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Nutritional programming of disease: unravelling
the mechanism
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Abstract

Nutritional programming is the process through which variation in the quality or quantity of nutrients consumed
during pregnancy exerts permanent effects upon the developing fetus. Programming of fetal development is
considered to be an important risk factor for non-communicable diseases of adulthood, including coronary heart
disease and other disorders related to insulin resistance. The study of programming in relation to disease processes
has been advanced by development of animal models, which have utilized restriction or over-feeding of specific
nutrients in either rodents or sheep. These consistently demonstrate the biological plausibility of the nutritional
programming hypothesis and, importantly, provide tools with which to examine the mechanisms through which
programming may occur. Studies of animals subject to undernutrition in utero generally exhibit changes in the
structure of key organs such as the kidney, heart and brain. These appear consistent with remodelling of develop-
ment, associated with disruption of cellular proliferation and differentiation. Whilst the causal pathways which
extend from this tissue remodelling to disease can be easily understood, the processes which lead to this disordered
organ development are poorly defined. Even minor variation in maternal nutritional status is capable of producing
important shifts in the fetal environment. It is suggested that these environmental changes are associated with
altered expression of key genes, which are responsible for driving the tissue remodelling response and future
disease risk. Nutrition-related factors may drive these processes by disturbing placental function, including control
of materno-fetal endocrine exchanges, or the epigenetic regulation of gene expression.
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proving difficult to elucidate (WCRF, 2007), it has been

Introduction overwhelmingly shown that cardiovascular disease is

Modern patterns of disease are strongly related to pat-
terns of nutrition in the population. The major killers in all
developed countries are coronary heart disease, stroke
and cancer and these are growing in prevalence in all parts
of the world, as increasing wealth and global trade change
dietary patterns in countries where the population used to
subsist on simpler and largely plant-based diets. Risk of
cardiovascular disease and cancer is strongly influenced by
obesity and overweight, and hence the consumption of
energy dense, high-sugar, high-fat diets. Although for
cancer the contribution of specific dietary patterns is
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promoted by diets rich in saturated fatty acids and low in
complex carbohydrates (Willett, 2006).

As scientists and lay people we accept that our adult life-
style, comprising diet and physical activity, smoking habits
and alcohol consumption, is one of the main determinants
of our long-term health and well-being. This is of course
only a part of the story and recent decades have brought
huge leaps forward in terms of understanding how these
lifestyle factors interact with the genome and allow inher-
ited factors to modulate that risk of disease. For example,
adults who carry the TT variant of the C677T polymor-
phism of methyltetrahydrofolate reductase (MTHFR) are
more vulnerable to cardiovascular disease, but only if they
consume a diet that is low in folic acid (Klerk et al. 2002).
It is becoming increasingly clear that these interactions of
genes and environment begin to shape health and disease
at much earlier stages of life. For example, being breastfed
protects children from early-onset obesity (Arenz et al. 2004)
and hence may reduce risk of related disorders (Martin
et al. 2005). Disease in adulthood is in fact the product of
continual exposures to protective and disease-promoting
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factors throughout the lifespan. Exposures at early life
stages may be particularly important, as the plasticity of
growing and developing tissues means that they shape
the way in which the body responds to later challenges.
This review will set out the evidence that nutrition-related
factors in fetal life impact upon risk of diseases that do not
manifest for 40-60 years post-exposure.

The concept of nutritional programming

The term programming describes the process through
which exposure to environmental stimuli or insults during
critical phases of development brings about permanent
changes to the physiology or metabolism of the organism.
There are many examples of this process observable within
the natural world. One that is frequently cited describes the
mechanisms that determine sex in crocodilians. Alligators
and crocodiles lack sex chromosomes (Milnes et al. 2002).
Their eggs are laid into earth mounds within which exists
a temperature gradient. At most temperatures within the
nest the embryos will develop into females, whilst within
a very specific range of 4-5 °C the embryos are more likely
to become males. These effects are explained by the fact
that the temperature of the egg determines the expres-
sion of genes encoding aromatases that are responsible
for synthesis of the sex steroids. These then govern the
physiological development of the embryos (Milnes et al.
2002). Under the definition provided above, this is clearly an
example of programming, as the stimulus is temperature,
the critical phase of development lies within the embryonic
period and the effect of the exposure is permanent.

Mammalian systems are also subject to programming
during development. Programming is a feature of the plasticity
of cell lines during embryonic and fetal life. For most types
of cell, plasticity is a short-lived characteristic, being only a
feature of the embryonic and fetal stages. These are the
critical developmental phases that are of greatest interest
in the context of nutrition and human health and disease.
The capacity to programme mammalian systems during early
life can be demonstrated as dramatically as the example of
reptilian temperature-dependent sex determination. Treat-
ment of newborn female rats with testosterone in the first
few days of life perturbs their lifelong reproductive function.
Regions of the hypothalamus that control the reproduc-
tive axis and archetypal female reproductive behaviours
are remodelled to resemble the male brain and the female
rats are rendered sterile (Arai & Gorski, 1968). The critical
period in which this androgenizing treatment is effective
is relatively short, but the effects are permanent.

In humans such precise experiments can obviously not
be recreated and demonstrations of programming effects
are often less convincing. Normal human physiology can,
however, be shown to respond to cues in the environment
that prevails during early development (Gluckman & Hanson,
2004). During the Second World War the Japanese military
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considered the performance of their soldiers in hotter
climates, in relation to the areas of Japan that they were
recruited from. This led to the discovery that the number
of sweat glands is set soon after birth and cannot then be
further adjusted. When individuals were born in cooler
climates they activated a smaller number of sweat glands
than did individuals who were born in warmer climates.
The response to the environment during the early postnatal
period therefore brings about permanent changes to
physiology. These adaptations allow the individual born in
a warm climate to be optimally adapted for life in that
climate, whilst the individual from a cold climate will cope
less well with the heat.

The observation that the developing mammal has the
ability to respond to environmental cues, or physiological
insults, changes the way in which we should think about
the developmental process. Mammalian development
clearly is not entirely gene-led and is not purely a matter
of activating and switching off the expression of genes, in
well-ordered sequences. Adaptive responses triggered by
changes in the environment, as signalled through the
maternal system, can change the profile of genes that are
expressed at any given stage of development, with pro-
found and irreversible effects upon the physiology of the
fetus. Environmental influences upon apparently geneti-
cally determined processes can be most simply observed
by looking at the effects of maternal physiology and
experience upon fetal growth. The growth trajectory of a
fetus is largely determined by the genes inherited from
both the mother and the father, but evolution has provided
mechanisms through which the genetically determined
growth rate can be constrained in response to maternal
cues. Classic experiments using embryo transfers in horses
and cattle show that the size of the mother is a primary
factor governing fetal growth. When Shetland mares carry
the foals resulting from Shire horse x Shetland pony
crosses, the genetically large offspring are born at a size
similar to the pure Shetland (Walton & Hammond, 1938).
This form of constraint ensures maternal survival, as it
prevents the development of a fetus that will become too
large to pass through the birth canal.

Similar observations can be made in human pregnan-
cies, where it is clear that very diverse signals can constrain
fetal growth. Factors which signal under-privilege or other
indicators of a less than optimal environment are generally
associated with lower weights at birth among human
babies. Socioeconomic class of the mother is more strongly
predictive of birth weight than any other single factor
(Bibby & Stewart, 2004). Social class is, however, only a
crude proxy indicator of maternal nutritional status,
family income, smoking habits, and access to healthcare
services. Several of these factors, for example smoking, are
known to influence fetal growth in their own right. Slowing
of fetal growth appears to be a common response to any
factor that may threaten the integrity of human pregnancy
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or the health of the mother, including undernutrition,
maternal infection, multiple pregnancy and major psycho-
logical trauma (Brown & Carlson, 2000; Smits et al. 2006).

Placing these concepts into the general context of the
aetiology of disease that was discussed at the start of this
review, it can be asserted that the early life exposures that
might manifest as constrained growth are part of a battery
of factors that are disease-promoting. These factors include
disease-susceptibility genes, adverse early life exposures, a
high-risk adult lifestyle (poor diet, sedentary lifestyle,
smoking) and ageing. Individual risk will be determined by
the interactions of these factors and the influences of
protective genes, optimal early life development and lower-
risk adult lifestyle. Fetal growth constraint is possibly just
a readily assessed marker of the early life exposure to
adverse environmental cues. Whilst acknowledging that
more subtle changes to fetal physiology might occur,
markers of fetal growth retardation (low birthweight,
disproportion at birth) have been most widely used as the
basis of the evidence that human disease states are subject
to early life programming influences.

Epidemiological evidence for programming of
human disease

Some of the earliest evidence to support a role for the fetal
environment in determining risk of adult disease came from
studies of retrospective cohorts in England. Barker and
colleagues published a series of studies of a cohort of men and
women who had been born in the county of Hertfordshire
between 1911 and 1933 (Barker et al. 1989, 1990, 1993a; Hales
et al. 1991). Initial findings showed that, among men, risk
of death from coronary heart disease was inversely related
to weight at birth, with those men who were born at less
than 5.5 Ibs being at double the risk of those who were
in excess of 9.5 Ibs at birth. Risk factors for coronary heart
disease were similarly related to birth weight, with low
birth weight predicting higher blood pressure, higher
circulating clotting factors, and impaired glucose tolerance.
Indeed men of lower weight at birth were at massively
increased risk of type-2 diabetes and the metabolic
syndrome (Hales et al. 1991; Barker et al. 1993a).
Observations linking lower birth weight to disease later
in life were extended by studies of other cohorts that had
gathered more detailed information about infant charac-
teristics at birth. Greater risk of cardiovascular disease and
metabolic syndrome was shown to be associated with
reduced abdominal circumference (Martyn et al. 1995), a
large head circumference in relation to body length
(Barker et al. 1993b), and relative thinness (low weight in
proportion to body length) at birth (Barker et al. 1992). All
of these measurements provide evidence that intrauterine
growth was disproportionate and constrained in an
uneven manner. Several of the observations made using
retrospective cohorts were verified through consideration

of more contemporary populations. For example, glucose
intolerance in Indian children was found to be related to
birth characteristics (Yajnik et al. 1995), whilst thinness
at birth predicted greater blood pressure and other
physiological markers in English infants (Fall et al. 1995).
Demonstrating these associations in young children was
important, as it showed that programmed changes to
physiology manifest almost immediately and do not
depend upon postnatal factors for their expression.

Epidemiological studies from the Scandinavian countries
have been especially useful in demonstrating programming
effects of early life upon disease risk. Two cohorts from
Helsinki, Finland, have enabled researchers to investigate
the interaction of prenatal and post-natal factors. Among
Helsinki men and women born between 1924 and 1944
the greatest risk of developing coronary heart disease and
diabetes was associated with being thin at birth and
relatively fat in later childhood (Ericksson et al. 2002a). This
has prompted the suggestion that fetal growth retardation
followed by rapid ‘catch-up growth’ in childhood is a
major risk factor for disease (Eriksson et al. 2002b).

The above examples show how health and disease in
adult life are related to factors that impact upon rates of
growth in fetal life. It is widely inferred that these
relationships are best explained by variation in maternal
nutrition. Figure 1 shows the fetal origins of adult disease
hypothesis and shows the central role of less than optimal
maternal nutrition as one of the drivers of programming
processes. However, epidemiological support for this
hypothesis is rather tenuous as there are few data to directly
link exposure to undernutrition to later ill-health. This
weakness is to some extent offset by studies of the Dutch
Hunger Winter, which occurred towards the end of the
Second World War. The Nazi blockade of food rations to
Western Holland in retaliation for strikes by railway workers,
resulted in widespread hunger over a period of 6 months.
At the height of the famine the adult ration delivered only
500-600 kcal per day. Birth weights among babies affected
by famine in late gestation were approximately 250 g
lower than those of babies born before or conceived after
the famine (Roseboom et al. 2001). Surprisingly, and rather
in contrast to the fetal origins of adult disease hypothesis,
the babies whose mothers were caught by famine in the
first trimester of gestation, were heavier at birth than the
population average before and after the period of famine.
Follow-up studies of the babies born during the Dutch
famine do, however, strongly support a role for nutrition
in programming disease risk. Adults exposed to the famine
in utero suffered more ill-health than their contemporaries
whose mothers had not been affected by the famine.
Exposure to famine in early gestation was associated with
greater prevalence of coronary heart disease, with raised
concentrations of circulating lipids, blood-clotting factors
and more obesity than in individuals who were not
exposed to the famine (Roseboom et al. 2001).
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Fig. 1 The fetal origins of adult disease
hypothesis. Adverse environmental cues from
the mother are signalled to the developing
fetus. The prevailing conditions may be
sufficiently harsh to result in the loss of the
pregnancy, or alternatively the fetus may mount
adaptive responses to ensure immediate
survival. One of these responses may be a
slowing of growth that will ultimately result in
lower weight at delivery. Other aspects of the
adaptive response, which may be localized to
specific organs and tissue types, will serve to
modify physiology and metabolism and hence
tissue functions. The trade-off for overcoming
the challenge in fetal life may be increased risk
of disease later in life.

Maternal
smoking

Maternal
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Animal models provide proof of principle

The epidemiological studies described above are highly
suggestive of an association between early life nutrition
and later disease risk, but remain a long way off establish-
ing the causality of any such link. Work in this area has
been subjected to robust criticism and concerns have been
raised about the fact that retrospective analyses of these
historical cohorts are inevitably confounded by many
different factors, about failures to correct adequately
analyses for confounders and about the possibility of a
publication bias in the nutritional programming literature
(Joseph & Kramer, 1996; Paneth et al. 1996; Huxley et al.
2002). Most importantly, the link between maternal
nutrition and fetal growth is far from clear cut and the
majority of studies of women living in developed countries
show little or no association between maternal intakes of
energy, macro- and micronutrients and infant birth weight
(Mathews et al. 1999; Langley-Evans & Langley-Evans, 2003).
A few studies have shown direct associations between
measured intakes of nutrients in pregnancy and risk
factors for disease in the resulting offspring. For example,
follow-up of a study of nutrition in pregnancy conducted
in Aberdeen in the 1940s, showed that elevated blood
pressure in middle-aged men was predicted by a low
intake of animal protein if the mothers were consuming a
high-carbohydrate diet (Campbell et al. 1996). Similarly, a
US study has shown that blood pressure in infants was
related to maternal calcium intake in pregnancy (Gillman
et al. 2004).

Such studies are far from convincing, however, and even
the remarkable findings of the definitive ‘natural experi-
ment’ of the Dutch Hunger Winter can be questioned.
During the Dutch famine, women still had access to
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black-market foodstuffs so the severity of undernutrition
may have been patchy. Moreover, the stress of wartime
and the Occupation may explain some of the findings
attributable to undernutrition (Stein, 2004). It is also
overly simplistic to assume that maternal intake is a good
indicator of the nutritional environment experienced by
the fetus. Intake is just one element of the fetal supply
line, which is also related to maternal nutrient stores and
body composition, maternal age, maternal physical activity
and energy expenditure, blood flow to the placenta,
efficiency of placental nutrient transfer and the action of
hormones such as the insulin-like growth factors, which
regulate nutrient partitioning between maternal and
fetal compartments (Harding, 2004).

Epidemiology may be a particularly poor tool for the study
of nutritional programming. It is clear that intervention
studies to explore the issue would be unethical and
impractical. Properly designed prospective cohort studies
will, by definition, require five or six decades of follow-
up to consider any possible association between maternal
nutrition, body composition or other factors, and the
development of disease. Animal studies therefore become
the only practical way forward for this area of research.
Work with suitable models not only allows the plausibility
of the programming hypothesis to be demonstrated, it also
permits measurement of invasive endpoints, consideration
of programming effects across the full lifespan, and evalua-
tion of the possibility of intergenerational effects of
undernutrition in pregnancy (Langley-Evans et al. 2006).

Programming in animals

Studies of nutritional programming using animal models
have been ongoing since the early 1990s and one of the
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Table 1 Animal models of nutritional programming. A diverse series of experiments have been performed in rodents and large animals to demonstrate
the biological plausibility of disease programming through modification of maternal or fetal nutrition

General approach

Specific intervention

Species used

Induction of low birth weight Global nutrient restriction Rat, sheep
Uterine ligation Rat, guinea pig
Over-nutrition of mother Induction of maternal obesity Rat, mouse
High-fat, high-cholesterol die Rat, rabbit
High protein diet Rat
Undernutrition of mother Micronutrient deficiency Rat, mouse
(Ca, Fe, Na, Zn)
Macronutrient restriction Rat, mouse

(protein)

most striking features of the body of literature that has
accumulated since then is the consistency of effects (Langley-
Evans, 2006). The models that have been developed are
immensely varied and have largely been based on rats and
mice, or sheep. Within these species it has been possible
to examine the impact of variation in the maternal diet
at different stages of gestation, and then consider the
impact upon the developing fetus and the mature off-
spring that are generated. The range of nutritional insults
that have been utilized is diverse and can be loosely
grouped into models that seek to restrict global nutrition
(i.e. all nutrients consumed by the mother), macronutrient
intake or micronutrient intake, or models that seek to
interfere with delivery of nutrients to the fetus without
impacting on maternal diet, or models that attempt to
deliver an excess of nutrients (Table 1).

Initially many of these experiments were developed to
model the low birth weight hypothesis in its simplest form.
It is well established that restricting maternal food intake,
or ligating a uterine artery (Nusken et al. 2008), during
rodent pregnancy, will lead to fetal growth retardation, so
this global undernutrition approach seemed a natural
way of considering cross-species correlates of the kind of
observations noted with cohorts such as the Hertfordshire
cohort. Woodall and colleagues (Woodall et al. 1996)
initially published studies of the offspring of rats subject to
a severe food restriction during pregnancy. Rat dams fed
just 30% of normal rations produced offspring with
markedly lower birth weight, and these animals went on
to develop elevated blood pressure by 7 months of age.
Moreover, if the offspring subject to fetal growth retarda-
tion were fed a hypercaloric, obesity-promoting diet in their
adult life, they showed a greater propensity for fat gain,
which appeared to be partly explained by programming
effects upon levels of energy expenditure physical activity
(Vickers et al. 2003).

One of the major criticisms of the global nutrient
restriction models is that they have little relationship to
contemporary problems in human nutrition. Other experi-
mental approaches have sought to examine nutritional
programming effects independently of any impact of the

maternal diet upon fetal growth rates, instead focusing on
common nutrient deficiencies and problems in human
populations. Iron deficiency anaemia is the most prevalent
micronutrient deficiency on a global scale (Stoltzfus, 2003).
It is estimated that approximately two thirds of the world
population suffers some degree of iron deficiency, and
pregnant women in both developed and developing
countries are particularly at risk. The feeding of an iron-
deficient diet to female rats prior to and during pregnancy
results in elevated blood pressure in their offspring, an
endpoint that is associated with changes in cardiac
development during the fetal period (Gambling et al. 2003;
Andersen et al. 2006). Studies of the offspring of iron-
deficient dams also show that fatty acid metabolism is subject
to long-term programming effects (Zhang et al. 2005).

The prevailing concerns about the nutrition of women
in developed countries are focused more on nutritional
excess rather than deficiency of specific nutrients. Sur-
prisingly, whilst experiments which restrict the nutrition of
pregnant animals almost universally result in high blood
pressure, glucose intolerance, insulin resistance and a
greater propensity to become obese (Langley-Evans, 2006),
experiments where the nutritional manipulation is in the
opposite direction have almost exactly the same outcomes.
The feeding of diets which are high in fat during rat
pregnancy is associated with elevated blood pressure and
vascular endothelial dysfunction in the resulting offspring
(Khan et al. 2003, 2005). Fetal exposure to a high protein diet
has been shown to induce defects of energy expenditure
that lead to obesity (Daenzer et al. 2002).

Maternal obesity may also be an important program-
ming influence with major relevance to modern societies.
Obesity changes many aspects of the environment
experienced by the fetus, including the quality and
quantity of nutrients delivered across the placenta and the
endocrine milieu. Obese women are, of course, at greater risk
of most complications of pregnancy, including gestational
diabetes, pre-eclampsia and pre-term delivery (Jensen
et al. 2003). Bayol and colleagues sought to examine the
impact of feeding a ‘junk-food’ diet, comprising highly
palatable human foods, to rats during pregnancy and
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Fig. 2 Protein consumption is highly variable on a worldwide scale.
Data shows per capita availability of protein from plant and animal
sources calculated from the 2004 Food and Agriculture Organization,
global food balance sheets. Intakes of animal protein and lower quality
plant protein sources are shown for countries grouped into regions
defined by the World Health Organization. The most densely populated
regions (SE Asia and China, S Asia) can be seen to have less protein
available than richer regions (N America and Europe). The UK RNl is the
Reference Nutrient Intake, which defines the level of protein intake

for pregnancy at which deficiency in a population is highly unlikely.
Although all regions have protein availability above this figure, actual
intakes are likely to be lower as food balance sheets overestimate

the amount actually consumed and cannot differentiate between
sub-groups in the population (e.g. rich vs. poor, urban vs. rural).

lactation. Offspring exposed to such a dietary pattern
were themselves more obese than controls (Bayol et al.
2007). Samuelsson et al. (2008), induced obesity in mice
several weeks prior to mating and then studied the impact
of maternal obesity upon several endpoints in their off-
spring. Mice exposed to the obese maternal environment
had higher blood pressure, greater adiposity and insulin
resistance in comparison with controls.

Low protein diets and rodent pregnancy

Work in our laboratory has focused upon maternal protein
restriction during rat and mouse pregnancy. This experi-
mental model is by far the best characterized and most
widely studied of all of the animal models of nutritional
programming. As shown in Fig. 2, availability of protein
varies considerably between regions across the world. In
all, 65% of world population are at risk of protein intakes
below the UK Reference Nutrient Intake for pregnancy
and rely heavily on lower quality, plant protein sources.
Within developed countries there is considerable variation
in maternal protein intake, and younger mothers in lower
socioeconomic groups are more likely to consume lower
protein intakes (Langley-Evans & Langley-Evans, 2003).
The feeding of a low protein (LP) diet in rat pregnancy
produces only subtle effects on fetal growth (Langley-
Evans et al. 1996a) and consistently induces persistent high
blood pressure (Langley & Jackson, 1994) and impairments
of renal development (Langley-Evans et al. 1999) in the
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Fig. 3 Systolic blood pressure is elevated in the offspring of rats fed a
low protein diet in pregnancy. Pregnant rats were fed an 18% casein
control diet or a 9% casein low protein diet throughout gestation. At
birth all dams were fed the same standard chow diet, which was also
used to wean the offspring. Blood pressure was measured using an
indirect tail-cuff method. Data are shown as mean + SE for n = 5-12
observations per group at each time point. * indicates a significant
difference between control and low protein-exposed animals (P < 0.05).
Data compiled from Langley & Jackson (1994) and Langley-Evans &
Jackson (1995).

offspring. LP-exposed offspring are hypertensive relative
to control animals from as early as weaning (Langley-
Evans et al. 1994) and this effect persists throughout their
adult lives (Langley-Evans & Jackson, 1995, Fig. 3). Changes
in blood pressure appear to be related to dysfunction of
the renin-angiotensin system. Studies have shown ele-
vated activity of angiotensin converting enzyme and
altered renal expression of the angiotensin Il receptors
(Sherman & Langley-Evans, 1998, 2000; McMullen et al.
2004). Treatment of LP-exposed offspring with angio-
tensin converting enzyme inhibitors and angiotensin I
receptor antagonists during the suckling period appears
to reverse the programming effect of the maternal diet
(Sherman & Langley-Evans, 2000).

Rats exposed to LP diets in utero have a shorter lifespan
(Aihie-Sayer et al. 2001) and show evidence of disturbed
glucose homeostasis (Fernandez-Twinn et al. 2005), vascular
dysfunction (Torrens et al. 2006), increased susceptibility
to oxidative injury (Langley-Evans & Sculley, 2005), impaired
immunity (Calder & Yaqgoob, 2000), altered feeding
behaviour (Bellinger et al. 2004) and increased central fat
deposition (Bellinger et al. 2006). Studies of the impact of
fetal protein restriction upon longevity and mechanisms
of ageing in the rat have been particularly enlightening.
Rats exposed to a maternal low protein diet during fetal
development show little evidence of metabolic abnormalities
at 9 months of age, although it is established that blood
pressure is elevated and there are renal abnormalities well
before this stage. By 18 months of age, however, the rats
develop hepatic steatosis, have normoglycaemia but raised
plasma insulin (indicating insulin resistance), are profoundly
hypertriglyceridaemic and are hypercholesterolaemic
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(Erhuma et al. 2007). Work by Ozanne and colleagues has
yielded similar findings, despite differences in the precise
nature of the dietary restriction protocol applied in early
life. Rats exposed to a maternal low protein diet through-
out the fetal and suckling periods develop insulin resist-
ance resulting from insulin signalling defects, but only in
old age (males at 18 months and females at 21 months)
(Ozanne et al. 2003; Fernandez-Twinn et al. 2005). Together,
these observations suggest that protein undernutrition
in early life is able to programme an insulin-resistant
phenotype which develops with ageing. As with the
human metabolic syndrome, the combined influence of
fetal undernutrition and ageing produces rats that are
insulin resistant, hypertensive, at risk of obesity and
exhibit microalbuminuria.

The programming effects of a low protein diet in rat
pregnancy are also noted in mice. This creates exciting
opportunities for the investigation of programming using
the full range of molecular tools that are available, including
transgenic strains. Our laboratory has used this approach
to study nutritional programming of atherosclerosis, a
problem that cannot be investigated in rats, which are
atherosclerosis-resistant. The apoE*3 Leiden mouse is a
strain that carries a naturally occurring mutation in the
human ApoE gene, on a C57BI/6] background (Groot et al.
1996). This results in impaired clearance of lipoproteins
from the plasma, raised plasma lipid levels and greater
susceptibility to developing atherosclerosis when the mice
are fed diets rich in cholesterol. Whilst other transgenic
mouse strains, for example the LDL receptor knockout
mouse, develop atherosclerosis even when fed a standard
chow diet, the ApoE*3 Leiden mouse develops lesions only
when fed a cholesterol-rich diet. This makes this strain
ideal for studies evaluating the influence of diet upon
atherosclerosis and coronary heart disease. Feeding a low
protein diet to wild-type mice crossed with ApoE*3 Leiden
males, resulted in ApoE*3 Leiden offspring that, when fed an
atherogenic diet from weaning, developed atherosclerotic
lesions that were more than twice as large as those exhibited
by mice exposed to a protein-replete diet in fetal life
(Yates et al. 2008).

Unravelling the mechanism of programming

Tissue remodelling

Normal tissue development in mammalian systems
involves the key processes of proliferation and differenti-
ation. All organs and tissues develop from a relatively
small pool of progenitor cells in the embryo. These pro-
genitor lineages are expanded in organogenesis during a
proliferative phase. The precise timing of this proliferative
phase will vary between tissues. Some organs such as the
heart are formed very early in development, whereas others,
for example the kidney, begin to grow at later stages.

Proliferation is followed by a differentiation phase, during
which the pool of cells formed earlier takes on the charac-
teristic morphology and functions associated with the
organ. The simplest explanation for how nutrition might
programme physiology and function of organs is that the
maternal response to under- or overnutrition interferes
with either the proliferation or differentiation steps in
tissue and organ development (Brameld et al. 1998).

The impact of disruption to either process would be
expected to yield characteristic changes within a tissue.
Adverse conditions during proliferation would not impact
upon the differentiation of the cells within a tissue, and
the affected organ would be expected to be smaller
(fewer cells in total), but with a normal profile of cell types.
In contrast, a tissue subject to adverse conditions during
differentiation would be of normal size but would have an
altered profile of cell types and potentially fewer func-
tional units. Examples of both scenarios can be clearly seen
in animal models of nutritional programming.

The kidneys of rats exposed to low protein diets in utero
provide a good example of remodelling. On gross exami-
nation there is little difference between the kidneys of
control and low protein-exposed animals and the organs
are of similar size. However, determination of nephron
number reveals a marked reduction of the order of 30-
40% in the nutrient-restricted animals (Langley-Evans
et al. 1999; Vehaskari et al. 2001). Similar effects on
nephrogenesis are noted in sheep subjected to global
undernutrition in utero (Gopalakrishnan et al. 2005). A
reduction in the number of functional units, whilst
maintaining normal tissue mass and cell number, strongly
suggests a major influence of undernutrition during the
differentiation of the specialized structures. In humans,
nephron number has been correlated with weight at birth
(Hughson et al. 2003). Populations in which there is a high
degree of poverty are noted to manifest differences in renal
morphometry. Among Australian aboriginal populations,
for example, rates of chronic renal failure are more than
20-fold more common than in the Caucasian population
and renal volume (a proxy for nephron number) tends to
be lower (Singh & Hoy, 2004).

The brain is also a target for remodelling in response to
variation in maternal nutrition. Fetal exposure to a maternal
low protein diet results in a reduced density of capillaries
within the cerebral cortex of mature offspring (Bennis-
Taleb et al. 1999). When low protein feeding was extended
to cover both the fetal and suckling periods in rats, there
were profound changes to the gross structure of the brain.
Hypothalamic centres involved in appetite regulation
were enlarged, suggesting changes during proliferation,
but differentiation was also clearly affected as neurons
expressing peptides (galanin and neuropeptide Y) respon-
sible for regulating appetite were present at much lower
densities (Plagemann et al. 2001). Given the role of the
hypothalamus in homeostasis, even relatively subtle
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Fig. 4 Programming of low nephron number is
a potential driver of hypertension and renal
disease. Lower nephron number resulting from
undernutrition during fetal development
cannot be recovered in postnatal life as
nephrogenesis is complete by birth in humans
and most other species. This results in reduced
functional capacity for the kidneys, forcing
increases in local blood pressure to maintain
glomerular filtration and fluid homeostatic
functions. Rising pressures cause further
damage and loss of nephrons and the kidney
enters a vicious cycle of rising pressures and
progressive tissue injury. Eventually, function
will be degraded and systemic blood pressure
will rise and the individual may enter a state of
renal failure. Adapted from Mackenzie &
Brenner (1995).

Systemic
hypertension

changes, of the kind identified by these studies, could have
huge repercussions for a wide range of basic physiological
and metabolic functions. The pancreas from rats exposed
to low protein diets during pregnancy and lactation also
shows evidence of both disordered proliferation and
differentiation. Undernutrition reduces the number of
functional units (B-cells and islets of Langerhans) present.
The islets that are present are smaller and have a reduced
vascular supply due to a reduction in the density of the
pancreatic capillary network (Snoeck et al. 1990; Dahri
et al. 1991).

Remodelling of the heart has not been as clearly
demonstrated as in the tissues described above. However,
variation in the size of the heart has been noted in offspring
exposed to maternal undernutrition. Increased heart size
was noted in cultured day 10.5 rat embryos from female
rats fed iron-deficient diets for 4 weeks before mating and
throughout pregnancy (Andersen et al. 2006). In contrast,
exposure to a low protein diet in fetal development
impairs heart growth in late gestation. This is in keeping
with a general impairment of truncal growth that is noted in
low protein-exposed fetuses. Neonates exposed to protein
restriction in utero exhibit thinning of the left ventricular
wall, and their hearts contain fewer cardiomyocytes
(Cheema et al. 2005). This suggests that remodelling
similar to that noted in other organs is taking place. Crucially,
this remodelling appears to promote left ventricular
hypertrophy in adult life (Tappia et al. 2005). Male rats
subject to protein undernutrition in fetal life are more
vulnerable to the effects of ischaemia-reperfusion (EImes
et al. 2007).

The remodelling processes described above are almost
certainly the proximal causes of the disease phenotypes
that are programmed by nutrition. Changes to the
structure and function of tissues and organs will drive
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disordered physiology through a variety of means. For
example, in the kidney it is believed that chronic renal
disease and hypertension are products of the process
shown in Fig. 4. A programmed deficit of nephrons leads
to a vicious cycle in which rising local blood pressures are
required to maintain renal perfusion and fluid homeostasis,
and yet in turn these higher pressures promote further
nephron loss. However, all such processes are secondary to
the true drivers of programming. The most important
questions to be addressed remain unanswered. We do not
yet fully understand which process or processes are
responsible for remodelling of tissue development.

The role of the placenta

The placenta might conceivably play a major role in
mediating the programming effects of maternal under- or
overnutrition. Placental factors are inevitably involved to
some extent, as perturbations in the maternal environment
must be transmitted across the placenta to affect the
fetus. The relationship between placental function and
fetal nutrition is complex. The nutrients that are trans-
ferred from the maternal to the fetal compartment may
not reflect actual maternal intakes as some, for example
amino acids, can be synthesized de novo within the
placenta (Cleal & Lewis, 2008). In some cases, fetal demand
for energy and nutrients might be met by mobilization of
maternal stores and transfer by placenta. In other cases,
low maternal intakes of some nutrients, for example folic
acid, may disproportionately impact upon the fetus as
the maternal requirements will take priority. Moreover,
the ability of the placenta to provide the fetus with the
substrates it requires will depend upon the quality of the
placentation, the size of the placenta, the demands of
the placenta itself for nutrients, and the extent of the
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maternal adaptations to pregnancy that should increase
cardiac output to support placental perfusion (Harding,
2004).

The contribution of the placenta to the maternal-fetal
nutrient supply line is therefore difficult to assess in the
context of programming. It is conceivable, however, that
deficits or imbalances in the quality or quantity of maternal
nutrition could contribute to programming simply by
restricting fetal substrate supply. The impact of unsuccessful
placentation upon fetal growth, for example, can be readily
observed in conditions such as pre-eclampsia. Here, problems
with the invasion of the placenta during the early stages
of its development not only contribute to the hypertensive
disorder experienced by the mother. The reduced placental
perfusion that accompanies pre-eclampsia is also associated
with fetal growth retardation (Poston, 2006).

In addition to the contribution to the maternal-fetal
supply line, the placenta is a major source of endocrine
signals. Whilst some of these play a role in maintaining the
pregnancy, others are likely to be involved in modulating
the fetal growth rate and the maturation of the brain and
other organs within the fetus. For example, the placenta
secretes corticotrophin releasing hormone, which is known
to have an important role in the maturation of the fetal
hypothalamic—pituitary adrenal axis and, via production
of glucocorticoids from the fetal adrenal, the maturation
of the lungs. Many of the hormones produced by the
placenta serve to control the flow of blood through the
placenta and hence optimize the delivery of substrates to
the fetal tissues. Maternal undernutrition and other
stressors may modulate patterns of placental hormone
secretion and hence alter the uterine environment
experienced by the fetus, compromise the integrity of the
placenta itself, alter gestation length and modify fetal
growth rates.

Despite these putative effects, the role of the placenta
in programming has not been investigated in great depth,
either in humans or in any of the animal models. It is
apparent, however, that the placenta is highly sensitive to
variation in the maternal diet. We have consistently shown
that feeding a low protein diet in rat pregnancy initially
promotes an increased rate of placental growth (Langley-
Evans et al. 1996a). Placentas from rats culled at 14 days’
gestation, for example, were larger when mothers were
fed a low protein diet, particularly if the undernutrition
was targeted at the first 7 days of pregnancy (Langley-
Evans & Nwagwu, 1998). By day 20 gestation, differences
in placental weight associated with protein restriction are
not apparent, but the fetal : placental ratio differs from
that of controls. Observations of this sort are suggestive of
effects of undernutrition upon placentation, but are far
from convincing.

Mice fed low protein diets in pregnancy also manifest
gross differences in placentation, but these effects appear
different to those noted in rats. At day 14.5 gestation,
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Fig. 5 Maternal low protein diets in mouse pregnancy impair the
development of blood vessels in the labyrinthine layers of the placenta.
Pregnant mice were fed an 18% casein (Control) or 9% casein (low
protein) diet from conception until sacrifice at either day 14.5 or 18.5 of
gestation. Stereological analysis revealed differences in the length of
maternal and fetal vessels in later pregnancy. (A) Maternal vessel length;
(B) fetal vessel length. Data are shown as mean + SE forn =5
observations at each time point. * indicates a significant difference
between control and low protein fed groups (P < 0.05). Data redrawn
from Rutland et al. (2007).

pregnant mice fed low protein diets had smaller fetuses
but placentas of similar size to controls (Rutland et al.
2007). By day 18.5, both fetal and placental weight were
reduced. Stereological examination of placental structure
revealed changes in the lengths of maternal and fetal
blood vessels within the labyrinthine layers of the placenta
(Fig. 5). Low protein feeding was associated with per-
turbation of the expression of cadherin and B-catenin in
the vascular endothelium. These adhesion molecules are
regulators of junctional integrity and permeability (Dejana,
1996). Their relative absence from junctional sites in the
low protein-exposed placenta may indicate that under-
nutrition may render the placenta more permeable. Put
together, the reduction in length of the labyrinthine
vessels and the down-regulation of the adhesion molecules
suggests that maternal undernutrition causes vascular
dysfunction in the placenta. This could certainly contribute
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to disordered maternal-fetal substrate supply and hence
drive fetal tissue remodelling.

A series of studies by Powell and Jansson have shown
that expression of placental glucose and amino acid trans-
porters and hence the supply of substrates to the fetus
may be modulated by maternal nutritional status. Jansson
et al. (2006) reported that low protein feeding in rats
down-regulated the placental system A amino acid trans-
porter by as much as 80% in mid-gestation and suggested
that this effect may have been driven by lower concentra-
tions of insulin, leptin and IGF-1 in the maternal circulation.
In contrast, treatment of pregnant rats with six injections
of glucose (2 g kg™ body weight to induce hyperglycaemia)
on days 10 and 11 of gestation, did not alter expression of
the system A or system L amino acid transporter, but despite
this did reduce the capacity of placentas to transport
["*Clmethyl-aminoisobutyric acid, a function mediated by
system A (Ericsson et al. 2007). This suggests that maternal
metabolic control in early pregnancy could be an important
determinant of feto-placental growth and placental
function later in pregnancy.

Glucocorticoids and programming

In addition to acting as the conduit for nutrient exchange
between mother and fetus and as a source of hormones,
the placenta acts as a critical barrier, preventing the access
of potentially harmful substances to the fetal compart-
ment. For substances in the aqueous phase, this is relatively
simple as only those for which transporters exist will be
able to cross the placenta. For fat-soluble materials,
movement to the fetal compartment should be free and
unimpeded, but it is clear that the placenta has systems in
place to regulate the entry of at least some compounds.
The glucocorticoids are steroid hormones which are
important mediators of stress responses and metabolic
functions. Like all steroid hormones, binding of hormones
to glucocorticoid receptors can initiate the transcription of
gene targets through binding of receptor complexes to
glucocorticoid response elements. These are widespread
within the genome. There is a very large concentration
gradient for glucocorticoids across the placenta, which can
be as great as 1000 : 1, indicating that the placenta actively
prevents them from passing from mother to fetus. This
function is carried out by 11B-hydroxysteroid dehydrogenase
2 (11BHSD2), which in placenta converts active glucocorticoids
such as cortisol to inactive forms (Edwards et al. 1996). The
presence of 11BHSD2 ensures that the fetal tissues are
exposed to only low levels of glucocorticoid. This enables
the fetal hypothalamic—pituitary—adrenal axis to develop
independently of maternal influences and, importantly,
ensures that fetal gene expression is not overly influenced by
factors that impact upon maternal glucocorticoid secretion.
Glucocorticoids are routinely used in obstetric practice
to promote maturation of the fetal lungs when preterm
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delivery is likely. Antenatal glucocorticoids promote
secretion of pulmonary surfactant. These therapeutic uses
circumvent the barrier function of 11BHSD2 as the admin-
istered hormones are synthetic glucocorticoids such as
dexamethasone and betamethasone, which are poor
substrates for the enzyme. Studies of rodents and sheep
suggest that fetal exposure to these hormones can have
potent programming effects upon renal development and
later blood pressure (Benediktsson et al. 1993; Celsi et al.
1998; Dodic et al. 2002). The strong similarities between
the phenotypes associated with antenatal glucocorticoid
exposure and nutritional insults have prompted consider-
ation that undernutrition may act as a stressor that alters
the endocrine cross-talk between mother and fetus.
Indeed, the feeding of a low protein diet in rat pregnancy
resulted in reduced expression and activity of placental
11BHSD2 (Langley-Evans et al. 1996b). As shown in Fig. 6,
this has led to the hypothesis that undernutrition pro-
motes overexposure of the fetal tissues to glucocorticoids
of maternal origin, and this drives tissue remodelling and
the development of the programmed phenotype (Langley-
Evans, 1997a).

Support for this hypothesis can be derived from
experiments that have sought to blockade or mimic the
relationship between maternal undernutrition and
placental 11BHSD2. When rat dams fed low protein diets
are treated with metyrapone in early to mid-gestation,
effectively performing a pharmacological adrenalectomy,
their offspring fail to develop the programmed phenotype
of hypertension and renal insufficiency (McMullen & Langley-
Evans, 2005). Replacement doses of corticosterone restore
the programming effect of the diet. The programming
effects of protein restriction are therefore, to some extent,
dependent upon an intact hypothalamic—pituitary-
adrenal axis in the mother. Inhibition of 11BHSD2 using
carbenoxolone during late gestation programmes raised
blood pressure in the offspring of rats fed a control diet
(Langley-Evans, 1997b).

The processes through which glucocorticoid overexpo-
sure promotes widespread programming of physiology,
metabolism and disease risk are not well understood.
There are many reports of glucocorticoid target genes
being up-regulated in a range of tissues in animals exposed
to undernutrition in utero (Langley-Evans et al. 1996¢;
Desai et al. 1997; McMullen et al. 2004), but in almost all
cases these observations have been made in adult animals
and therefore well downstream of primary programming
events. However, glucocorticoids are known to bring
about the maturation of tissues, favouring differentiation
over proliferation. It may therefore be possible that in the
context of tissue remodelling they lead to production of
smaller organs with an altered profile of functional units.
Certainly in the kidney, even very brief exposure to
synthetic glucocorticoids reduces nephron number (Dodic
et al. 2002).
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Epigenetic regulation of gene expression

The expression of genes is known to be regulated by a
number of epigenetic factors that can silence or switch on
transcription through modulating access of the transcrip-
tional machinery to the DNA strands. DNA methylation
and histone acetylation essentially control the tightness of
the coiling of DNA around the histone proteins within the
chromosome, with methylation leading to gene silencing
and acetylation promoting transcription (Bird, 2002). DNA
methylation patterns have been shown to be stably inherited
and may therefore allow phenotypic traits, acquired as a
result of nutritional programming, to be passed on to any
offspring. Undernutrition during embryonic, fetal or even
early postnatal development may irreversibly modify DNA
methylation. In this way, even a brief period of sub-optimal
nutrition can alter gene expression over a long period and
compromise normal physiology and metabolism.

The major interest in a role for DNA methylation in
nutritional programming was largely initiated by the work
of Waterland & Jirtle (2003). Experiments using the Agouti
mouse, in which a yellow coat colour is determined by the
overexpression of a single gene locus (Avy), demonstrated
that nutritional factors in fetal life can modify expression
of genes. The over-expression of this gene is due to
hypomethylation of CpG islands in the Avy locus. When
yellow mice were supplemented with folic acid, vitamin
B12, choline chloride and betaine, the methylation of Avy
was increased in the offspring. This resulted in more mice
with an intermediate brown coat colour being born to
the supplemented mothers.

Methylation may be important in the context of disease
programming. Sinclair et al. (2007) fed sheep a diet that

Fig. 6 The glucocorticoid programming
hypothesis. Overexposure of fetal tissues to
glucocorticoids of maternal origin may play a
central role in nutritional programming. 11p-
hydroxysteroid dehydrogenase 2 (118HSD2)
has a barrier role in placenta, preventing
movement of active corticosteroids from the
maternal to the fetal compartment. Nutritional
down-regulation of this enzyme can be
postulated to have a major impact on organ
development.

was deficient in the methyl donors, folic acid, vitamin B12
and methionine for a period of 8 weeks prior to con-
ception and for the first 6 days of pregnancy. Male offspring
from these ewes were insulin resistant and had elevated
blood pressure. Restriction landmark genome scanning
showed that 4% of 1400 CpG islands in the fetal liver were
differentially methylated. The majority of these loci
were either hypomethylated or totally demethylated. This
finding is in keeping with studies in rats that have sug-
gested that exposure to maternal low protein diets also
leads to hypomethylation and therefore overexpression of
certain genes (Lillycrop et al. 2005, 2007, 2008).

Lillycrop and colleagues have reported that low protein
feeding in rat pregnancy results in the adult offspring over-
expressing the peroxisome proliferator activated receptor-
o (PPARa) and glucocorticoid receptor in this manner
(Lillycrop et al. 2005). Furthermore, changes to histone
acetylation accompanying hypomethylation of the gluco-
corticoid receptor (GR,,) promoter further facilitate trans-
cription. There is some evidence that the expression of DNA
methyltransferase 1, the enzyme responsible for maintenance
of DNA methylation patterns that are set in the embryonic
period, may be down-regulated by the maternal low pro-
tein diet (Lillycrop et al. 2007). Availability of folic acid as a
donor of methyl groups for methylation may also be of
importance in these processes. Supplementation of mater-
nal low protein diets with high-dose folate supplements
can prevent expression of the physiological phenotypes
and also appears to normalize the DNA methylation
patterns (Lillycrop et al. 2005, 2007; Torrens et al. 2006).

The findings from these sheep and rat studies suggest
that prenatal undernutrition can impact upon epigenetic
regulation of gene expression. These changes may be a
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direct cause of the metabolic phenotype associated with
exposure to undernutrition, by modifying tissue develop-
ment and the long-term expression of key genes. In this
context PPARa provides an interesting example. Like
Lillycrop et al. (2005) we have shown in our laboratory
that the maternal low protein diet results in hepatic over-
expression of this gene during early adulthood (Erhuma
et al. 2007). The downstream target genes for this trans-
cription factor result in a obesity-resistant phenotype with
apparently increased insulin sensitivity. With ageing,
however, PPARo. expression declines, and in older rats
exposed to low protein diets in utero it is expressed at only
half the level seen in control animals. This change is
accompanied by a dramatic change in phenotype to an
obesity-prone state, accompanied by hepatic steatosis and
insulin resistance. It is possible that this change is driven by
a phenomenon called epigenetic drift. This process occurs
during ageing, and can promote DNA hypo- and hyper-
methylation. The basis of age-related epigenetic drift is
that there is a progressive decline in expression of DNA
methyltransferase-1 (Casillas et al. 2003; Fraga & Esteller,
2007). This leads to passive demethylation of the whole
genome. In some tissues the response to this may be
up-regulation of DNA methyltransferase-3b, leading to
hypermethylation of CpG islands in gene promoters
(Casillas et al. 2003; Fraga & Esteller, 2007). This mechanism
has already been linked to the development of human
cancers. The possibility that it explains the age-related
emergence of some programmed phenotypes has not yet
been explored experimentally.

Future priorities

Work with animal models of nutritional programming has
clearly demonstrated the plausibility of the hypothesis
that nutrition-related factors in human pregnancy could
be related to disease in adulthood. The effects of even
very brief periods of under- or overnutrition during preg-
nancy have been neatly demonstrated, and despite the
huge diversity in the experimental approaches that have
been used, the range of phenotypes displayed by the
offspring is remarkably narrow. With evidence firmly
pointing to cardiovascular disease, obesity and metabolic
disorders as conditions that are influenced by programming
in utero, there is no longer any need for observational
studies that characterize the effects of manipulating
maternal nutrition and all attention must focus firmly on
understanding the mechanisms that link nutritional
factors to disease processes. In addressing this priority
there are a number of key issues that should be addressed:
1 There needs to be a systematic and unbiased search for
programming mechanisms. The nutritional programming
field as a whole needs to recognize that, as yet, there is no
definitive mechanism which is known to drive program-
ming. Even the glucocorticoid and epigenetic hypotheses
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describe processes that are likely to be secondary to other
changes induced by signals related to maternal nutrition.
Animal studies of programming tend to characterize the
downstream phenotypes that are observed in adult off-
spring and hence will focus on processes that may mediate
the exact pathology or metabolic consequences of
programming. Many of these processes are likely to be
secondary phenomena and do not explain the fundamental
basis of programming. Broad assumptions have been drawn
about observed changes in the expression of single genes
or specific pathways that have been selected on the basis
of their plausible involvement in development of meta-
bolic or vascular phenotypes. Close association with the
phenotype actually increases the likelihood that observed
effects are secondary events. It seems likely that changes in
the expression of a small number of ‘gatekeeper’ genes
and/or their protein products at critical phases of develop-
ment will have a major impact on cell type and number
within tissues, and hence responsiveness to homeostatic
signals, gene expression and tissue function. A systematic
and unbiased search for these gatekeepers should be a
high priority for the field. The diversity of animal models
with similar phenotypes may provide a mechanistic tool to
conduct such a search. For example, the low protein model
and the iron deficiency model of rat pregnancy both
yield offspring with elevated blood pressure (Langley &
Jackson, 1994; Gambling et al. 2003). Proteomic and DNA
microarray comparisons of the two models, timed to
appropriate stages in fetal or embryonic life, would there-
fore identify the genes, proteins and pathways that are
differentially expressed in both of the undernourished
groups. These would be putative gatekeepers that would
merit further study.

2 Studies need to consider the whole life-course of the
model species. Most work with large and small animal
models of programming has involved a nutritional mani-
pulation during pregnancy, with follow-up of the offspring
generally only in early adult life. Our experience with studies
of longevity revealed that programmed phenotypes can
change dramatically with ageing (Erhuma et al. 2007).
Work that seeks to confirm any putative mechanism must
therefore address this issue and make measurements very
early in life (e.g. during the embryonic or fetal period
when exposure is occurring) and at points in adult life
right through to senescence.

3 Studies must confirm the functional significance of gene
or protein changes. It is likely that any systematic screen
for candidate genes, proteins and pathways that are
responsible for mediating programming effects will yield
a large number of putative targets. Care will need to be
taken to demonstrate the true functional significance
of any up- or down-regulation of these targets using
appropriate pharamacological agonists and antagonists,
transgenic animals and other technologies. Where epigenetic
mechanisms are invoked it will be critical to demonstrate
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that the often small changes in methylation or histone
acetylation reported for particular target gene promoters
are actually functionally significant. For example, Lillycrop
et al. (2008), reported that methylation of the PPARa
promoter was down-regulated by 26% in offspring of rats
fed a low protein diet during pregnancy. Studies in the far
more advanced cancer field suggest that differential
methylation needs to be of the order of two-fold or more
up- or down- to have a physiological impact.

4 Studies need to have a robust statistical design and
power. In stark contrast to the epidemiological literature,
studies of the animal models of programming often report
findings from relatively small numbers of animals and
have been criticized on the basis of poorly conducted
statistical analyses (Walters & Edwards, 2004). Pooling of
datasets and expertise between different groups using
similar animal models would be of huge benefit in driving
understanding of nutritional programming forward.

5 Can we intervene? Having identified the contribution
that nutritional programming effects make to the
development of disease, and with work to discover the
underpinning mechanisms in progress, the development
of novel therapeutic and disease prevention strategies is a
key priority. Interventions to offset programming of
disease might include improvements in the quality of diets
for pregnant women, identification of individuals at risk
of adult disease based upon screening of maternal and
birth characteristics, or administration of novel therapeutics
during childhood to target gatekeeper or related processes.
There are already examples of these kinds of interventions
in animal models. For example, folate or glycine supple-
mentation of a low protein diet during rat pregnancy can
offset the programming effect of the protein undernutri-
tion (Jackson et al. 2003, Torrens et al. 2006). Administration
of angiotensin Il receptor antagonists in the suckling period
ameliorates the programming effect of undernutrition,
but has harmful effects on unaffected animals (Sherman &
Langley-Evans, 2000).

6 Can programming effects persist over multiple genera-
tions? This issue also relates to the importance of being
able to intervene to offset the impact of programming.
If maternal undernutrition can exert major effects upon
fetal development and disease risk, the whole field is of
major significance to public health. The impact of this
magnifies exponentially if there is any chance that
programmed effects could be transmitted from one
generation to another. In populations such as India and
China, where for generations the quality of the diet for
most of the population has been poor, intergenerational
programming would mean that the nutritional/economic
transition associated with greater affluence may produce a
sharp decline in malnutrition-related disease to be followed
by a century (two to three generations) of unavoidable
metabolic disease. There is some evidence that immune
function can be programmed for up to three generations

in mice (Beach et al. 1982), and our own studies of low pro-
tein diets in rat pregnancy indicate transmission of high
blood pressure to a second generation via both maternal
and paternal lines (Harrison & Langley-Evans, 2008).

Conclusion

The prevailing nutritional environment during fetal
development exerts powerful and long-lasting effects
upon physiology and metabolism. Adaptive responses to
less-than-optimal nutrition may play an important role in
the aetiology of human disease. Understanding of the
mechanisms through which this nutritional programming
occurs is still at an early stage. However, the key questions
to be addressed have been largely identified and progress
towards identifying strong candidates for future prevent-
ative and therapeutic strategies is likely to be rapid.
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