis factor-a (TNF-a) 212,

224, 261
tumour necrosis factor-b (TNF-b) 261,

262
twin studies

birthweight and adult BMI 197
birthweight and blood pressure

115–117, 381
birthweight and cardiovascular

disease 101
type 2 diabetes 165–166

typhoid fever vaccination 316, 319–321,
322–323

UK 97, 106, 158–160
maternal nutrition 130–131, 134,

141
umbilical blood flow 59–60
umbilical cord compression 71–72, 73
uninephrectomy 245–246
urea, plasma 336, 337
urea synthesis 35
Ureaplasma urealyticum 276
urticaria 266
uterine artery ligation 184, 212
uterine blood flow 26
uterine horn ligation 132, 237
uterine infections 276
utero-placental embolization 247
utero-placental insufficiency 184,

185–186
USA

birthweight and cardiovascular
disease 93, 95, 382

National Collaborative Perinatal
Project 101

vaccination
and atopic disease 287–288
responses to 313, 316, 319–321,

322–323
vaginitis 276
vascular development, pancreas

177–179
vascular endothelial growth factor (VEGF)

174, 178–179
vascular resistance

fetal in hypoxaemia 56, 57, 58, 61,
63, 66, 68–74

placenta 34, 388–389
vasopressin 68
vegans 130–131
vegetarians 130–131
vinclozolin 8
vitamins 40–41, 236, 241

vitamin A 241
vitamin B6 341
vitamin B12 340, 341, 342–343
vitamin C 40–41
vitamin E 267, 270

waist–hip ratio (WHR) 16, 196, 197, 199,
201
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weight gain, postnatal 97–99, 320
Western diet 216–217, 270
westernization 122–123, 164–165,

216–217, 219–220
wheezing illness 266, 267–268

and breastfeeding 279
and childhood infections 283–287
environmental factors 289–291
and maternal infections in pregnancy

276–277

and prenatal smoking exposure
267–270

preterm birth 271, 272–273
prevalence 259–260

Wistar–Kyoto rat 239
World Health Organization (WHO) 196,

219

zinc-deficient diet 2–3
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