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Preface

At first, the evidence for early nutrition programming in humans, with its emphasis
on low birth weight babies and fetal growth restriction, suggested that the concept
might have only a limited application to a small group of the population. It appeared
unable to offer any remedies for current health problems such as the dramatic
increase in the prevalence of obesity and its consequences. More recently however,
the observation that fetal overnutrition may lead to the same outcomes as fetal
undernutrition in terms of increased risk of obesity, hypertension, insulin resistance
and CVD in adult life, implied that programming effects are seen across the nutri-
tional spectrum and this has lead to the search for a common mechanism. The role
of accelerated growth, either due to catch-up growth after fetal growth restriction
or to faster growth rates in formula fed infants has been suggested as a unifying
factor and is one possible common mechanism which is being investigated.
Furthermore, the possibility that maternal obesity might programme fetal growth
and metabolism to be more susceptible to weight gain in later life gives rise to the
potential for an intergenerational cycle of obesity which can only make matters
worse. These insights have greatly extended the scope and potential impact of the
early nutrition programming concept and have shown that it is of huge contempo-
rary relevance with major public health significance.

This volume contains recent findings presented at the International Conference
on Early Nutrition Programming and Health Outcomes in Later Life: Obesity and
Beyond — a satellite meeting of the 15th European Congress on Obesity, held in
Budapest in April 2007. Basic scientific research, data from epidemiological studies
and clinical trial results were all presented during the programme. This volume
includes articles discussing the evidence for an effect of early nutrition programming
on later obesity and cardiovascular risk; the growing evidence for an intergenera-
tional cycle of obesity; the role of maternal leptin in programming appetite; possible
cellular mechanisms for altered energy balance, including mitochondrial program-
ming and the effects of regulators of metabolism; and how epigenetic changes
might be the fundamental underlying mechanism explaining programming effects.
Consumer understanding of the concept of early nutrition programming and the
extent to which early nutrition programming is taken into account in infant feeding
policies are also discussed.



vi Preface

The conference attracted more than 250 scientists from over 30 countries around
the world. European scientists were well represented but there were also many
participants from outside the EU including the US, Australia and New Zealand,
Japan, the Middle East and Russia. The conference was a joint meeting between the
Early Nutrition Programming Project and the European Academy of Nutritional
Sciences and was organised by the University of Munich, Germany and the
University of Pécs, Hungary. We are very grateful to the Directorate General
Research of the European Commission which provided major financial support to
hold the conference, and also to Martek Biosciences Corporation, the Nestlé
Research Centre, Merck Darmstadt and DSM Nutritional Products Ltd for their
generous co-sponsorship of the meeting, as well as to Ordesa and Novalac United
Pharmaceuticals for their sponsorship of Young Investigators travel grants. We
would also like to thank Professor Peter Aggett, the president of the European
Academy of Nutritional Sciences, and the members of the scientific committee for
their help in developing the scientific programme; the conference speakers for their
thoughtful contributions; Dr. Hans Demmelmair and Dr. Julia von Rosen for their
efficient organising of the conference; Dr. Margaret Ashwell and Rhonda Smith for
their effective dissemination of the conference information; Anne de la Hunty for
editing these proceedings and Isabelle de Froidmont-Gortz from the EC Directorate
General Research for her sympathetic support for the Early Nutrition Programming
Project.

It is our hope that these proceedings will help stimulate further progress
in research and lead to improved nutrition policies for reversing the current rise in
obesity levels in Europe.

Berthold Koletzko, MD

Professor of Paediatrics, University of Munich
Coordinator, The Early Nutrition Programming Project
(www.metabolic-programming.org)
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Challenges and Novel Approaches
in the Epidemiological Study of Early Life
Influences on Later Disease

George Davey Smith, Sam Leary, Andy Ness, and Debbie A. Lawlor

Abstract The influence of factors acting during early life on health outcomes of
offspring is of considerable research and public health interest. There are, however,
methodological challenges in establishing robust causal links, since exposures
often act many decades before outcomes of interest, and may also be strongly
related to other factors, generating considerable degrees of potential confounding.
With respect to pre-natal factors, the degree of counfounding can sometimes be
estimated by comparing the association between exposures experienced by the
mother during pregnancy and outcomes among the offspring with the associa-
tion of the same exposures experienced by the father during the pregnancy period
and offspring outcomes. If the effects are due to an intra-uterine exposure, then
maternal exposure during pregnancy should have a clearly greater influence than
paternal exposure. If confounding by socio-economic, behavioural or genetic
factors generates the association then maternal and paternal pregnancy exposures
will be related in the same way with the outcome. For early life exposures it is also
possible to compare outcomes in siblings who are concordant or discordant for
the exposure, which will reduce the influence of family-level confounding factors.
A different approach is that of Mendelian randomization, which utilises genetic
variants of known effect that can proxy for modifiable exposures and are also not
in general related to potential confounding factors, or influenced by disease. In
other settings the use of non-genetic instrumental variables is possible. A series of
examples of the application of these approaches are presented and their potentials
and limitations discussed. Other epidemiological strategies are briefly reviewed.
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Department of Social Medicine, University of Bristol, Canynge Hall,
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It is concluded that the naive acceptance of findings utilising conventional epide-
miological methods in this setting is misplaced.

Keywords Causal inference « developmental origins » family studies « Mendelian
randomization

Abbreviations ALSPAC: Avon Longitudinal Study of Parents and their Children;
BMI: body mass index; I'V: instrumental variable; MTHFR: methyltetrahydrofolate
reductase; NTD: neural tube defects; RCT: randomised controlled trials

1 Introduction

There is considerable interest in the proposition that exposures acting in early
life have long-term consequences for health in adulthood. The early life factors
include those acting during (or before) the period of fetal development — such as
maternal diet, smoking or alcohol use; those acting in infancy — such as breast
or bottle feeding; and those acting in childhood — such as passive exposure
to tobacco smoke. Nearly all domains of later health experience — includ-
ing cardiovascular disease, various cancers, respiratory disease and cognitive
decline — have been associated with early-life exposures of one kind or another.
To formulate effective public health policy it is crucial to be able to separate
out causal associations, which offer the possibility of intervention and disease
prevention, from non-causal associations. If the non-causal associations are
mistaken for causal associations this could lead to misguided strategies that
at best waste resources and divert attention from effective approaches, and at
worst could have health-damaging consequences.

2 Challenges Facing Epidemiological Studies
of Early Life Influences

There are several issues that render the epidemiological study of the influence
of early life exposures on later health outcomes problematic. These relate to the
long time-gap between exposure and outcome. The assessment of exposure may
be difficult, since retrospective approaches may be required to obtain information
regarding exposures acting many decades before the health outcome is observed.
There are no truly prospective large-scale studies with detailed and continuous
data — including biological measures — from before birth through to late adulthood.
Such problematic exposure assessment can lead to random errors, with the
expectation that these errors would attenuate effect estimates and make it more
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difficult to establish robust associations. This will lead to studies being under-
powered, but not to spurious associations being observed. Perhaps more seriously
retrospective assessment may be biased by knowledge of later health outcomes.
Biased exposure reporting can, in this situation, generate spurious associations
when none actually exist.

A further consequence of the long time gap between exposure and outcome is
that even when associations are observed from well-conducted prospective studies,
and therefore likely to be robust, their relevance to contemporary pregnant women,
infants and children is unclear. Thus findings in lifecourse epidemiology may be
context dependent, and long time gaps between exposure and outcome render it
more likely that they will not be applicable to current exposure patterns.

A further challenge to causal inference is the potential for substantial degrees
of confounding. For example, a number of studies have investigated the effect of
breast feeding on later health outcomes, such as obesity, blood pressure, cancer
risk and cognitive function. However in many societies breast feeding is strongly
related to higher socioeconomic circumstances and associated phenomena, such as
maternal non-smoking, healthy diet, low toxic occupational exposures and a gener-
ally better quality of the physical and social environment. The links between breast
feeding and these other factors would generate relationships between breast feeding
and the many health outcomes that they influence. Thus it has been claimed that
the association between breast feeding and 1Q can be completely accounted for by
such confounding (Der et al. 2006).

3 Examples of Mismatch Between Observational
and Trial Evidence

Confounding and bias are capable of generating associations in observational
epidemiological studies of adulthood risk factors and disease outcomes that are not
causal. Consider cardiovascular disease, where observational studies suggesting
that beta carotene, (Manson et al. 1991) vitamin E supplements, (Rimm et al. 1993;
Stampfer et al. 1993) vitamin C supplements, (Osganian et al. 2003) and hormone
replacement therapy (HRT) (Stampfer and Colditz 1991) were protective were
followed by large randomised controlled trials (RCT) showing no such protection.
(Omenn et al. 1996; Alpha-tocopherol 1994; Dietary supplementation 1999; Heart
Protection Study 2002; Beral et al. 2002; Manson et al. 2003). In each case special
pleading was advanced to explain the discrepancy, but it is likely that a general
problem of confounding — by lifestyle and socioeconomic factors, or by baseline
health status and prescription policies — is responsible (Davey Smith and Ebrahim
2001, 2006; Lawlor et al. 2004; Vandenbroucke 2004).

There is evidence that the intake or level of antioxidants is associated with
known risk factors for coronary heart disease. In the British Women’s Heart and
Health study (BWHHS), for example, women with higher plasma vitamin C levels
were less likely to be in a manual social class, have no car access, be a smoker or be
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obese and more likely to exercise, be on a low fat diet, have a daily alcoholic drink,
and be tall (Lawlor et al. 2004, 2005a). Furthermore for these women in their 60s
and 70s, those with higher plasma vitamin C levels were less likely to have come
from a home 50 years or more previously in which their father was in a manual
job, or had no bathroom or hot water, or within which they had to share a bedroom.
They were also less likely to have limited educational attainment. In short, a
substantial amount of confounding by factors from across the lifecourse that predict
elevated risk of coronary heart disease was seen.

There are similar instances of confounding and bias operating in studies of
early-life factors and later health outcomes. Consider, for example, the influ-
ence of maternal diet on offspring health and development. In the Southampton
Women’s Study there are very strong associations between diet, socio-economic
position and smoking. (Robinson et al. 2004). In observational studies vitamin C intake dur-
ing pregnancy has been associated with higher birth weight of offspring (Matthews
et al. 1999), however data such as those from Robinson et al. (2004) would sug-
gest that mothers with higher vitamin C intake during pregnancy would have much
lower rates of smoking and be of more privileged socio-economic background,
generating substantial confounding. Figure 1 contrasts the results from the obser-
vational study with those from the largest RCT to date in which pregnant women
were randomised to a supplement containing vitamin C and E (Poston et al. 20006).
Findings from the two study designs are unlikely to be compatible.

Given the inherent difficulties in relating early life exposures to later health
outcomes, in this chapter we will briefly discuss several methods that can be applied

Mean difference in birth weight related to higher vitamin C

150 1
100 A
50
0 T F 1
=50 -
-100
~150 7 Mathews Poston
et al et al
1999 2006

Fig. 1 Comparison of observational epidemiological evidence and randomised controlled trial
evidence of the association between maternal vitamin C intake during pregnancy and birth weight
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in epidemiological studies to increase the ability to draw causal inferences. These
approaches include the use of maternal/paternal comparisons, studies of siblings,
the identification of critical time periods and the use of genetic and non-genetic
instrumental variable approaches. The approaches described here constitute a far
from exhaustive list, but we hope illustrate methods that have some general utility.

4 Contrasting Maternal and Paternal Exposure
Associations with Offspring Outcomes

We are often interested in the possibility that maternal exposures during pregnancy
have a direct biological effect on offspring outcomes, through influencing the
intrauterine environment in which the fetal development of the offspring occurs.
Thus maternal smoking may influence offspring obesity, or maternal alcohol use
may lead to impairments in various aspects of offspring functioning. However
there are many confounding factors that could generate non-causal links between
the smoking and drinking behaviours of mothers and the health of their children.
One approach to this issue is to compare the strength of associations between an
exposure among mothers and offspring outcomes with the association between
the same exposure among fathers and the offspring outcomes (Davey Smith
2008). If there were a direct biological effect of intrauterine exposure on offspring
health status, then the link with offspring health should be much stronger for
exposure among mothers than for exposure among fathers. This can be illustrated
with respect to an outcome where there is strong evidence of a causal influence of
a maternal exposure — maternal smoking during pregnancy and on offspring health
outcome, birthweight. Figure 2 demonstrates that in the Avon Longitudinal
Study of Parents and their Children (ALSPAC) maternal smoking during preg-
nancy is associated with lower offspring birthweight, whereas smoking by the

Maternal Paternal
50
0 I —
w 50 -
£
<
1
©0 _100 -
M Without mutual
adjustment
150 1 O With mutual
adjustment
-200

Fig. 2 Association between maternal/paternal smoking and offspring birthweight without and
with mutual adjustment (difference in birthweight between offspring whose parents are smokers
and non-smokers in grams)
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father during pregnancy is only weakly associated (presumably because of some
confounding with maternal smoking), and when both maternal and paternal smoking
during pregnancy are taken into account the former shows a robust association that
is little attenuated, whereas the latter association is essentially abolished.

There has been considerable interest in the possibility that maternal smoking
influences fetal development in a way that leads to higher body mass index (BMI)
and risk of obesity in later life. In the case of offspring BMI at age 7 initial examina-
tion of the ALSPAC data show that the average BMI of children of smoking mothers
is raised (Fig. 3; Leary et al. 2006a). However a similar sized association is seen with
smoking by fathers, and including both maternal and paternal smoking behaviour
in the same model leaves residual effects of similar magnitude (Fig. 3). These find-
ings suggest, that in the case of offspring BMI, maternal smoking during pregnancy
does not have a direct intrauterine effect, rather confounding factors associated with
parental smoking and offspring BMI generate an association between both maternal
and paternal smoking and offspring BMI. By contrast, for offspring leg length at
age 7, maternal smoking shows stronger effects than paternal smoking (Leary et al.
2006b), suggesting a biological effect of maternal smoking on femur development,
as supported by other studies of this issue (Jaddoe et al. 2007).

In our view, the strong implication of finding that maternal and paternal lifestyle-
related factors during pregnancy are associated in similar ways with offspring out-
comes suggests that such associations are generated by underlying socially-patterned
environmental influences acting at the family level, and do not reflect direct biological
influences of the exposures per se. However it is possible to interpret the findings dif-
ferently. For example Pembrey et al. (2006) suggest that the association between pater-
nal smoking and offspring BMI reflects epigenetic influences, and that such male-line
transgenerational responses have important health implications. While it is possible
that these male-line epigenetic factors exactly match the biological influence of mater-
nal smoking on the intrauterine environment, to generate very similar associations, we
feel this is unlikely. Informal or formal approaches to comparing explanatory models,

0.25
B Without mutual
adjustment
0.2 1 0O With mutual
NE adjustment
= 0.15 1
=<
=
0.1+
[=-]
0.05 1
0 4
Maternal Paternal

Fig. 3 Effect of maternal and paternal smoking during pregnancy on offspring body mass index
without and with mutual adjustment
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which adopt the parsimony principle of Occam’s Razor (i.e. making the fewest pos-
sible assumptions) (Mackay 2003), would suggest that the likelihood of such perfectly
matched effects, being produced by mechanistically distinct processes, is rather low.

5 Within and Between Sibship Comparisons

As we discuss above there are many factors that can confound associations between
early life influences and later outcomes. One approach to this that has been widely
utilised in the social sciences is to compare associations within sibling pairs and
between all the people in a study, independent of their sibling group (Conley et al.
2003). Since familial socioeconomic background will be similar for siblings from
the same family, comparing outcome differences in relation to discordant expo-
sure levels within sibships is in effect ‘matching’ on fixed family characteristics
(including socioeconomic position), whether these are evaluated or not in a study. As
such this provides a stronger means of controlling for family socioeconomic posi-
tion than multivariable adjustment, particularly where studies only have one or two
indicators of socioeconomic position.

Consider, for example, the influence of breastfeeding on later growth. We know
that in many situations breast-feeding is strongly socially patterned, and will be
related to a whole series of factors that might lead to greater growth amongst people
who are breast fed. In a prospective cohort study of 4,999 children from 1,352
families born in the 1920s and 1930s, breast feeding was related to later growth
(Martin et al. 2002). When the analyses were undertaken in the whole cohort
with no attention to within sibship associations, breast fed subjects were taller in
childhood than never breast fed subjects. The association between breast feeding
and childhood height and leg length persisted when the analysis was restricted
to within sibship height/leg length differences in relation to within sibship dif-
ferences in breast feeding. These findings were interpreted as demonstrating
that breast feeding is causally related to greater skeletal growth (i.e. that the
association is not confounded by fixed familial effects such as socioeconomic
background). RCT evidence suggests that exclusive breast feeding results in
accelerated growth in the first few months of life, but with no detectable differ-
ence by 12 months (effects on later childhood height have yet to be reported)
(Kramer et al. 2002). However, the issue of context dependence discussed above
may well apply here, as the food received by non-breast fed infants in the 1920s
and 1930s in the U.K. will be very different to that received by the infants in the
RCT, carried out in Belarus in the late 1990s.

Authors of studies that have compared within and between sibship associations
point out that these studies provide insights into potential mechanisms between
exposures and outcomes found in general population studies, beyond simply deter-
mining whether these are due to confounding or not (Lawlor et al. 2006b, 2007a).
These comparisons require careful consideration of factors that are the same for
siblings brought-up together. Thus, in a very large Swedish record linkage study
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inverse associations of birth weight and gestational age with systolic blood pressure
were found both within and between sibships (Lawlor et al. 2007). These findings
suggest that the association between birth weight or gestational age and systolic
blood pressure are not explained by factors, such as family socioeconomic position,
that are the same or very similar for siblings. With additional intergenerational data
included in the analyses the authors concluded that intrauterine factors, such as the
effects of maternal metabolic or vascular health during pregnancy and/or placen-
tal function (characteristics that will vary from one pregnancy to the next in the
same mother) were the most likely explanation for the association of birth weight/
gestational age with blood pressure in the general population.

Several authors have used within and between sibling studies to explore whether
the consistent positive association between birth weight and later intelligence
(Lawlor et al. 2006a) is due to confounding or not (Record et al. 1969; Matte et al.
2001; Lawlor et al. 2005b, 2006¢). These studies have produced discrepant findings,
with some (e.g. Lawlor et al. 2005b; Matte et al. 2001) suggesting that birth weight
discrepancies within sibships are related to differences in intelligence, and others
(e.g. Lawlor et al. 2006¢; Record et al. 1969) finding no such association. As two
(Record et al. 1969; Lawlor et al. 2006c) of the largest studies found no within sib-
ship association, and the third large study found a within sibship effect only for a
sub-group (that was not clearly pre-specified) of males only (Matte et al. 2001) — it
therefore seems reasonable to conclude that the association between birth weight and
childhood intelligence seen in general populations of singletons is largely explained
by factors, such as family socioeconomic background and parental education, that
are shared by siblings. These studies demonstrate the need for large sample sizes if
robust evidence is to be obtained from within and between sibship studies.

6 Relating an Exposure to a Critical Period

In some cases an exposure only influences a disease outcome if experienced during
a critical exposure window. However confounding factors or biases would generally
generate associations between exposure at any time and the outcome. Thus demon-
strating the specific influence of an exposure at a particular critical window and a
health outcome provides some evidence that the association is causal. For example,
it has been suggested that radiotherapy for Hodgkin’s lymphoma increases the later
risk of breast cancer. However many factors could generate an association between
Hodgkin’s lymphoma and breast cancer. Such confounding factors would, however,
apply to Hodgkin’s lymphoma diagnosed at any stage of life. Thus the demonstra-
tion that exposure to radiotherapy for Hodgkin’s lymphoma between menarche and
first pregnancy — when the breast is particularly sensitive to mitogens — but not at
other times is related to increased risk of breast cancer many years later provides
some evidence that this is a causal association. That said, these analyses need to
be pre-specified and those that are not should be clearly identified as post-hoc
exploratory analyses that require confirmation.
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7 Mendelian Randomisation

Mendelian randomization is the term that has been given to studies that use genetic
variants in observational epidemiology to make causal inferences about modifiable
(non-genetic) risk factors for disease and health related outcomes (Youngman et al.
2000; Davey Smith and Ebrahim 2003; Davey Smith 2007). Such studies exploit
what is known as Mendel’s second law or the law of independent assortment:

that the behavior of each pair of differentiating characters in hybrid union is independent of
the other differences between the two original plants, and, further, that the hybrid produces
Jjust so many kinds of egg and pollen cells as there are possible constant combination forms.
(Mendel 1865)

In simple terms this means that the inheritance of one trait is independent of (i.e.
randomised with respect to) the inheritance of other traits. The independent distri-
bution of alleles (or blocks of alleles in linkage disequilibrium) from parents to their
offspring means that a study relating health outcomes in the offspring to genetic varia-
tion transmitted from the parents will not suffer from confounding. This holds true for
full-siblings who are not monozygotic twins. Despite the actual random allocation of
groups of alleles being at the level of parent to offspring dyads, at a population level
— when relating genetic variants to disease outcome — alleles are generally unrelated
to those confounding factors (in particular socioeconomic position and lifestyle
factors) that distort the interpretations of findings from observational epidemiology
(Bhatti et al. 2005; Davey Smith et al. 2008). Furthermore, disease processes do not
alter germline genotype and therefore associations between genotype and disease
outcomes cannot be affected by reverse causality. Finally, for genetic variants that
are related to a modifiable exposure this will generally be the case throughout life
from birth to adulthood and therefore their use in causal inference can also avoid
attenuation by errors (regression dilution bias) (Davey Smith and Ebrahim 2004),
and provides an estimate of the effect of a modifiable exposure across the life course
on disease outcome (Kivimaki et al. 2007). Mendelian randomization studies have
been likened to a ‘natural’ RCT (Davey Smith and Ebrahim 2005; Hingorani and
Humphries 2005). In addition to the major advantages with respect to confounding,
unlike with conventional RCTs, Mendelian randomization studies can be conducted
in a representative population sample without the need for exclusion criteria or for
volunteers amenable to being randomly allocated to treatment.

Mendelian Randomization studies can provide unique insights into the causal
nature of early life effects on later disease outcomes. For example, it is now
widely accepted that neural tube defects (NTDs) can in part be prevented by
periconceptual maternal folate supplementation (Scholl and Johnson 2000). RCTs
of folate supplementation have provided the key evidence in this regard (MRC
Vitamin Study 1991; Czeizel and Dudas 1992). But could we have reached the
same conclusion before the RCTs were carried out, if we had access to evidence
from genetic association studies? Studies have been carried out that have looked
at the MTHFR 677C—T polymorphism (a genetic variant that is associated with
methyltetrahydrofolate reductase activity and circulating folate and homocysteine
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levels; the TT genotype being associated with lower circulating folate levels) in
newborns with NTDs compared to controls, and have found an increased risk
in TT versus CC newborns, with a relative risk of 1.75 (95% CI 1.41-2.18) in a
meta-analysis of all such studies (Botto and Yang 2000). Studies have also looked
at the association between this MTHFR variant in parents and the risk of NTD in
their offspring. Mothers who have the TT genotype have an increased risk of 2.04
(95% CI 1.49-2.81) of having an offspring with a NTD compared to mothers who
have the CC genotype (Botto and Yang 2000). For TT fathers, the equivalent rela-
tive risk is 1.18 (95% CI 0.65-2.12) (Botto and Yang 2000). This pattern of asso-
ciations suggests that it is the intra-uterine environment — influenced by maternal
TT genotype — rather than the genotype of offspring that is related to disease risk
(Fig. 4). This is consistent with the hypothesis that maternal folate intake is the
exposure of importance.

In this case the findings from observational studies, genetic associations studies
and an RCT are similar. Had the technology been available, the genetic association
studies, with the particular influence of maternal versus paternal genotype on NTD
risk, would have provided evidence of the beneficial effect of folate supplemen-
tation before the results of any RCT had been completed. Certainly, the genetic
association studies would have provided better evidence than that given by con-
ventional epidemiological studies that had to cope with the problems of accurately
assessing diet and also with the considerable confounding of maternal folate intake
with a wide variety of lifestyle and socioeconomic factors that may also influence
NTD risk. The association of genotype with NTD risk does not suggest that genetic
screening is indicated — rather it demonstrates that an environmental intervention
may benefit the whole population, independent of the genotype of individuals
receiving intervention. There are an increasing number of examples in which
Mendelian randomization can be utilized to understand the causal nature of intra-
uterine exposures, the major (but diminishing) limitations being the identification
of genetic variants that are robustly associated with environmentally-modifiable

Mother — TT — fetus exposed Father — TT but no way that

in utero: RR 2.04 (1.49 — 2.81) this can affect in utero
exposure of fetus: RR 1.18
(0.65-2.12)

v v
Fetus — TT inherits 50% from mother and 50% from father — hence
intermediate risk: RR 1.75 (1.41 — 2.18)

Fig. 4 Inheritance of MTHFR polymorphism, homocysteine and neural tube defects
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risk processes and the size of the studies required to provide robust estimates of
the association.

8 Non-genetic Instrumental Variables

The use of genotype, in Mendelian randomisation studies, to provide causal inference
for the effect of a modifiable (non-genetic) exposure on disease outcome is an
application of the general theory of instrumental variables analysis (Lawlor
et al. 2008). An instrumental variable (IV) is a variable that is associated with
the outcome only through its robust association with the exposure of interest. As
such an instrumental variable will not be associated with factors that confound the
association of exposure with outcome.

Dehydration in infancy has been associated with increased later blood pressure
in one small study (Davey Smith et al. 2006). Furthermore a potential mechanism
exists through a predictive adaptive response relating to the selective advantage
of being able to respond to one episode of severe dehydration by sodium reten-
tion. However dehydration early in life will be strongly confounded with later-life
exposures. One study interested in whether dehydration during early infancy was
a risk factor for higher blood pressure later in life used climate conditions during
infancy as an instrumental variable for the effect of dehydration (Lawlor et al.
2006d). Severe dehydration in early infancy might programme a taste for salty food
in later life, which could result in greater blood pressure (Fessler 2003). Testing
this hypothesis is problematic both because any assessment of dehydration in early
life is difficult and the likelihood of an infant being dehydrated will be related to a
number of socioeconomic and lifestyle confounding factors.

Rates of infant mortality and morbidity from diarrhoeal illnesses increased
considerably during the summer months in the early decades of the twentieth century
in Britain (Lawlor et al. 2006d). This summer diarrhoea and its associated infant
mortality occurred in epidemic proportions during the hottest and driest (com-
pared to cooler and wetter) summers. Thus, adults who were born in the early part
of the last century and who experienced hot dry summers during the first year of
their life are more likely than those who experienced cooler and wetter summers
to have suffered infant diarrhoea and dehydration. Climate conditions in infancy
for such a population would be a valid instrumental variable since there is no rea-
son for it to be associated with socioeconomic and lifestyle confounding factors,
as found amongst participants in the British Women’s Heart and Health Study, a
random sample of 3,964 British women born in the 1920s and 1930s. However,
a one standard deviation (1.3°C) higher mean summer temperature in the first year
of life was associated with a 1.12mmHg (95% CI: 0.33, 1.91 mmHg) higher adult
systolic blood pressure, and a one standard deviation higher mean summer rainfall
(33.9mm) with a lower systolic blood pressure (—1.65 [-2.44, —0.85] mmHg)
(Lawlor et al. 2006d).
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9 Conclusions

We have discussed various approaches to increasing the strength of causal infer-
ence in studies of early life exposure and later health outcomes. They have one
characteristic in common, and that is that they generally require large sample
sizes. This is because some of the methods require formal statistical tests between
the strength of different associations (between maternal and paternal effects, for
example), and others relate to situations of known small effect size (such as the
association between common genetic variants and disease outcomes in the case
of Mendelian randomization). However the price of large sample sizes is certainly
one worth paying to get closer to reliable estimates of causal effects in epidemio-
logical studies.
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Abstract Some 30 years ago, Giinter Dorner proposed that exposure to hormones,
metabolites and neurotransmitters during limited, sensitive periods of early development
exert programming effects on disease risk in human adults. Early programming
of long term health has since received broad scientific support and attention. For
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example, evidence increases for programming effects of infant feeding choices on
later obesity risk. Meta-analyses of observational studies indicate that breast feeding
reduces the odds ratio for obesity at school age by about 20%, relative to formula
feeding, even after adjustment for biological and sociodemographic confounding
variables. We hypothesized that breast feeding protects against later obesity by
reducing the likelihood of high weight gain in infancy, and that this protection is
caused at least partly by the lower protein supply with breast milk relative to standard
infant formulae (the “Early Protein Hypothesis™). These hypotheses are tested in the
European Childhood Obesity Project, a randomized double blind intervention trial
in more than 1,000 infants in five European countries (Belgium, Germany, Italy,
Poland, Spain). Formula fed infants were randomized to receive during the first year
of life infant formulae and follow-on-formulae with higher or lower protein contents.
Follow-up at 2 years of age shows that lower protein supply with formula normal-
izes early growth relative to a breast fed reference group and to the WHO growth
reference. These results demonstrate that modification of infant feeding practice has
an important potential for long-term health promotion and should prompt a review
of the recommendations and policies for infant formula composition.

Keywords Infant protein requirements * infant growth ¢ insulin ¢ insulin like
growth factor I (IGF1) ¢ metabolic programming ¢ randomized clinical trial

Abbreviations BMI: body mass index; IGF1: insulin like growth factor 1; ROC:
receiver operating curves; YI: Youden Index

1 Introduction

Evidence accumulates that metabolic events during critical time windows of pre-
and postnatal development have marked modulating effects on health in later life,
a concept often referred to as programming or metabolic programming (Koletzko
et al. 2005a). The term programming was first used in this context in the scientific
literature by Professor Giinter Dorner, former head of the Institute of Experimental
Endocrinology at the Charité Hospital, Humboldt University at Berlin, Germany,
more than 30 years ago (Koletzko 2005). He concluded that the concentrations of
hormones, metabolites and neurotransmitters during limited, sensitive periods
of early development can pre-programme brain development and functional
disorders in human adults, as well reproduction and metabolism (Dorner 1975).
At that time Dorner also proposed an interaction between the genetics and environ-
ment during early development in determining later health outcomes in adulthood,
a concept that only recently has been confirmed by experimental data (Koletzko
et al. 2005; Schmidt et al. 2000; Ozanne et al. 2004; Plagemann 2004). This
concept of early developmental plasticity has gained wide popularity following
epidemiological studies documenting relationships between early markers of
growth and the later risks of hypertension, diabetes and coronary heart disease
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in adulthood (Barker et al. 1989; Singhal and Lucas 2004; Cole 2004; Tu et al.
2005). Growth patterns in the first year of life are receiving increased attention
since rapid weight gain in infancy has been associated with adverse later health
outcomes (Koletzko et al. 2005; Metcalfe and Monaghan 2001), such as higher
blood pressure (Bansal et al. 2008), higher rates of overweight and body fat depo-
sition (Toschke et al. 2004; Wells 2007; Stettler 2007; Singhal and Lanigan 2007)
and higher rates of diabetes (Dunger et al. 2007).

Since infant growth patterns can be modified by infant feeding practices, prospective
controlled intervention trials are needed the explore the preventive potential of optimiz-
ing early nutrition for long term health, well-being and performance. If successful,
such preventive interventions could markedly enhance the possible improvement of
quality of life of populations, and also have a large economic benefit for societies.
Therefore, major investments in research are justified to explore the effects of interven-
tions on relevant outcomes, the effect sizes that can be achieved, and the underlying
mechanisms of such early nutritional programming. A randomized controlled trial is
currently being performed as part of the European Early Nutrition Programming project
(www.metabolic-programming.org), to explore the effects of modified infant formula
composition on the rate of early weight gain and later obesity risk.

2 Infant Feeding and Programming of Later Obesity Risk

Childhood obesity is considered a global epidemic in view of the alarming increase
in its prevalence and severity, not only in affluent but also in less privileged childhood
populations worldwide (Koletzko et al. 2002a, 2004; Fisberg et al. 2004). Childhood
obesity has very serious short and long term consequences on quality of life, perform-
ance achieved, as well as long-term health and life expectancy. The obesity epidemic
is expected to create huge costs for society due to both loss of productivity and to
ensuing costs for health care and social security systems. Therefore, effective thera-
peutic intervention in obese children is needed, but results of available treatment con-
cepts are less than satisfactory, and costs tend to be high (Koletzko 2004). A Cochrane
review on interventions for treating obesity in children found that no conclusions on
the effects of treatment strategies and their components can be drawn with confidence
(Summerbell et al. 2004). Therefore, more emphasis must be put on the development,
evaluation and implementation of effective primary prevention of obesity, where
optimized infant feeding may be one important element that offers opportunities for
contributing to prevention of later obesity risk (Koletzko et al. 2005).

2.1 Early Growth and Later Obesity Risk

McCance and Widdowson showed in the 1950s that alteration of early growth in
animals by manipulation of food intake during sensitive periods of early development
predetermined the animals’ ultimate weight in adulthood (Ashwell 1993). In humans
high birth weight has been proposed as a risk factor for later overweight (Binkin
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et al. 1988; Eriksson et al. 2003), which could reflect both the roles of genetics and of
early priming by the intrauterine environment. Additionally, recent studies pointed to
further priming of childhood overweight in the first 2 years of life by a high postnatal
weight gain (Ong et al. 2000; Stettler et al. 2002, 2003, 2005; Chomtho et al. 2008).

We evaluated growth measures of some 4,235 German children aged 5 to 6 years
who participated in the obligatory school entry health examination in the state of
Bavaria, and for whom data on early weight, length, BMI and Ponderal Index evalu-
ation were available based on measurements obtained at birth, 6, 12 and 24 months
as part of the preventive health care checks offered to all children free of charge
(Toschke et al. 2004). Overweight at school entry was assessed according to sex- and
age-specific BMI cut-points. Growth measures in early life were analysed as possible
predictors of later overweight by receiver operating curves (ROC) and predictive
values. For all parameters the highest areas under ROC were observed for the gain
between birth and 24 months. The area under ROC decreased in the order from weight
gain (0.76) to BMI gain (0.69) to length gain (0.58) (p < 0.001) (Table 1). Thus, high
weight gain during the first 24 months is the best overall predictor of overweight at
school entry compared to other anthropometric markers and time intervals.

Similar to our findings, numerous studies in other populations also found rapid
weight gain during infancy or the first 2 years of life associated with an increased

Table 1 Area under receiver operating characteristic (ROC) curves and cutpoints, sensitivity and
specificity at highest Youden index for early anthropometric measurement prediction of over-
weight at school age in 4,235 children in Bavaria, Germany. Weight gain from birth to age 2 years
is the best predictor of overweight at school age (Adapted from Toschke et al. 2004)

Cutpoint at highest

Sensitivity at

Specificity at

Measure Area under ROC  Youden index (YI)'  highest YI highest Y1
Age 0-6 months

Weight 0.63 (0.60-0.66) 5,100g (19) 45 (40-50) 74 (73-76)
Length 0.51 (0.48-0.55) 20cm (4) 21 (17-25) 83 (81-84)
BMI* 0.60 (0.57-0.63) 5 (15) 43 (38-48) 72 (70-73)
Ponderal index* 0.59 (0.53-0.60) 0.2 (11) 32 (27-37) 78 (76-79)
Age 0-12 months

Weight 0.68 (0.65-0.70) 6,933 g (27) 68 (63-72) 59 (58-61)
Length 0.55 (0.52-0.58) 26cm (9) 66 (61-71) 43 (42-45)
BMI* 0.63 (0.60-0.66) 4 (20) 66 (62-71) 53 (51-55)
Ponderal index* 0.57 (0.54-0.60) —-0.3 (11) 64 (59-69) 47 (45-48)
Age 0-24 months

Weight 0.76 (0.74-0.79) 9,764 g (41) 70 (65-75) 71 (69-72)
Length 0.58 (0.55-0.61) 39cm (13) 45 (40-50) 68 (66-69)
BMI* 0.70 (0.67-0.72) 4 (31) 57 (52-62) 74 (73-75)
Ponderal index* 0.61 (0.58-0.64) -0.5(17) 44 (39-49) 72 (71-74)

Data are given as value (95% confidence interval) unless otherwise indicated.

f(Sensitivity + specificity) — 1.

fCalculated as weight in kilograms divided by the square of height in meters.

$Calculated as weight in kilograms divided by the length in meters cubed.
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risk of later obesity. Three recent systematic reviews on the available evidence
from the large number of observational studies confirmed that rapid weight gain in
infancy and the first 2 years of life is a significant risk indicator for later adiposity
(Baird et al. 2005; Monteiro and Victora 2005; Ong and Loos 2006). Thus, early
infancy may provide an opportunity for interventions aiming at reducing later
obesity risk.

3 Protective Effects of Breast Feeding Against
Later Obesity

Populations of infants fed breast milk or formula show slightly different growth,
with formula fed infants showing higher body weight at the end of the first
year of life (Kramer et al. 2004). Based on a systematic review of 19 studies in
affluent populations, Dewey concluded that the cumulative difference in body
weight amounts to approximately 400 g less weight by the age of 12 months in
infants breast-fed for 9 months, and as much as 600-650 g less weight at 1 year
in infants that are breast-fed for 12 months (Dewey 1998). In view of this large
effect of the mode of feeding on early weight gain, we aimed at studying whether
breast feeding might also confer protection against later obesity risk.

In a cross sectional survey in Bavaria, Germany, we assessed the impact of
breast feeding on the risk of obesity and the risk of being overweight in children
at the time of entry to school (von Kries et al. 1999). Data collected on height and
weight of 134,577 children participating in the obligatory health examination at
the time of school entry in Bavaria were used to calculate body mass index (BMI)
values, and the 90th and the 97th centile values of German children aged 5 and
6 years were calculated and served as the cutoffs to define overweight and obesity,
respectively. In a subsample of 13,345 children, early feeding, diet, and lifestyle
factors were assessed using responses to a questionnaire completed by parents, and
data of 9,357 children aged 5 and 6 who had German nationality were included in
the final analysis. Children who were never breast fed had a higher prevalence of
both overweight (12.6% vs. 9.2%) and of obesity (4.5% vs. 2.8%) than children
who had been breast fed. Longer duration of breast feeding was associated with
a lower prevalence of later obesity: obesity prevalence was 3.8% for 2 months of
breast feeding, 2.3% for 3—5 months, 1.7% for 6-12 months, and 0.8% for more
than 12 months. Similar relations were found with the prevalence of being over-
weight. The protective effect of breast feeding was not attributable to differences
in social class or lifestyle, but remained significant after adjusting for confound-
ing factors. Compared to children who were never breastfed, those who had ever
been breastfed showed a significantly reduced adjusted odds ratio for overweight
(0.79, 95% confidence interval 0.68—0.93) and obesity (0.75 [0.57-0.98]). We also
found an inverse dose—response relationship between duration of breastfeeding and
prevalence of overweight and obesity (Fig. 1), which is compatible with a causal
effect of breast feeding or breast milk components on obesity reduction.
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Following our publication, many other investigators around the world evaluated
the relation between breast feeding and later obesity in data collected from various
cohort studies around the world. This allowed us to perform a systematic review
and meta-analysis of published epidemiological studies (cohort, case-control or
cross-sectional studies) evaluating effects of early feeding-mode on later over-
weight and obesity (Arenz et al. 2004). We limited studies to those who adjusted
for at least three of the relevant confounding or interacting factors birth weight,
parental overweight, parental smoking, dietary factors, physical activity and socio-
economic status. We accepted parental education as an appropriate indicator of
socioeconomic status. Other inclusion criteria were: comparable risk estimates
as OR or relative risk had to be reported and age at the last follow-up had to be
between 5 and 18 years; feeding-mode had to be assessed and reported and obesity
as outcome had to be defined by body mass index (BMI) percentiles 90, 95 or 97 to
allow for comparison of the studies. We did not require all studies to use identical
reference values. If risk estimates were calculated for different percentile values in
a particular study, the estimate for the highest percentile-value was included in the
meta-analysis. Electronic databases were searched and reference lists of relevant
articles were checked. Calculations of pooled estimates were conducted in fixed-
effects and random-effects models. Heterogeneity was tested by Q-test. Publication
bias was assessed from funnel plots and by a linear regression method. Nine studies
with more than 69,000 participants met the inclusion criteria. The meta-analysis
showed that breast-feeding reduced the risk of obesity in childhood significantly.
The adjusted odds ratio was 0.78 (95% CI [0.71, 0.85]) in the fixed-effects model
(Fig. 2). The assumption of homogeneity of results of the included studies could
not be refuted (Q-test for heterogeneity, p > 0.3), stratified analyses showed no
differences regarding different study types, age groups, definition of breast-feeding
or obesity, and number of confounding factors adjusted for. A dose dependent effect
of breast-feeding duration on the prevalence of obesity was reported in four studies.
Funnel plot regression gave no indication of publication bias.

Similar results were obtained by Harder and coworkers a year later in a meta-
analysis with different inclusion criteria and a much larger number of evaluated
studies (Harder et al. 2005). They concluded that ever breastfeeding leads to
significantly reduced pooled adjusted odds ratio for later obesity of 0.75 (95%
CI: 0.68-0.82), and again they found a clear dose-response effect, with each
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Fig. 2 Forrest plot of meta-analysis of effects of breast feeding versus formula feeding on child-
hood obesity: covariate-adjusted odds ratios of nine studies and pooled adjusted odds ratio
(Adapted from Arenz et al. 2004)

additional month of breast feeding reducing later obesity risk by a further 4%.
A further meta-analysis published thereafter also confirmed a protective effect of
breast feeding, but reported a smaller effect size with an odds ratio of 0.87 (Owen
et al. 2005). This result was primarily due to the data of one publication based on
the population of the Women, Infants and Children program in the USA (WIC)
supporting low-income women and children, which contributed 75% of the total
weight of all studies, and the question has been raised whether specific aspects
in this cohort such as a high degree of mixed feeding might explain these results.
One cluster randomized study performed in Belarus had randomized hospitals to
a program of breast feeding intervention or no active intervention, and it achieved
a significantly longer duration of breastfeeding with the intervention (Kramer et al.
2007). When the children were revisited at the age of 6.5 years, measures of obesity
in the intervention and control groups were not significantly different. However,
in this study basically all children had been breastfed, and while the intervention
modified the duration of breastfeeding the study does not allow conclusions on the
effect of breast versus formula feeding. Moreover, the prevalence of obesity was
rather low in this population, and the overall power of the study to detect effects
on obesity is not high.

The consistent finding of a modest but significant protective effect of breast-
feeding on later obesity in numerous observational studies and in three meta-
analysis is encouraging and may contribute to promoting, protection and support of
breastfeeding. However, it appears worthwhile to elucidate the potential underlying
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mechanisms for protection by breastfeeding because this would strengthen the
conclusions on apparent protective effects, and it might help to extend protective
effects to populations of infants that are not benefiting from long duration of full
breastfeeding.

4 Potential Causative Mechanisms for the Protective
Effects of Breast Feeding on Later Obesity

A number of hypotheses could be raised with respect to potential causes for a
protective effect of breast feeding on later obesity risk. Even though the inverse
relationship of both breast feeding and breast feeding duration with later obesity
was shown to persist in many studies after adjustment for measurable confounding
variables, residual confounding cannot be fully excluded. Since healthy babies can
generally not be randomised to breastfeeding or formula feeding for ethical and
practical reasons, undisputable proof for a causal protective effect of breastfeeding
is difficult to obtain. However, the consistent results of many studies and the dose—
response relationship between longer duration of breast feeding and greater later
reduction of obesity risk observed in a number of studies make it likely that there
is a causal effect of breast feeding.

4.1 Differences in Behaviour

Differences in feeding behaviour and mother—child-interaction between popula-
tions of breast and formula fed infants might play a role. Breast fed infants show
a different suckling pattern and a higher suckling frequency (Mathew and Bhatia
1989; Bosma et al. 1990). Breast fed infants seem to have greater degree of con-
trol on meal sizes and intervals than infants fed formula. Sievers and coworkers
monitored marked differences in feeding patterns, with a 20-30% higher feeding
volume in formula fed infants after 6 weeks of life as well as a smaller number of
total meals and of nightly meals in bottle fed babies at 4 months of age (Sievers
et al. 2002). Such early differences in feeding behaviour might be related to later
body size. Agras and coworkers reported that early feeding patterns were predictive
of body mass index at 3 years of age, with high-pressure sucking measured in the
laboratory at 2 and 4 weeks of age (denoting a vigorous feeding style) associated
with greater degree of adiposity in toddlers (Agras et al. 1990).

In contrast to infant formula, breast milk shows marked variation in its compo-
sition, taste and smell from day to day, and even from meal to meal, depending on
maternal dietary habits and other metabolic factors, as well as duration of lactation,
the volume of milk consumed and the degree of breast expression (Rodriguez
et al. 1999). Since early taste experience in infancy has been reported to favour later
consumption of foods with the same taste (Mennella et al. 2001), it is conceivable
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that breast fed infants might be programmed to different food selection and dietary
habits in alter life.

Breastfeeding is believed to enhance emotional bonding of the mother to her
child, mediated in part by the stimulation of maternal oxytocin release by infant
suckling, and breastfeeding mothers have decreased neuroendocrine response to
stressors, increased parasympathetic nervous system modulation, lower perceived
stress levels and fewer depressive symptoms (Klaus, 1998; Mezzacappa, 2004).
These effects of breast feeding might well have repercussions on the interaction
between mother and child and health related behaviours. These and further behav-
ioural hypotheses are plausible and attractive, and they deserve further exploration,
even though experimental testing of these hypotheses may not be easy.

4.2 Differences in Milk Composition

While the mode of feeding an infant at the breast cannot be copied with bottle
feeding of human milk substitutes, some of the compositional differences and sub-
strate supply between breastmilk and infant formula might potentially be reduced
by appropriate modifications of infant formula composition. Promising hypotheses
can be deduced from studies evaluating physiological responses of breast and bottle
fed infants. We hypothesized that the higher rates of weight gain in populations of
formula fed infants, as compared to infants fed human milk, are at least partly due
to differences in metabolizable protein intakes (Koletzko et al. 2005).

Infant formulae tend to have a higher average caloric density (kcal/100ml)
than average values for breast milk, and energy supplies per kg bodyweight
between 3 and 12 months of age are 10-18% higher in formula fed infants than
in breastfed babies (Heinig et al. 1993). However, much greater is the difference
in protein intake per kg bodyweight, which is 55-80% higher in formula than in
breast fed infants (Fig. 3) (Alexy et al. 1999). In rats, prenatal high protein expo-
sure decreased energy expenditure and increased later adiposity (Daenzer et al.
2002), and a high postnatal protein and nutrient supply led to higher adult body
fat deposition (Kim et al. 1991) and increased adult weight by 10-40% (Jones
et al. 1984). A high protein intake in excess of metabolic requirements may
enhance the secretion of insulin and insulin like growth factor 1 (IGF1) (Fig.
4). Infants fed cows’ milk protein based infant formula were shown to have far
higher postprandial levels of insulin on day 6 of life than breastfed infants (Lucas
et al. 1981). High insulin and IGF1 values can enhance both growth during the first
2 years of life (Karlberg et al. 1994; Hoppe et al. 2004a) as well as adipogenic
activity and adipocyte differentiation (Hauner et al. 1989) (Fig. 4). High protein
intakes may also decrease human growth hormone (hGH) secretion and lipolysis.
Some epidemiological studies showed a significant relationship of high protein
intakes in early childhood, but not of the intakes of energy, fat or carbohydrates,
to an early occurrence of the adiposity rebound and to a high childhood body
mass index (BMI), corrected for parental BMI (Rolland-Cachera et al. 1995;
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Fig. 3 Percentiles of protein intake (g/kg and day) of healthy breastfed and formula fed infants
at the ages of 3 and 6 months (median and 90th/10th percentiles). Data of the German DONALD
study (Redrawn from data of Alexy et al. 1999)

Parizkova and Rolland-Cachera 1997; Scaglioni et al. 2000; Hoppe et al. 2004b).
These and other data support our hypothesis that a higher protein intake with
infant formula than provided with breast milk and in excess of metabolic require-
ments may predispose to an increased obesity risk in later life (the Early Protein
Hypothesis) (Koletzko et al. 2005).

S Testing the Early Protein Hypothesis:
The European Childhood Obesity Project

In addition to prospective epidemiological and experimental studies, human inter-
vention trials are needed to test the “Early Protein Hypothesis”. The European
Childhood Obesity Project (www.metabolic-programming.org) funded by
the European Commission’s fifth Framework Research Programme and sixth
Framework Research Programme was set up to test, in a randomized double blind
intervention trial, whether higher or lower protein intakes during the first year of
life influence growth until the age of 2 years and obesity risk at school age. This
trial is conducted in five European countries (Belgium, Germany, Italy, Poland,
Spain) which differ substantially in the practice of infant and young child feeding
and in their prevalence of adult obesity. Therefore the trial offers the opportunity
to combine a multicentre intervention trial on infant formulae which differ in their
balance of protein and fat (provided by Bledina, Steenvoorde, France), with an
epidemiological observation study which can assess protein intake in the overall
early diet. We anticipate that this approach will enable us to assess the effects of
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variables which differ substantially within Europe, as well as to assess the effects
of the randomized controlled intervention. The inclusion of a group of breastfed
infants in each centre will also allow an epidemiological comparison of the effects
of breastfeeding and formula feeding.

Growth from birth to age 2 years, a marker of later obesity risk, was chosen
as the primary outcome variable, based on our previous findings that this is a
predictive marker of later obesity risk (Toschke et al. 2004). In addition, a variety
of further variables are measured, including detailed data on diet, lifestyle and
behaviour, biochemical and endocrine markers, markers of renal function, and
others. Randomisation and data collection are performed via the internet based
on uniform electronic case report forms, using specially developed information
technology architecture with a central database and 12 remote data entry stations
as well as dedicated software that allows for secure data protection. Mechanisms
for quality assurance have also been established. Data input and transfer to the
central database are supervised by a contract research organization participating
in the project.

Recruitment for the intervention and follow-up until the age of 2 years has
been successfully completed. The first data evaluation indicates that the group of
infants randomized to the formulas with higher protein contents show a signifi-
cantly higher body weight and body mass index at the age of 2 years than the group
of infants randomized to lower protein supply (Koletzko et al. submitted 2008).
Provision of the lower protein content with formula led to normalized growth
measures at 2 years, relative to the breast fed reference group. Further data evalu-
ation is ongoing, and the subjects in the trial are being followed up to explore
both the longer-term safety as well as the potential benefits of the intervention at
preschool and school age. Based on the available data from observational trials,
we expect that the reduction of weight for length achieved at 2 years with the
lower protein supply may reduce later obesity risk by some 10—15%. However,
even the early results obtained might lead to a review of recommendations for
infant feeding, policy and regulatory guidance, as well as product design, since
the aim is for physiological growth of formula fed populations similar to the
growth of healthy breastfed populations (Koletzko et al. 2002b), and there is no
known advantage of growth patterns of formula fed babies that deviate from the
model of breastfed populations.
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Developmental Origins of Osteoporosis:
The Role of Maternal Nutrition

Cyrus Cooper, Nicholas Harvey, Zoe Cole, Mark Hanson,
and Elaine Dennison

Abstract Osteoporosis is a major cause of morbidity and mortality through its
association with age-related fractures. Although most effort in fracture prevention
has been directed at retarding the rate of age-related bone loss, and reducing the fre-
quency and severity of trauma among elderly people, evidence is growing that peak
bone mass is an important contributor to bone strength during later life. The normal
patterns of skeletal growth have been well characterised in cross-sectional and lon-
gitudinal studies. It has been confirmed that boys have higher bone mineral content,
but not volumetric bone density, than girls. Furthermore, there is a dissociation
between the peak velocities for height gain and bone mineral accrual in both gen-
ders. Puberty is the period during which volumetric density appears to increase in
both axial and appendicular sites. Many factors influence the accumulation of bone
mineral during childhood and adolescence, including heredity, gender, diet, physi-
cal activity, endocrine status, and sporadic risk factors such as cigarette smoking.
In addition to these modifiable factors during childhood, evidence has also accrued
that fracture risk might be programmed during intrauterine life. Epidemiological
studies have demonstrated a relationship between birthweight, weight in infancy,
and adult bone mass. This appears to be mediated through modulation of the set-
point for basal activity of pituitary-dependent endocrine systems such as the
hypothalamic-pituitary-adrenal (HPA) and growth hormone/insulin-like growth
factor-1 (GH/IGF-1) axes. Maternal smoking, diet (particularly vitamin D defi-
ciency) and physical activity also appear to modulate bone mineral acquisition dur-
ing intrauterine life; furthermore, both low birth size and poor childhood growth,
are directly linked to the later risk of hip fracture. The optimisation of maternal
nutrition and intrauterine growth should also be included within preventive strate-
gies against osteoporotic fracture, albeit for future generations.
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1 Introduction

Osteoporosis is a skeletal disorder characterised by low bone mass and micro-
architectural deterioration of bone tissue with a consequent increase in bone fragility
and susceptibility to fracture (Consensus Development Conference 1991; Cooper
2003). The risk of osteoporotic fracture ultimately depends on two factors: the
mechanical strength of bone and the forces applied to it. Bone mass (a composite
measure including contributions from bone size and from its volumetric mineral
density) is an established determinant of bone strength, and the bone mass of an
individual in later life depends upon the peak attained during skeletal growth and
the subsequent rate of bone loss. Several longitudinal studies attest to the tracking
of bone mass through childhood and adolescence, and mathematical models suggest
that modifying peak bone mass will have biologically relevant effects on skeletal
fragility in old age. There is evidence to suggest that peak bone mass is inherited, but
current genetic markers are able to explain only a small proportion of the variation
in individual bone mass or fracture risk (Ralston 1998).

Environmental influences during childhood and puberty have been shown to
benefit bone mineral accrual, but the relatively rapid rate of mineral gain dur-
ing intrauterine and early postnatal life, coupled with the plasticity of skeletal
development in utero, offer the possibility of profound interactions between the
genome and early environment at this stage in the life course. There is a strong
biological basis for such a model of disease pathogenesis. Experimentalists have
repeatedly demonstrated that minor alterations to the diet of pregnant animals
can produce lasting changes in the body build, physiology and metabolism of
the offspring (Bateson 2001). This is one example of a ubiquitous phenomenon
(phenotypic or developmental plasticity), which enables one genotype to give
rise to a range of different physiological or morphological states in response to
different prevailing environmental conditions during development. Its essence
lies in the critical period during which a system is plastic and sensitive to the
environment, followed by a loss of that plasticity and a fixed functional capacity.
The evolutionary benefit of the phenomenon is that in a changing environment, it
maximises phenotypic diversity and enables the production of phenotypes that are
better matched to their environment than would be possible with the production of
the same phenotype in all environments. This review will address the role played
by influences during intrauterine or early postnatal life in establishing the risk of
osteoporosis in later years. It will cover the epidemiological evidence linking the
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risk of low bone density and fracture to environmental influences during early
development; the impact of maternal nutrition and lifestyle on intrauterine bone
mineral accrual; and the mechanisms underlying the relationship between devel-
opmental plasticity and osteoporosis.

2 Developmental Origins of Osteoporosis

Epidemiological studies of coronary heart disease performed over a decade ago
demonstrated strong geographic associations between death rate from the disorder
in 1968-1978, and infant mortality in 1901-1910. Subsequent research, based on
individuals whose birth records had been preserved for 7 decades, revealed that
men and women who were undernourished during intrauterine life, and therefore
had low birthweight or were thin at birth, had an increased risk for coronary heart
disease, hypertension, non-insulin dependent diabetes, and hypercholesterolaemia
(Barker 1995). These associations are explained by a phenomenon known as pro-
gramming (Lucas 1991); this term describes persisting changes in structure and
function caused by environmental stimuli acting at critical periods during early
development. During embryonic life, the basic form of the human baby is laid
down in miniature. However, the body does not increase greatly in size until the
fetal period when a rapid growth phase commences, which continues until after
birth. The main feature of fetal growth is cell division. Different tissues of the body
grow during periods of rapid cell division, so called ‘critical’ periods (Widdowson
and McCance 1974).

Evidence that the risk of osteoporosis might be modified by environmental
influences during early life stems from four groups of studies: (a) bone mineral
measurements undertaken in cohorts of adults whose detailed birth and/or child-
hood records have been preserved; (b) detailed physiological studies exploring the
relationship between candidate endocrine systems which might be programmed
(GH/IGF-1; hypothalamic-pituitary adrenal, gonadal steroid) and age-related bone
loss; (c) studies characterising the nutrition, body build and lifestyle of pregnant
women and relating these to the bone mass of their newborn offspring; and
(d) studies relating childhood growth rates to the later risk of hip fracture.

2.1 Population Studies

The first epidemiological evidence that osteoporosis risk might be programmed
came from a study of 153 women born in Bath during 1968-1969 who were traced
and studied at age 21 years (Cooper et al. 1995). Data on childhood growth were
obtained from linked birth and school health records. There were statistically
significant (p < 0.05) associations between weight at 1 year and bone mineral
content (BMC), but not density (BMD), at the lumbar spine and femoral neck; these
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relationships were independent of adult weight and body mass index. The data
suggested a discordance between the processes which govern skeletal growth, and
those which influence mineralization. They also provided direct evidence that the
trajectory of bone growth might be modified in utero, an assertion previously only
supported by inference from measurements of body height. The association between
weight in infancy and adult bone mass was replicated in subsequent cohort studies
of men and women aged 60—75 years, who were born and still lived in Hertfordshire
(Cooper et al. 1997; Dennison et al. 2005). These studies showed highly significant
relationships between weight at 1 year and adult bone area at the spine and hip
(p<0.005); the relationships with BMC at these two sites were weaker but remained
statistically significant (p<0.02). They also remained after adjustment for known
genetic markers of osteoporosis risk, such as polymorphisms in the gene for the
vitamin D receptor (Keen et al. 1997), and after adjustment for lifestyle characteris-
tics in adulthood which might have influenced bone mass (physical activity, dietary
calcium intake, cigarette smoking, and alcohol consumption).

More detailed analyses of the interactions between polymorphism in the gene
for the vitamin D receptor, birthweight, and bone mineral density, have been
published from the same cohort study (Dennison et al. 2001). These suggest
that genetic influences on adult bone size and mineral density may be modified
by undernutrition in utero. Subsequent studies from the United States, Australia
and Scandinavia have replicated these relationships between weight in infancy
and adult bone mass. Finally, a recent twin study (Antoniades et al. 2003) evalu-
ated the relationship between birthweight and bone mass among 4,008 white
female twins aged 47.5 years. Statistically significant relationships were found
between the intra-pair differences in birthweight and in BMC, after adjustment
for height and weight, even among monozygous twin pairs. These data sug-
gest that even in genetically identical subjects, a relationship can be detected
between birthweight and adult bone mass.

2.2 Physiological Studies

To explore further the potential role of hypothalamic-pituitary function and its
relevance to the pathogenesis of osteoporosis, profiles of circulating GH and cortisol
were compared with bone density among groups of men and women whose birth
records had been preserved. These studies revealed that birthweight and weight
in infancy were predictors of basal levels of GH and cortisol during late adult life
(Antoniades et al. 2003; Fall et al. 1998; Dennison et al. 1999). The levels of these
two skeletally active hormones were also found to be determinants of prospec-
tively determined bone loss rate. The data are compatible with the hypothesis that
environmental stressors during intrauterine or early postnatal life alter the sensitivity
of the growth plate to GH and cortisol. The consequence of such endocrine program-
ming would be to reduce peak skeletal size, perhaps also to reduce mineralization,
and to predispose to an accelerated rate of bone loss during later life (Fall et al. 1998;
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Dennison et al. 1999; Phillips et al. 1998). Recent studies suggest that interactions
between the genome and early environment might establish basal levels of circulat-
ing GH, and thereby contribute to accelerated bone loss (Dennison et al. 2004).
A single nucleotide polymorphism has been discovered at locus GH1-A5157G in
the promoter region of the human growth hormone (GH1) gene. This is associ-
ated with significantly lower basal GH concentration, lower baseline BMD and
accelerated bone loss (Fig. 1). As with polymorphism in the gene for the vitamin D
receptor, a significant (p=0.02) interaction was observed between weight at 1 year,
allelic variation at this site and bone loss rate.

2.3 Maternal Nutrition, Lifestyle and Neonatal
Bone Mineral

The third piece of epidemiological evidence that osteoporosis might arise in part
through developmental maladaptation stems from investigation of a series of mothers
through pregnancy; anthropometric and lifestyle maternal characteristics were
related to the bone mineral of their newborn offspring (Godfrey et al. 2001). After
adjusting for sex and gestational age, neonatal bone mass was strongly, positively
associated with birthweight, birth length and placental weight. Other determinants
included maternal and paternal birthweight, and maternal triceps skinfold thickness
at 28 weeks. Maternal smoking, and maternal energy intake at 18 weeks gestation
were negatively associated with neonatal BMC at both the spine and whole body.
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Fig. 1 GH-1 genotype, 24h GH concentration, weight in infancy and adult bone loss:
Hertfordshire cohort study (Data derived from Dennison 2004)
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The independent effects of maternal and paternal birthweight on fetal skeletal
development support the notion that paternal influences, for example through the
imprinting of growth promoting genes such as IGF-2, contribute strongly to the
establishment of the early skeletal growth trajectory, while maternal nutrition and
body build modify fetal nutrient supply and subsequent bone accretion, predomi-
nantly through influences on placentation.

In the most recent data from mother/offspring cohorts, body composition has
been assessed by DXA in 216 children at age 9 years (Javaid et al. 2006). They
and their parents had previously been included in a population-based study of
maternal nutrition and fetal growth. The nutrition, body build and lifestyle of the
mothers had been characterised during early and late pregnancy, and samples of
umbilical venous blood had been obtained at birth. Reduced maternal height, lower
pre-conceptional maternal weight, reduced maternal fat stores during late pregnancy,
a history of maternal smoking and lower maternal social class were all associated
with reduced whole body BMC of the child at age 9 years. Lower ionised calcium
concentration in umbilical venous serum also predicted reduced childhood bone
mass (r = 0.19, p = 0.02); this association appeared to mediate the effect of mater-
nal fat stores, smoking and socio-economic status on the bone mass of the children
at age 9 years. Around 25% of the mothers had sub-optimal vitamin D status as
assessed by serum 25-hydroxyvitamin D concentration (Fig. 2). The children born
to these mothers had significantly (p < 0.01) reduced whole body bone mineral
content at age 9 years. This deficit in skeletal growth remained significant even
after adjustment for childhood weight and bone area (Javaid et al, 2006). These data
suggest that the placental capacity to maintain the materno-fetal calcium gradient
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Fig. 2 Maternal 25(OHD) during late pregnancy and WBBMC of her offspring 9 years later
(Data derived from Javaid et al. 2006)
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is important in optimising the trajectory of postnatal skeletal growth. They are in
accord with the results of follow-up studies relating vitamin D supplementation in
infancy to bone mineral density in later childhood. In one such study, prepubertal
Caucasian girls aged 7-9 years, who had received vitamin D supplementation
during infancy, had greater areal BMD at the radius and proximal femur than a
group of female controls of similar age (Zamora et al. 1999).

2.4 Childhood Growth and Hip Fracture

Most evidence relating the intrauterine environment to later osteoporosis stems from
studies utilising non-invasive assessment of bone mineral. The clinically important
consequence of reduced bone mass is fracture, and data are now available which
directly link growth rates in childhood with the risk of later hip fracture (Cooper
et al. 2001). Studies of a unique Finnish cohort in whom birth and childhood
growth data were linked to later hospital discharge records for hip fracture, have
permitted follow-up of around 7,000 men and women who were born in Helsinki
University Central Hospital during 1924-1933. Body size at birth was recorded and
an average of ten measurements were obtained of height and weight throughout
childhood. Hip fracture incidence was assessed in this cohort using the Finnish
hospital discharge registration system. After adjustment for age and sex, there were
two major determinants of hip fracture risk: tall maternal height (p < 0.001), and
low rate of childhood growth (height, p = 0.006; weight, p = 0.01). The effects of
maternal height and childhood growth rate were statistically independent of each
other, and remained after adjusting for socio-economic status. More important, hip
fracture risk was also elevated (p = 0.05) among babies born short. These data sug-
gest that hip fracture risk might be particularly elevated among children in whom
growth of the skeletal envelope is forced ahead of the capacity to mineralise, a
phenomenon which is accelerated during pubertal growth.

3 Developmental Plasticity and Osteoporosis

‘Developmental plasticity’ provides organisms with the ability to change structure
and function in response to environmental cues; these responses usually operate
during critical time windows and then become irreversible. Such plasticity permits
a range of phenotypes to develop from a single genotype in response to environ-
mental cues. In Daphnia, helmet formation (a defensive, morphological change) is
dependent on the early environment and risk of predation. In the locust, Locusta
migratoria, the wing shape and metabolic pathways are determined in the larval
stage by pheromone signals indicating population density. In the axolotl, early
environmental conditions determine whether the mature form will be purely aquatic
or amphibious (West-Eberhard 2003). Developmental plasticity sets the template
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on which continued postnatal homeostatic and homeorhetic (maintaining a time-
dependent process, e.g. growth trajectory) adaptation can occur.

There are several mechanisms by which environmental cues can influence the
developmental programme. First, they can exert effects prior to implantation and
affect gene expression, particularly by inducing epigenetic changes in the DNA.
In the agouti mouse mutant, maternal dietary folate supplementation at concep-
tion alters the expression of the imprinted agouti gene by altering the capacity
for methylation (Cooney et al. 2002). Non-imprinted genes can also undergo
epigenetic change in response to the environment — the choice of exon usage in
the glucocorticoid receptor gene is altered both by prenatal glucocorticoids and
neonatal behavioural manipulation owing to changes in histone acetylation and
DNA methylation in a transcriptional factor binding site (Weaver et al. 2004).
These changes persist throughout life as manifested in altered hypothalamic-
pituitary-adrenal (HPA) axis activity. Second, tissue differentiation may be
altered. Prolonged in vitro culture of the rodent or ruminant embryo affects the
allocation of blastocyst stem cells to inner cell mass or trophectoderm lineages
(Gluckman and Hanson 2004). This influences the relative growth trajectories of
the placenta and fetus, thus affecting fetal development in late gestation.

Developmental responses to environmental stimuli need not provide immediate
advantages, but may alter the sensitivity of the organism to an anticipated future
environment (Gluckman and Hanson 2004). Such predictive adaptive responses
are made during the phase of developmental plasticity to optimise the phenotype
for the probable environment of the mature organism, and epigenetic change is
likely to be the mechanistic basis. Where there is a match between the predicted
and actual mature environment, these responses are appropriate and assist survival.
In contrast, inappropriate predictions increase the risk of disease. A key issue thus
becomes the relative importance of early life events in informing intervention
strategies during human development, rather than during adult life. Increasing
awareness of the need to promote the health and nutrition of women of reproductive
age is one important element for the prevention of osteoporotic fracture in future
generations across the globe.
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Does Having Been Breastfed in Infancy
Influence Lipid Profile in Later Life?:
A Review of the Literature

Richard M. Martin and George Davey Smith

Abstract High plasma concentrations of cholesterol are a principal risk factor for
atherogenesis and thus a major cause of cardiovascular disease. Animal and epi-
demiological evidence suggest that exposures acting in early life may play a role
in cardiovascular disease risk, and infant nutrition is one early-life factor that has
generated much interest amongst lifecourse researchers in recent years. A systematic
review of epidemiological studies found that mean total cholesterol levels in adults
were 0.18mmol/L (95% CI=0.06 to 0.30) lower amongst those who had been
breastfed compared with those who received formula milk. Experimental evidence
from the follow-up into adolescence of nutritional manipulation trials in preterm
infants provides support for the hypothesis that breast milk may programme a bene-
ficial lipid profile in later life. However, data in term infants are largely observational
and so residual confounding can never be excluded, and there is little consistent
evidence that any effect of breastfeeding on lipids translates into a reduced risk of
cardiovascular disease in later life. The mechanistic basis for a programming effect
of breastfeeding on adult cholesterol levels remains to be established in humans.

Keywords Infant nutrition ¢ breastfeeding ¢ cholesterol ¢ cardiovascular disease *
lifecourse * nutritional programming

Abbreviations CF: cow’s milk formula; CVD: cardiovascular disease; FSR:
fractional synthesis rate; HM: human milk; MCF: modified cow’s milk formula

1 Importance

High plasma concentrations of cholesterol, in particular those of low-density lipo-
protein (LDL) cholesterol, are one of the principal risk factors for the development of
atherosclerotic plaques and thus a major cause of premature morbidity and mortality
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from heart attack, stroke and peripheral vascular disease. A number of lines of
evidence support the idea that the pathogenesis of cardiovascular disease begins in
early life. For example, in young USA combatants who were killed in action during
the Korean War (mean age 22 years), autopsies revealed that 77% had some evidence
of atherosclerosis and 15% had clinically significant narrowing of vessels (Enos et al.
1953). Similar results were published for Vietnam combat fatalities (McNamara
et al. 1971). More recent autopsy studies based on male and female accidental deaths
suggest that focal lipid accumulation begins in infancy and is present in over 60%
of children around puberty (Stary 2000). In the Bogalusa Heart Study, atheroscle-
rotic plaques were present in 8% of 2—15 year olds, rising to 69% at 26-39 years
(Berenson et al. 1998). These data suggest that exposures acting in very early life
may play an important role in the development of later cardiovascular disease.

Empirical evidence for a specific role of breastfeeding in infancy was suggested
by the post-mortem studies of Osborn in 1967 (Osborn 1967). He interviewed the
mothers of 109 deceased children and young adults (up to 20 years of age) and
found that atherosclerosis on post-mortem occurred in 60% (25/42) of subjects
who had been wholly artificially-fed, compared with 25% of subjects who had been
breastfed (17/67). In line with Osborn’s findings, an ecological study demonstrated
that infant mortality rates from diarrhoea were correlated with coronary heart dis-
ease mortality rates in adulthood, amongst men (regression coefficient: 0.80) and
women (regression coefficient: 0.63) born in 1917-1921 in 17 US Registration
States (Buck and Simpson 1982). Since breastfeeding was strongly associated
with mortality from diarrhoea in the past, the authors speculated that breastfeed-
ing might be a common factor, protecting against both diarrhoea in infancy and,
through some biological mechanism (such as the promotion of efficient metabolism
of cholesterol), later cardiovascular mortality. Any primary prevention strategy
based on infant nutrition is immensely appealing because of its inherent population-
based focus and the potential for large public health benefits of even small shifts in
the population distribution of cardiovascular disease risk factors (Rose 1985).

2 Evidence from Animal Studies

In aseries of baboon experiments, Mott and McGill showed that juvenile baboons (70-90
weeks of age) that were breastfed as infants had lower serum cholesterol levels than
those formula fed, primarily due to lower HDL cholesterol concentrations (Mott et al.
1995). There were no differences in LDL cholesterol levels. Juvenile baboons that
had been breastfed had 44% higher hepatic LDL-receptor mRNA concentrations and
a 25% lower bile acid synthetic rate than bottle-fed baboons, providing evidence that
breastfeeding, compared with formula feeding, may imprint differences in cholesterol
metabolism. Experiments on baboons also suggested that breastfeeding throughout
infancy, followed by consumption of a high saturated fatty acid diet, increased later dys-
lipidaemia and the extent of atherosclerosis on necropsy at age 5 years compared with
formula feeding, indicating that breastfeeding may interact adversely with a subsequent
Western diet compared with formula feeding (Mott et al. 1982).
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3 Systematic Reviews of Epidemiological Studies
in Humans

In 2002, Owen et al. published a thorough meta-analysis of published studies on the
association of having been breastfed with cholesterol levels that included 26 studies of
the association in infancy (<1 year), 17 studies in which breastfeeding was related
to cholesterol levels in children and adolescents (1-16 years) and 9 studies in adults
(=17 years) (Owen et al. 2002). In infancy, those who were breastfeeding had
higher mean total cholesterol levels in 25 of 26 observations compared with those
who were formula feeding (pooled mean difference: 0.64 mmol/L; 95% CI: 0.50
to 0.79) (Fig. 1), and higher LDL cholesterol levels in six of seven observations
(mean difference: 0.57 mmol/L; 0.40 to 0.75). These findings are entirely consistent
with the much greater concentration of cholesterol and LDL cholesterol in breast
compared with modern formula milk.

Amongst children aged 1-16 years there was strong evidence of inconsistency in
estimates between studies (p for heterogeneity =0.01). The 95% confidence inter-
vals of 16 of the 17 studies in this age group, however, all crossed the null value of
no difference, including the largest study involving 4,023 subjects, and the pooled
estimate from a random effects meta-analysis showed no difference in total choles-
terol between breast and formula-fed infants (mean difference: 0.00 mol/L; —0.07
to 0.07) (Fig. 1). Similarly, LDL cholesterol levels were not related to breastfeeding
in four studies in this age group (mean difference: 0.01 mol/L; —0.07 to 0.08; p for
heterogeneity: 0.5).

In adults (=17 years) mean total cholesterol levels were lower amongst those who
were breastfed in seven of nine studies with no evidence of heterogeneity (p=0.9),
despite the wide age range (17—64 years) and range of birth dates (1920-1975).
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Fig. 1 Difference in mean total cholesterol levels in infants (<1 year), children (1-16 years) and
adults (=17 years) breastfed versus formula fed (Based on data presented in Owen et al. 2002)
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For total cholesterol, the mean difference in those breastfed versus formula fed
was —0.18mmol/L (-0.30 to —0.06) (Fig. 1) and for LDL cholesterol it was
—0.20mmol/L (-0.32 to —0.08).

The apparent contradiction between a positive association of breastfeeding with
cholesterol levels in infancy and a possible inverse association in adulthood sug-
gested the possibility that the high cholesterol content of breastmilk compared with
formula milk, leading to raised but reversible (on discontinuation) blood cholesterol
levels, stimulates (programs) more efficient cholesterol metabolism in later life
(Goedhart and Bindels 1994).

There are important sources of bias, however, that need to considered in the
interpretation of this meta-analysis. Firstly, as the authors pointed out, publication
bias is a possible explanation for the findings as there were fewer than 100 sub-
jects in 67% of the observations and small studies may have been published only
when they reported large effects. Secondly, inadequate control for confounding
in individual studies is a possible explanation of the findings, though differences
were reasonably consistent across eras, arguing against socioeconomic confound-
ing since the relation between social class and infant feeding changed during the
twentieth century. Finally, the impact of other aspects of study quality was not
assessed and it is unclear to what extent the pooled associations were driven by
poor quality studies.

While the positive association between breastfeeding and cholesterol levels
in infancy appears robust, there are inconsistencies in the observational evidence
relating breastfeeding with lipid profile in later life. Some authors suggest that pro-
longed breastfeeding (over 6 months [Strbak et al. 1993; Hromadova et al. 1997]
or 12 months [Fall et al. 1992]) is associated with an atherogenic lipid profile and,
as discussed above, in baboon experiments breastfeeding was associated with an
atherogenic rather than beneficial lipid profile (McGill et al. 1996). Furthermore,
studies published since the Owen review have been equivocal. Victora et al. (Victora
et al. 2006) and Martin et al. (Martin et al. 2005), found very small and unimportant
differences (in opposite directions) between infants who had been breastfed com-
pared with those formula fed, though these studies were in men only. Williams et al.
found a small difference in males (mean difference between those breastfed at least
6 months and those formula fed=—0.11 mmol/L) and a larger difference in women
(mean difference =—0.42 mmol/L) (Williams et al. 2006). There was no evidence in
the Owen meta-analysis, however, of heterogeneity in effect estimates by sex.

4 Evidence of Possible Mechanism

A further obstacle to assigning causality is the lack of evidence in humans of any
mechanism whereby breastfeeding could lower cholesterol levels in adults. A lower
endogenous synthesis rate of cholesterol is one explanation for lower cholesterol
levels in adults who had been breastfed and Demmers et al. hypothesized that breast-
fed infants would have a lower fractional synthesis rate (FSR) (an index of hepatic
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cholesterol production) of cholesterol at 4 months, that would persist through to
18 months, when the diets of the infants would be similar (Demmers et al. 2005).
A prospective partially randomised clinical trial was conducted between 1999-
2002 with 47 infants, from their first week of life until 18 months of age, who
received human milk (HM) exclusively until 6 months (n=15) or were randomized
to receive modified cow’s milk formula (MCF) with added cholesterol (n=15) or
cow’s milk formula (CF) (n=17) (with solids introduced to the MCF and CF diets
at 4 months). The cholesterol contents of the HM, MCEF, and CF diets were 120, 80,
and 40 mg/L, respectively. FSR and plasma lipid levels were measured at 4 and 18
months. At 4 months, total cholesterol and LDL cholesterol levels were higher for
infants fed HM and MCF, compared with CF. The FSR of endogenous cholesterol
for the HM group was lower (P=0.017) at 4 months, compared with the CF group,
while the endogenous cholesterol production of the MCF group was intermediate
between those of the HM and CF fed infants. At 18 months, however, there were
no differences between groups, suggesting that cholesterol synthesis in children
aged 18 months is not programmed by exposure to the higher cholesterol levels
found in human breastmilk. However, assessment at 18 months of age may be too
early to see an effect, because differences in plasma lipid profiles between subjects
breastfed and formula fed have not generally been seen until 217 years of age in
observational studies (Owen et al. 2002).

5 Experimental Evidence in Humans

Most studies examining the association of breastfeeding in infancy with cholesterol
levels in later life are observational and cannot exclude unmeasured or residual
confounding by educational, socioeconomic and lifestyle factors associated with the
mother’s decision to breastfeed. Well conducted randomised controlled trials remove
problems of confounding and selection bias, but randomization to breast- versus
formula feeding is not feasible and may be unethical. However, randomisation has
been feasible in special situations. Firstly, amongst preterm infants 20 years ago,
banked breast milk from unrelated donors was commonly available and randomi-
sation of infants to donor breast milk or formula was feasible and ethical (Singhal
and Lucas 2004; Singhal et al. 2004). Secondly, a large randomised controlled trial
of an intervention to promote breastfeeding exclusivity and duration, with analysis
by “intention to treat” has been conducted, involving over 17,000 term and normal
weight children in the Republic of Belarus who are now aged 11 years (PROBIT)
(Kramer et al. 2001). These trials resulted in cohorts created by randomization, not
the choice of the mother, enabling strong causal inferences with respect to breast-
feeding effects on long-term outcomes.

The children in PROBIT are being followed-up for measurement of cardiovas-
cular disease risk factors, including lipids. The randomised trial of different diets at
birth in preterm infants, initiated by Alan Lucas in 1982, has provided unique data
on the long-term effects of neonatal nutritional intake (Singhal and Lucas 2004;
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Singhal et al. 2004). Two parallel randomised trials were conducted. The first
allocated 502 preterm infants to either banked breast milk donated by unrelated
lactating women or nutrient enriched preterm formula. Nutrient enriched formula
provided 60% more energy and protein than banked breast milk or standard for-
mula. The diets were randomly assigned in two strata — the trial diets alone and,
in mothers who elected to express their own milk, the trial diets were assigned as
a supplement to mother’s milk. In analyses of the long term outcomes of infant
feeding mode, the two strata have been combined. While there was considerable
attrition at the 13-16 year follow-up — 130 (26%) of the original 502 infants were
successfully followed up — there is little reason to think that the groups should be
biased as equal efforts were made to trace the subjects regardless of trial allocation.
In the second trial, standard term formula was compared with nutrient enriched pre-
term formula. As before, the allocated feed was assigned as a supplement amongst
mothers who elected to express their own milk. 86 of the original 424 participants
(20%) were followed-up into adolescence.

Results of lipid profiles at ages 13—16 years, comparing banked breastmilk
versus preterm formula were published in 2004 (Singhal et al. 2004). The major
finding was that the ratio LDL:HDL cholesterol was 14% lower in those ran-
domised to banked breastmilk (mean difference=-0.34; 95% CI: —-0.67 to —0.01)
(Fig. 2). These differences remained after multivariable adjustment. An increased
percent of enteral intake by volume consumed as human milk was associated with
a reduced LDL:HDL ratio in a dose response manner (p for trend=0.04), as well
as lower apoB to apoA-1 (p=0.004). The lipoprotein profile of the adolescents
did not differ significantly between infants randomised to term formula compared
with preterm formula and a greater proportion of pre-term formula intake was not
associated with the LDL:HDL ratio (p for trend=0.8). The authors concluded that

Mean difference (95% CI)

0.2+
0 LDL cholesterol +0.03
HDL cholesterol -0.1
-0.2+
-0.3 02 039
-0.4+
Triglycerides
~0.61 Total cholesterol
—0.8L LDL/HDL ratio

Fig. 2 Breast milk feeding and lipoprotein profile in adolescents born preterm: banked breast
milk (n=66) versus preterm formula (n=64). Mean differences are presented (mmol/L) with 95%
confidence intervals (CI) (Based on data presented in Singhal et al. 2004)
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breast milk feeding had a dose-response beneficial effect on lipoprotein profile in
adolescence.

In a secondary analysis, ignoring the randomisation, the authors showed that
each 100 g increase in weight in the first 2 weeks of life resulted in an increase in
LDL:HDL ratio of 0.2. Further, the difference in LDL:HDL ratio between those
fed breast milk and those who were formula fed disappeared after adjustment for
weight change in the first 2 weeks of life. The results of this secondary analysis,
along with findings published from the preterm trials in relation to insulin and
blood pressure, provided evidence for a new hypothesis about the early origins of
cardiovascular disease, proposed by Singhal and Lucas, the growth acceleration
hypothesis (Singhal and Lucas 2004). This hypothesis suggests that that faster early
growth, as a result of a nutrient enriched diet, adversely programmes the principal
components of the metabolic syndrome (vice versa for breastfeeding). Data from
other large cohorts, such as PROBIT, are now required to confirm or refute this
hypothesis.

6 Clinical Events

The public health importance of these findings rests on their translation into
benefit on clinical outcomes. If breastfeeding did lower cholesterol in adulthood,
a reduction in later cardiovascular disease (CVD) incidence would be expected.
We have updated our previously published meta-analysis investigating the associa-
tion between having been breastfed and CVD mortality (Martin et al. 2004a). This
analysis involves five studies (Fall et al. 1992; Wingard et al. 1994; Rich-Edwards
et al. 2004; Martin et al. 2004a, 2005) (with seven estimates because two studies
showed sex specific results) (Fig. 3). The pooled data are relatively consistent in
suggesting that breastfeeding does not have an important role in protecting against
future cardiovascular disease or coronary heart disease risk. Furthermore, prolonged
breastfeeding for over 9—12 months was not associated with cardiovascular disease
(pooled rate ratio for breastfed >9-12 months vs. never breastfed: 1.03; 95% CI:
0.92-1.15; I?=4%) or coronary heart disease (pooled rate ratio for breastfed >9-12
months vs. never breastfed: 0.95; 95% CI: 0.83-1.10; I>’=0%).

7 Conclusion

Observational studies suggest that breastfeeding in infancy is associated with
a small reduction in total and LDL cholesterol in adulthood. A trial of preterm
infants provides experimental evidence in support of the hypothesis (Singhal
et al. 2004). There is currently no evidence, however, that any potential effect of
breastfeeding on lipid profile translates into a reduction in risk of CVD in later life
(Martin et al. 2004a). Further, there is not yet any convincing mechanistic basis
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Fig. 3 Pooled rate ratio (95% CI) for CVD comparing infants who were ever breastfed versus
infants who were never breastfed fed. The surname of the first author, the sex of the study partici-
pants (All=both male and female, F=female, M=male), is indicated on the y axis. The box area
for each study 1s proportional to the inverse of the variance, with horizontal lines showing the 95%
confidence intervals. The combined estimate is based on a random effects model shown by the
dashed vertical line and diamond (95% CI). The solid vertical line represents the null result, i.e.,
rate ratio= 1. Pooled rate ratio: 0.97 (0.90-1.05); p=0.4. Test for heterogeneity: Q=>5.643 on six
degrees of freedom (p=0.5). I? (% variation attributable to heterogeneity)=0%

for a programming effect of breastfeeding on adult lipid profile (Demmers et al.
2005). The long-term benefits of breastfeeding will be hard to demonstrate con-
vincingly in observational studies because of the strong social patterning of this
exposure and the problems of recall bias, maintaining high rates of follow-up and
adequate control for confounding in long-term studies (Davey Smith and Ebrahim
2002). Large long-term birth cohort studies with detailed prospective measures of
breastfeeding exclusivity and duration (Martin et al. 2004b), comprehensive data on
potential confounding factors, as well as the inclusion of unpublished data within
systematic meta-analyses (Owen et al. 2003) may offer some reassurance against
biased results. The most robust evidence comes from randomized controlled trials.
The hypothesis that breastfeeding influences later CVD risk factors in term infants
could ethically and feasibly be tested on an intention-to-treat basis, in large, con-
trolled trials of successful breastfeeding promotion interventions with a record of
high rates of follow-up, the best example of which is perhaps the PROBIT study.
This study is currently being followed up with funding from the European Union,
the Canadian Institutes of Health Research (CIHR), and the National Institutes of
Health (NIH).
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The Early Origins of Atherosclerosis

Atul Singhal

Abstract Atherosclerosis has a long pre-clinical phase with development of
pathological changes in arteries of children and young adults decades before overt
clinical manifestations of disease. Nutritional factors in both infancy and childhood
have been shown to be important in this process and affect lifetime cardiovascular
disease risk. Breast-feeding in particular is associated with benefits for long-term
cardiovascular risk factors possibly as a consequence of a slower pattern of growth in
breast-fed compared to formula-fed infants. In fact, the benefits of slower growth
for later health and longevity, appears to be a fundamental biological phenomenon
conserved across diverse animal species. The nutritional programming of athero-
sclerosis could therefore be regarded as a specific example of programming of
human ageing as seen previously in programming of lifespan and telomere length
in animals. The critical window for these effects is unknown, but evidence is accu-
mulating for programming effects of growth from very early in infancy.

Keywords Breast-feeding ¢ cardiovascular disease ¢ growth acceleration ® programming

Abbreviations CVD: cardiovascular disease; FMD: flow-mediated dilation; IGF-1:
insulin-like growth factor 1

1 Introduction

Atherosclerotic cardiovascular disease (CVD) is the leading cause of death and
disability, and the most important public health priority in the West (British Heart
Foundation 2004). Yet, despite great progress in its clinical management, the
prevalence of CVD continues to increase. In the UK alone an estimated 2.7 million
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people are now living with coronary heart disease — a number that has risen sharply.
Consequently, the role of prevention has become a major priority for public
health policy and future scientific research. This review considers the evidence
that atherosclerosis begins in childhood and that early nutritional factors have the
potential to reduce lifetime cardiovascular risk.

2 The Childhood Origins of Atherosclerosis

Autopsy studies showing atherosclerotic changes in the coronary arteries of
solders killed in the Korean and Vietnamese wars first identified the presence
of atherosclerosis in the young and stimulated research into mechanisms that
regulate its early development. Similar studies in children, particularly from the
Bogalusa Heart Study, demonstrated a high prevalence of coronary atheroscle-
rosis by the third decade of life (Berenson et al. 1998). The presence and extent
of atherosclerotic lesions in these reports correlated positively with established
cardiovascular risk factors, such as lipoprotein profile, blood pressure, and body
mass index. Importantly, the severity of pathological lesions was associated with
an increase in number of risk factors, in accordance with the Framingham risk
score for predicting cardiovascular mortality in adults. These autopsy findings
have now been confirmed in other populations and extended to atherosclerosis at
different vascular sites.

It is now accepted that atherosclerosis has a long pre-clinical phase with devel-
opment of pathological changes in arteries of children decades before overt clinical
manifestations of disease. Nutritional factors in childhood have been shown to be
particularly important in this process and have a major impact on conventional car-
diovascular risk factors that affect vascular health and lifetime CVD risk (Berenson
et al. 1998). These factors track into adulthood and have a strong, independent
influence on CVD risk. Obesity in children, for instance, affects adult cardiovascu-
lar health, independently of risk factors in adults (Falkstedt et al. 2007). The esti-
mated public health impact is large. In fact, it has been suggested that the current
increase in childhood obesity will reverse the recent improvements in morbidity
and lifespan achieved through control of CVD risk factors in adulthood (Olshansky
et al. 2005). Attention to nutrition throughout the life course (and not just in adults)
is therefore important in preventing CVD. Consequently, the American Heart and
American Pediatric Associations have both targeted children for nutritional inter-
ventions aimed at primary prevention of CVD (Kavey et al. 2003).

Other than effects on classical cardiovascular risk factors, nutrition in childhood
also has direct effects on vascular biology associated with the early atherosclerotic
process. These changes can now be detected non-invasively in children using
vascular ultrasound. Arterial distensibility, for instance, a measure of arterial wall
elasticity or compliance which is known to correlate closely with CVD risk fac-
tors and extent of disease, is closely related to lipid profile and hence nutrition
in adolescents. In fact, high cholesterol concentration has been associated with
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impaired brachial arterial distensibility in healthy children from as early as the first
decade of life (Leeson et al. 2000).

Overall, there is now strong evidence to support the hypothesis that nutrition
in childhood has a major impact on atherosclerotic disease. However, in terms of
effect size, nutrition earlier in the life course, in fetal life and infancy, could make a
greater contribution to lifetime CVD risk. Perinatal nutrition is therefore emerging
as a major focus for programming research.

3 Nutritional Programming of Atherosclerosis

The concept that nutrition in infancy can have a long-term effect on, or programme,
risk factors for CVD first emerged in the 1960s with the pioneering work of
McCance. He showed that rats raised in small litters, and therefore overfed early in
postnatal life, were programmed for greater body size as adults (McCance 1962).
Subsequently, rats overfed in the brief suckling period were shown to have perma-
nently higher plasma insulin and cholesterol concentrations while early nutrition
in baboons was found to influence later obesity and atherosclerosis. In baboons,
the effects of over-feeding in infancy for obesity emerged only after adolescence,
demonstrating the later manifestation of these effects.

3.1 Birth Weight

In humans, several groups have shown that low birth weight, possibly as a result
of reduced fetal growth and nutrition, is related to an increased risk of later CVD
(“the fetal origins of adult disease hypothesis’) (Barker 1995). Of relevance to the
development of vascular disease, low birth weight was associated with sub-clinical
measures of atherosclerosis such as impaired endothelial function and arterial dis-
tensibility in children. Further support for an intra-uterine effect on atherosclerosis
emerged from studies which showed that maternal hypercholesterolemia was asso-
ciated in the offspring with greatly increased fatty streak formation in infancy and
accelerated progression of atherosclerosis during childhood (Palinski and Napoli
2002). However, a major limitation of these earlier studies is a lack of experimental
evidence for a causal link between intra-uterine factors and later vascular health.

3.2 Breast-Feeding

The major focus of programming research in the post-natal period has been the
impact of breast-feeding. Since the early studies in the 1960s (Osborne 1963)
most, but not all reports have suggested that breast-fed infants have a lower risk
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of CVD, obesity, high cholesterol concentration, type II diabetes and high blood
pressure. These observational data could be confounded by socio-economic and
demographic differences between breast-fed and formula fed groups. In pre-
term infants, however, a causal association was testable using an experimental
approach. Infants whose mothers decided not to breast-feed were randomly
assigned to breast-milk donated by unrelated lactating mothers or to formula
milk. Infants assigned to human milk versus formula, for an average of 4 weeks,
were found to have marked benefits up to 16 years later for the major compo-
nents of the metabolic syndrome (blood pressure, leptin ‘resistance’ suggestive
of future obesity, insulin resistance and lipid profile) (Singhal and Lucas 2004).
As further evidence of causation there were clear dose-response associations
between the volume of breast-milk intake and later cardiovascular benefit
(Singhal and Lucas 2004).

The effect size for beast-milk feeding on later CVD risk factors was substantial
(Singhal and Lucas 2004). For blood pressure, for instance, a 3 mm Hg lower diastolic
blood pressure in infants given breast-milk compared to formula has major public
health implications and represents an effect greater than other non-pharmacological
means of reducing blood pressure (such as weight loss, salt restriction, or exercise).
Lowering population-wide diastolic blood pressure by only 2 mm Hg has been esti-
mated to reduce the prevalence of hypertension by 17%, the risk of coronary heart
disease by 6% and the risk of stroke/transient ischaemic attacks by 15%. Such an
intervention would be expected to prevent an estimated 100,000 cardiovascular
events annually among those aged 35-64, in the USA alone. Similarly, the 10%
lowering of cholesterol concentration with breast-feeding compares favourably
with the effects of dietary interventions in adults, which lower cholesterol by
only 3-6%. Such an effect on cholesterol concentration would be expected to
reduce the incidence of cardiovascular disease by approximately 25% and mor-
tality by 13-14%.

4 Early Growth and Later Atherosclerotic Risk

Understanding the mechanisms by which breast-feeding affects long-term CVD
risk could help in the primary prevention of atherosclerosis and also in the develop-
ment of preventative strategies for formula-fed infants. The most common explana-
tion, confounding by socio-biological factors that influence both the mothers’ decision
to breast-feed and later cardiovascular risk, is unlikely in view of the experimental
evidence from preterm infants. Other potential explanations include the long-term
health benefits of specific nutrients in breast-milk, which are absent from some
formulas — such as effects of long-chain polyunsaturated fatty acids in lowering
later blood pressure. Most recently, we have suggested that the cardiovascular
advantages of breast-feeding may be due to slower growth in breast-fed versus
formula-fed infants — the growth acceleration hypothesis.
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4.1 Studies in Pre-term Infants

The postnatal growth acceleration hypothesis suggests that faster growth (upward
centile crossing) particularly in infancy adversely programmes the metabolic syn-
drome (Singhal and Lucas 2004). Consistent with this, faster neonatal growth was
shown to programme insulin resistance and endothelial dysfunction (which has a
central role in the initiation and progression of atherosclerosis and can be measured
non-invasively using vascular ultrasound as the vasodilatator response to increased
blood flow (flow-mediated dilation, or FMD). As suggested by the fetal origins
hypothesis, we found that low birth weight was associated with lower FMD 13-16
years later. However, as shown previously for insulin resistance, the effect of low
birth weight on vascular function was displaced by adverse effects of faster post-
natal weight gain (Singhal et al. 2004). Because small babies tend to show faster
post-natal growth, these analyses suggested that early post-natal growth could con-
tribute to the association between low birth weight and later CVD risk (Singhal and
Lucas 2004). The size of the effect was substantial. Adolescents with the greatest
weight gain in the first 2 weeks of life had 4% lower FMD of the brachial artery
than those with the lowest weight gain: an effect similar to that of insulin dependent
diabetes mellitus (4%) and smoking (6%) in adults. Importantly, similar adverse
effects on vascular health were observed for faster linear growth in the first few
weeks of life (Singhal et al. 2004).

4.2 Studies in Term Infants

The programming effects of growth in infancy are not confined to infants born
prematurely. In an intervention study of infants born full-term, but small for ges-
tation, those randomly assigned to a standard formula for the first 9 months had
lower blood pressure 68 years later than infants fed a nutrient-enriched formula
that promoted growth (Singhal et al. 2007). Further analysis suggested that faster
growth explained the adverse effects of a nutrient-enriched formula on later blood
pressure. Similar observations were observed for adiposity; infants randomised to
the high protein formula had greater adiposity later in life, an effect explained by
their faster growth rate (A. Singhal 2007). Interestingly, the adverse effects of faster
growth were seen in both breast-fed and formula-fed infants.

Studies in healthy full term infants also support the programming effects of
growth in infancy. Faster growth has been linked with higher blood pressure (now
seen in more than five studies, as reviewed recently; Singhal et al. 2007), insulin
resistance and, in three systematic reviews (in >21 studies) obesity later in life
(Ong and Loos 2006). These data include effects of faster weight gain in program-
ming greater blood pressure and adiposity in approximately 5,000 healthy children
born at term from Avon Longitudinal Study of Parents and Children, most of whom
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were breast-fed (Charakida et al. 2006). The growth acceleration concept therefore
challenges current practices often aimed at maximising growth in infancy.

4.3 Animal Studies

Data from studies in animals strongly support the adverse effects of faster early
growth and a higher plane of postnatal nutrition in programming the metabolic
syndrome (McCance 1962; Ozanne and Hales 2004). In fact the adverse long-term
effects of faster early growth emerge as a fundamental biological phenomenon
across animal species (Metcalfe and Monaghan 2001). On the other hand, restric-
tion of growth and nutrition during critical windows in development may have
favourable programming effects, as first suggested from as early as the 1930s for
lifespan in rats and now seen for adiposity, and lifespan in numerous animal species
as diverse as mice, flies, worms and even yeast (Rollo 2002; Longo and Finch 2003).
It appears, therefore, that research into the early origins of both aging and CVD
could reflect similar underlying mechanisms affecting cellular senescence — i.e.
the impact of early growth and nutrition, via programming of hormonal systems
such as insulin and insulin-like growth factor 1 (IGF-1) (which are conserved
throughout these species) (Longo and Finch 2003) on adult degenerative proc-
esses. Atherosclerosis could result from accelerated biological aging as suggested
recently by data showing a greater risk of CVD in men who had shorter leukocyte
telomeres, a marker of cellular senescence (Brouilette et al. 2007). The nutritional
programming of CVD could, therefore, be regarded as a specific instance of pro-
gramming of human ageing as seen previously in studies of lifespan and telomere
length in animals (Ozanne and Hales 2004). The common mechanism of acceler-
ated aging could also explain the wide ranging effects of nutritional programming
on diverse physiological systems that effect CVD risk.

4.4 When Is the Critical Window?

We suggested that early infancy, a time of the fastest growth rate, is likely to be a
particularly sensitive window for nutrition programming (Singhal and Lucas 2004).
In the 1960s the critical window for programming effects in animal studies was
suggested to be as early as the first 5 postnatal days (Dubos et al. 1966). Consistent
with this, faster growth in the first few weeks (regardless of gestation or birth
weight), has now been associated with later insulin resistance and endothelial func-
tion (Singhal and Lucas 2004), the development of adult obesity in a US cohort
(Stettler et al. 2005), programming of IGF-1 concentration, and in unpublished
data, for later blood pressure and endothelial function in twins born at term, and for
adiposity in adults born preterm (A. Singhal 2007). However, the data are incon-
sistent with some studies showing that faster weight gain in childhood rather than
infancy increased later CVD risk (Barker et al. 2005).
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5 Conclusions

Whilst further research is needed to define the critical windows for nutritional
programming, the concept that growth and nutrition have a major impact on CVD
risk, is now firmly established. These early factors interact with subsequent envi-
ronment to predispose to rather than directly cause later atherosclerotic disease.
Nevertheless, given the exposure to ‘atherogenic’ environments of many populations
from both the West and developing countries, nutritional programming is likely to
have a substantial effect on CVD, and hence public health, world-wide.

References

Barker DJ (1995). Fetal origins of coronary heart disease. BMJ 311: 171-174.

Barker DJP, Osmond C, Forsen TJ, Kajantie E, Eriksson JG (2005). Trajectories of growth among
children who have coronary events as adults. N Engl J Med 353: 1802-1809.

Berenson GS, Srinivasan SR, Nicklas TA (1998). ‘Atherosclerosis: a nutritional disease of
childhood. Am J Cardiol 82: 22T-29T.

British Heart Foundation (2004). Compendium of annual statistics.; www.heartstats.org

Brouilette SW, Moore JS, McMahon AD, Thompson JR, Ford I, Shepherd J, Packard CJ, Samani NJ
(2007). Telomere length, risk of coronary heart disease, and statin treatment in the West of
Scotland Primary Prevention Study: a nested case control study. Lancet 369: 107-114.

Charakida M, Donald A, Singhal A, Halcox J, Ness A, Davey Smith G, Deanfield J (2006).
Accelerated early postnatal growth is associated with increased blood pressure and body mass
index in childhood. Circulation 114 (Suppl): 358a.

Dubos R, Savage D, Schaedler R (1966). Biological Freudianism: lasting effects of early
environmental influences. Paediatrics 38: 789-800. Reprinted in Int J Epidemiol 2005;
34: 5-12.

Falkstedt D, Hemmingsson T, Rasmussen F, Lundberg I (2007). Body mass index in late adoles-
cence and its association with coronary heart disease and stroke in middle age among Swedish
men. Int J Obes 31: 777-783.

Kavey RE, Daniels SR, Lauer RM, Atkins DL, Hayman LL, Taubert K (2003). American heart
association guidelines for primary prevention of atherosclerotic cardiovascular disease begin-
ning in childhood. Circulation 107: 1562-1566.

Leeson CP, Whincup PH, Cook DG, Mullen MJ, Donald AE, Seymour CA, Deanfield JE (2000).
‘Cholesterol and arterial distensibility in the first decade of life: a population-based study.
Circulation 101: 1533-1538.

Longo VD, Finch CE (2003). Evolutionary medicine: from dwarf model systems to healthy cen-
tenarians? Science 299: 1342-1346.

McCance RA (1962). Food, growth and time. Lancet 2: 671-676.

Metcalfe NB, Monaghan P (2001). Compensation for a bad start: grow now, pay later? Trends
Ecol Evol 16: 254-260.

Olshansky SJ, Passaro DJ, Hershow RC, Layden J, Carnes BA, Brody J, Hayflick L, Butler RN,
Allison DB, Ludwig DS (2005). A potential decline in life expectancy in the United States in
the 21st century. N Engl J Med 352: 1138-1145.

Ong KK, Loos RJ (2006). Rapid infancy weight gain and subsequent obesity: systematic reviews
and hopeful suggestions. Acta Paediatr 95: 904-908.

Osborne GR (1963). The incubation period of coronary thrombosis. Butterworths, London.

Ozanne SE, Hales CN (2004). Catch-up growth and obesity in male mice. Nature 427: 411-412.



58 A. Singhal

Palinski W, Napoli C (2002). The fetal origins of atherosclerosis: maternal hypercholesterolemia, and
cholesterol-lowering or antioxidant treatment during pregnancy influence in utero programming
and postnatal susceptibility to atherogenesis. FASEB J 16: 1348—1360.

Rollo CD (2002). Growth negatively impacts the life span of mammals. Evol Dev 4: 55-61.

Singhal A, Lucas A (2004). Early origins of cardiovascular disease: is there a unifying hypothesis?
Lancet 363: 1642-1645.

Singhal A, Cole TJ, Fewtrell MS, Deanfield J, Lucas A (2004). Is slower early growth beneficial
for long-term cardiovascular health? Circulation 109: 1108-1113.

Singhal A, Cole TJ, Fewtrell M, Kennedy K, Stephenson T, Elias-Jones A, Lucas A (2007).
Promotion of faster weight gain in infants born small for gestational age: is there an adverse
effect on later blood pressure? Circulation 115: 213-220.

Stettler N, Stallings VA, Troxel AB, Zhao J, Schinnar R, Nelson SE, Ziegler EE, Strom BL (2005).
Weight gain in the first week of life and overweight in adulthood. A cohort study of European
American subjects fed infant formula. Circulation 111: 1897-1903.



Do LCPUFASs Influence Cardiovascular
Function in Early Childhood?

J. Stewart Forsyth

Abstract In recent years there have been reports linking breast milk intake in
infancy to lower blood pressure during childhood. The mechanisms underlying
the relationship remain uncertain however there has been recent interest in the
role of long chain polyunsaturated fatty acids (LCPUFAs). Several studies involv-
ing human adults have reported a lowering of blood pressure with n-3 fatty acid
supplementation. Data relating to children are limited: however, two published
randomised controlled studies report that LCPUFA supplementation in infancy may
be associated with lower blood pressure in early childhood.

Keywords Infant feeding « LCPUFAs ¢ blood pressure

Abbreviations ACTH: adrenocorticotrophic hormone; DHA: docosahexanenoic
acid; EPA: eicosapentaenoic acid; LCPUFA: long chain polyunsaturated fatty acids

1 Introduction

In recent years there have been reports linking breast milk intake in infancy to
lower blood pressure during childhood (Wilson et al. 1998; Taittonen et al. 1996;
Singhal et al. 2001). Two longitudinal observational studies in term infants demon-
strated that children who were breast fed for at least 3 months had lower systolic
and diastolic blood pressures during later childhood and adolescence compared
to children who were formula fed. This difference persisted after adjustments
were made for known confounding variables (Wilson et al. 1998; Taittonen et al.
1996). In a trial involving preterm infants, children at age 15 years who had been
randomised to banked breast milk had lower systolic and diastolic blood pressures
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compared to children who had received term or preterm formula in the newborn
period (Singhal et al. 2001).

The mechanisms underlying the relationship of breast feeding to childhood
blood pressure remain uncertain. In the preterm study there was no difference in
blood pressure between infants receiving a term formula and infants who were fed
a preterm formula, the latter containing additional protein, energy and minerals
including sodium (Singhal et al. 2001). Breast milk contains a wide range of factors
which are not included in formula milks and which may influence blood pressure,
including trophic substances, hormones and specific nutrients.

2 Evidence for a Role for LCPUFAs

In recent years there has been considerable interest in the role of long chain
polyunsaturated fatty acids (LCPUFAs) as these fatty acids are present in breast
milk but were not routinely available in formula milks (Koletzko et al. 2001). These
fatty acids are preferentially incorporated into neural cell membranes, and there-
fore studies have predominantly focused on their influence on visual and cognitive
development (Makrides et al. 2000; Willatts et al. 1998). During the first weeks of
life, preterm infants and some term infants, may not be able to synthesise sufficient
LCPUFAs to meet demand, and therefore unsupplemented formula fed infants may
experience a relative deficiency of LCPUFAs compared to breast fed infants (Cunnane
et al. 2000).

It is also known that LCPUFAs are incorporated into other cell membranes
including vascular endothelium (Engler et al. 1999b). Several studies in adults have
reported a lowering of blood pressure with n-3 fatty acid supplementation (Mori
and Beilin 2001; Mori et al. 1999), however there were no published studies relat-
ing LCPUFA supplementation to blood pressure in children.

As a follow-up to a previous study, in which we randomly assigned newborn
infants to a formula with LCPUFAs or to a formula that was devoid of LCPUFAs
but otherwise nutritionally similar (Forsyth et al. 1999) we investigated the rela-
tionship of LCPUFA supplementation in infancy to later childhood blood pressure
(Forsyth et al. 2003). At the age of 6 years, the diastolic blood pressure was signifi-
cantly lower in the children who had received LCPUFA supplementation in infancy
compared to children who were fed the unsupplemented formula (57.3 vs. 60.9;
mean difference —3.6 (CI —6.5 to —0.6); p = 0.018). There was a similar trend for
systolic blood pressure but this was not significant. However, the mean blood pres-
sure was significantly lower in the LCPUFA supplemented group. The reference
breast fed group had similar blood pressures to the supplemented group.

More recently, a study involving supplementation of healthy 9 month old infants
with 5ml of fish oil or no fish oil for 3 months demonstrated a lower systolic blood
pressure in infants who had received the fish oil supplementation. (Damsgaard
et al. 2006) Interestingly though, a study involving maternal supplementation with
fish oil during the first 4 months of lactation had no effect on blood pressure of the
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infant at age 2.5 years (Larnkjaer et al. 2006; Ulbak et al. 2004). Larnkjaer et al.
(2006) also reported that there was no significant relationship between maternal
fish oil supplementation and infant heart rate variability.

3 Possible Mechanisms

The mechanisms underlying the relationship of LCPUFAs to blood pressure
remain speculative. In our study, the composition of trial formulas only differed
significantly in the content of docosahexanenoic acid (DHA) and arachidonic acid.
Several studies involving hypertensive adults have demonstrated a fall in blood pres-
sure with an increased dietary intake of omega 3 fatty acids (Mori and Beilin 2001).
In a double-blind, placebo controlled trial, Mori et al. (1999) showed that DHA and
not eicosapentaenoic acid (EPA) lowered ambulatory blood pressure in overweight
men. They subsequently reported from the same cohort, that DHA significantly
enhanced dilatory responses to sodium nitroprusside and attenuated constrictor
responses to norepinephrine (Mori et al. 2000). In studies of rats with increased
blood pressure due to renal artery stenosis, the maximum blood pressure was lower
in the group fed a diet enriched with DHA (Rousseau et al. 2001).

How DHA may induce a lowering of blood pressure is uncertain. Engler and
Engler (2002) investigated the vasorelaxant properties of DHA in spontaneously
hypertensive rats. Their results indicated that DHA’s vasorelaxant actions are
independent of endothelium-derived nitric oxide but may be related to modulation
of intracellular calcium release and L-type calcium channels in vascular smooth
muscle cells (McLauren Dorrance et al. 2000). Whether DHA has an effect on
steroid and eicosanoid metabolism has also been investigated in spontaneously
hypertensive rats (Engler et al. 1999a). DHA fed rats had significantly lower blood
pressures than controls and the adrenal glomerulosa cells from DHA fed rats pro-
duced less aldosterone in vitro in response to angiotensin II, adrenocorticotrophic
hormone (ACTH) or potassium.

Data relating n-6 fatty acids to effects on blood pressure are more limited. Langley-
Evans and colleagues showed that systolic blood pressure of weanling male rats was
inversely related to linoleic acid intake (Langley-Evans et al. 1996). Further work has
indicated that 18:3 n-6 has greater hypotensive effects than its parent linoleic acid. It
is postulated that the effectiveness of 18:3 n-6 may result from it being a substrate for
the synthesis of a post-delta 6-desaturation metabolite that can be directly converted
to blood pressure regulating eicosanoids in the kidney (Huang et al. 1994).

4 Conclusions

Data from this study support the concept of early nutritional intervention being
associated with health benefits in later life. Whether the influence of LCPUFAs
on blood pressure would have been more marked with a longer period of
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supplementation is uncertain and requires further investigation, however, an experi-
mental rat study demonstrated that n-3 deficiency limited to the perinatal period
was associated with raised blood pressure in later life, and this was not prevented
by subsequent fatty acid repletion (Weisinger et al. 2001).
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Effects of Supplementing LCPUFA to the Diet
of Pregnant Women: Data from RCT

Tamas Decsi

Abstract Randomised controlled trials (RCTs) investigating the effect of n-3
long-chain polyunsaturated fatty acid (LCPUFA) supplementation on pregnancy
outcomes were recently systematically reviewed for both low-risk (uncomplicated)
and high-risk pregnancies. The duration of pregnancy was found to be significantly
enhanced by n-3 LCPUFA supplementation in low-risk (two systematic reviews,
weighted mean difference: 2.55 and 1.57 days, 95% CI: 1.13-4.07 and 0.35-2.78
days), but not in high-risk pregnancies. The relative risk of giving birth before the
34th week of gestation was found to be reduced by n-3 LCPUFA supplementa-
tion both in low-risk (0.69, 95% CI: 0.49-0.99) and in high-risk (0.39, 95% CI:
0.19-0.84) pregnancies. Recent evidence indicates that enhancement of maternal
intake of n-3 LCPUFA prolongs the duration of gestation in low-risk pregnancies
and may contribute to the prevention of early preterm birth in both low-risk and
high-risk pregnancies.

Keywords Docosahexaenoic acid * long-chain polyunsaturated fatty acid ¢ pregnancy

Abbreviations DHA: docosahexaenoic acid (C22:6n-3); LCPUFA: long-chain
polyunsaturated fatty acid; RCT: randomised controlled trial; RR: relative risk; SR:
systematic review

1 Introduction

Long-chain polyunsaturated fatty acids (LCPUFAs) have gained increasing importance
in infant nutrition during the last decades. Systematic reviews (SRs) summarizing the
data of randomised controlled trials (RCTs) on the effect of the supplementation
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of the principal n-3 LCPUFA, docosahexaenoic acid (DHA, C22:6n-3) to full-term
infants showed benefit of the supplementation both on the maturation of visual func-
tions (Decsi and Koletzko 2000; Uauy et al. 2003) and on some cognitive domains of
development (Cohen et al. 2005). However, a review of the Cochrane Collaboration
concluded that there was little evidence to support the benefit of LCPUFA supplemen-
tation to full-term infants (Simmer 2001). The discrepancy between observations in
apparently similar studies may originate, at least in part, from the different LCPUFA
status of the infants at birth. Here we discuss data reported in recent RCTs and SRs on
the effect of supplementing LCPUFAs to the diet of expectant women.

2 Effect of n-3 LCPUFA Supplementation to the Diet
of Expectant Women on Maternal and Fetal
Pregnancy Outcomes

RCTs investigating the effect of n-3 LCPUFA supplementation on pregnancy
outcomes were recently systematically reviewed for both uncomplicated (low-risk)
(Makrides et al. 2006; Szajewska et al. 2006) and high-risk pregnancies (Horvath
et al. 2007). The two SRs evaluating n-3 LCPUFA supplementation in uncompli-
cated (low-risk) pregnancies each summarised data obtained in six RCTs. However,
only two of the six trials included by Makrides et al. (2006) were also included
among the six RCTs considered by Szajewska et al. (2006).

In spite of the considerable dissimilarity of the databases of the two SRs (Makrides
et al. 2006; Szajewska et al. 2006), similar effects of n-3 LCPUFA supplementation
on basic parameters of pregnancy outcomes were reported (Table 1). In both SRs,
the duration of pregnancy was found to be significantly longer in expectant women
receiving n-3 LCPUFA supplementation than in non-supplemented controls.
However, in neither of the SRs was the longer pregnancy duration accompanied by
significant reduction of the relative risk (RR) of giving birth prematurely; i.e. before
the 37th week of gestation (Table 1). In contrast, the RR of early preterm birth (i.e.
birth before the 34th week of gestation) was found to be significantly reduced in

Table 1 Basic parameters of pregnancy outcomes in systematic reviews on the effect of LCPUFA
supplementation in uncomplicated (low-risk) pregnancies

Parameter Makrides et al. (2006) Szajewska et al. (2006)
Duration of pregnancy (day, WMD) 2.55 (1.13-4.07) 1.57 (0.35-2.78)

Birth before 37th week (RR) 0.92 (0.79-1.07) 0.67 (0.41-1.10)

Birth before 34th week (RR) 0.69 (0.49-0.99) NR

Birth weight (g, WMD) 47 (1-93) 54 (-3-111)

Birth length (cm, WMD) 0.48 (0.13-0.83) 0.23 (-0.04-0.50)
Head circumference (cm, WMD) NR 0.26 (0.02-0.49)

Data in brackets show 95% confidence intervals. NR = not reported, RR = relative risk; WMD =
weighted mean difference (supplemented minus non-supplemented).
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the supplemented group in the SR of Makrides et al. (2006), whereas this parameter
was not reported in the SR of Szajewska et al. (2006).

It can be assumed with good reason that significant enhancement of the dura-
tion of physiological (uncomplicated, low-risk) pregnancy should be accompanied
with increased values of anthropometric indices of the newborn. Indeed, significant
increases in birth weight, birth length and head circumference at birth were found
in infants of mothers receiving n-3 LCPUFA supplementation as compared to those
receiving placebo in at least one of the two SRs (Makrides et al. 2006; Szajewska
et al. 2006) (Table 1). In summary, data reported in the two SRs discussed
above provide some evidence for the effect of n-3 LCPUFA supplementation to
enhance the duration of uncomplicated (low-risk) pregnancies and, consequently,
to increase to some extent birth weight, birth length and head circumference of the
offspring.

Recently Horvath et al. (2007) systematically reviewed the effect of supplemen-
tation of women in high-risk pregnancies with LCPUFAs on pregnancy outcomes
and growth measures at birth. This SR included four RCTs of good quality; however,
several data on the duration of pregnancy and birth weight were reported only in
two or three of the four RCTs. No difference was seen in the RR of duration of
pregnancy exceeding 37 weeks (RR: 0.99, 95% CI: 0.9-1.1) in the two studies
reporting RR values. In contrast, a significant difference (8.5 [1.9] days, mean
[SD]) was found in the RCT that reported the duration of pregnancy in days (sup-
plemented group: 269.2 [19.7] days, non-supplemented group: 260.7 [29.5] days).
While no association of LCPUFA supplementation with risk of delivery before the
37th week of gestation was found (RR: 0.82, 95% CI: 0.60-1.12), the risk of early
preterm delivery defined as birth before the 34th week of gestation was reduced
(RR: 0.39, 95% CI: 0.19-0.84). Birth weight did not differ significantly between
the supplemented and non-supplemented groups. In summary, SR of data on
LCPUFA supplementation in high-risk pregnancies (Horvath et al. 2007) indicated
partly similar effects to those reported for uncomplicated (low-risk) pregnancies
(Makrides et al. 2006; Szajewska et al. 2006); however, the more limited database
allows only weaker conclusions to be drawn.

3 Effect of n-3 LCPUFA Supplementation to the Diet
of Expectant Women on Postnatal Development
of the Offspring

Several aspects of postnatal development have been investigated in infants and children
of mothers who received n-3 LCPUFA supplementation during pregnancy. We recently
systematically reviewed RCTs published between December 2002 and September
2004 (Decsi and Koletzko 2005); however, limitations of space do not allow a system-
atic approach within the present paper. Hence, here we provide one example each of
RCTs addressing the questions of the effect of maternal n-3 LCPUFA supplementation
on visual development, cognitive development and on allergic sensitisation.
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3.1 Retinal Development

Retinal development was assessed within the first week of life with full-field elec-
troretinograms in full-term infants whose mothers received n-3 LCPUFA supple-
mentation or placebo during pregnancy (Malcolm et al. 2003a). Electroretinogram
implicite times, amplitudes and parameters of the stimulus—response function did not
differ. However, linear regression analysis revealed significant association between
the maturity of the retina and the availability of DHA at birth (Malcolm et al. 2003a).
In the same study population, visual evoked potentials were recorded to flash stimuli
shortly after birth and to both flash stimuli and pattern-reversal stimuli at 50 and 66
weeks post conception (Malcolm et al. 2003b). There were no differences between
the supplementation groups; however, maturity of the pattern-reversal visual evoked
potentials at 50 and 66 weeks post conception was significantly associated with the
DHA status of the infant at birth (Malcolm et al. 2003b).

3.2 Cognitive Development

The cognitive development of children born from mothers receiving n-3 LCPUFA
supplementation during pregnancy was studied by using the Kaufman Assessment
Battery for Children at the age of 4 years (Helland et al. 2003). Children who were
born to mothers receiving n-3 LCPUFA supplementation during pregnancy and
lactation scored better in the mental processing tests when compared to children
whose mothers did not receive n-3 LCPUFA supplementation. Multiple regression
analysis suggested that maternal DHA intake during pregnancy was the only statis-
tically significant variable for the children’s mental processing scores at the age of
4 years (Helland et al. 2003).

3.3 Allergic Sensitisation

In the RCT of Dunstan et al. (2003), infants whose mothers received DHA supple-
mentation were three times less likely to have a positive skin prick test to egg at 1 year
of age than the infants whose mothers received placebo. The prevalence of atopic
dermatitis did not differ; however, infants in the n-3 LCPUFA group had also signifi-
cantly less severe symptoms of atopic dermatitis than infants in the control group.

4 Conclusions

There are several ongoing RCTs (e.g. Krauss-Etschmann et al. 2007) in which
expectant mothers received n-3 LCPUFA supplementation during pregnancy, and
various aspects of the development of their offspring are being currently investigated
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in a follow-up manner. Results of these RCTs will certainly contribute to our better
understanding of the role of maternal n-3 LCPUFA intakes in influencing not only
pregnancy outcomes, but also of the development of the infant and child as well.
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Abstract Excess bodyweight is the sixth most important risk factor contributing
to the overall burden of disease worldwide. In excess of a billion adults and
10% of all children are now classified as overweight or obese. The main adverse
consequences of obesity are the metabolic syndrome, cardiovascular disease and
type 2 diabetes and a diminished average life expectancy. It has been argued that
the complex pathological processes underlying obesity reflect environmental
and genetic interactions, and individuals from disadvantaged communities seem
to have greater risks than more affluent individuals partly because of fetal and
postnatal programming interactions. Abundant evidence indicates that the obes-
ity epidemic reflects progressive secular and age-related decreases in physical
activity, together with passive over-consumption of energy dense foods despite
neurobiological processes designed to regulate energy balance. The difficulty
in treating obesity, however, highlights the deficits in our current understanding
of the pathophysiology which underlies the initiation and chronic nature of this
disorder. Large population based studies in Europe and North America in healthy
women and in women with gestational diabetes have demonstrated that there are
clear relationships between maternal and fetal nutrient supply, fetal growth pat-
terns and the subsequent risk of obesity and glucose intolerance in childhood and
adult life. In this review we discuss the impact of fetal nutrition on the biology of
the developing adipocyte and brain and the growing evidence base supporting an
intergenerational cycle of obesity.
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Abbreviations AgRP: agouti-related protein; ARC: arcuate nucleus; BMI: body
mass index; CART: cocaine- and amphetamine-regulated transcript; DMN: dorso-
medial nucleus; G3PDH: glycerol 3 phosphate dehydrogenase; LPL: lipoprotein
lipase; NPY: neuropeptide Y; OB-RB: leptin receptor; PVN: paraventricular
nucleus; POMC: pro-opiomelanocortin; PPAR: peroxisomal proliferator-activated
receptors; RXR: retinoid X receptor

1 Introduction

1.1 Birth Weight and Later Obesity

Currently more than half of all adults in the US, UK and Australia are either over-
weight with a body mass index (BMI) over 25 kg/m? or are obese with a BMI over
30kg/m? and there are increasing rates of overweight and obesity in all age groups
including women of reproductive age (Flegal et al. 2002; LaCoursiere et al. 2005;
Ogden et al. 2006). A recent study by La Coursiere et al. (2005) found that the
incidence of women being overweight or obese at the start of pregnancy increased
from 25% to 35% between 1991 and 2001, and that the incidence of maternal obes-
ity at delivery rose from 29% to 39% across the same period. A high maternal
BMI increases the risk of developing hypertension, preeclampsia and gestational
diabetes mellitus and of giving birth to a macrosomic infant (birth weight > 4,000 g)
(Galtier-Dereure et al. 2000; Jensen et al. 2003). It has been proposed that high
nutritional consumption or body fat mass during pregnancy is associated with
induction of a degree of maternal insulin resistance, an increased fetal nutrient
supply, fetal overgrowth and infant fatness (Catalano et al. 2003). Whilst it is not
unexpected that the maternal nutritional and hormonal environment would deter-
mine fetal nutrient supply and infant body composition, it appears that the effects
of the nutritional environment experienced in utero persist beyond fetal life. An
extensive series of studies has reported that there is a J or U shaped relationship
between birth weight and adult fat mass, with a higher prevalence of adult obesity
occurring in individuals with birth weights which were at either the low or high end
of the birth weight distribution (Curhan et al. 1996a, b; Fall et al. 1995; Maffeis
et al. 1994; Parsons et al. 2001).

A study in a large British cohort (n = 10,683) found that the low birth weight
babies who were most vulnerable to developing obesity were light and thin at birth
and then experienced a period of rapid growth in the first 7 years of life (Parsons
et al. 2001). In contrast, babies who were in the heaviest quintile of birth weight,
tended to have a high BMI in adult life independent of their rate of childhood
growth and this relationship was largely accounted for by maternal weight and was
independent of maternal height, paternal height, socio-economic status or smok-
ing habits. Thus heavier mothers have heavier babies and these babies have a high
BMI in adult life. A recent Danish study of 300,000 children born between 1936
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and 1983 also reported a remarkably stable association between having a birth
weight greater than 4,000 g and being overweight at 613 years of age (Rugholm
et al. 2005).

1.2 Perinatal Nutrition and Later Obesity

In mothers with gestational diabetes, maternal and fetal blood glucose concen-
trations are higher, resulting in fetal hyperinsulinaemia, fetal overgrowth and an
increased fetal adiposity and hyperleptinaemia. Interestingly in pregnancies
complicated by gestational diabetes or even mildly impaired glucose tolerance,
the offspring are at risk of developing obesity and glucose intolerance in later life
(Oken and Gillman 2003; Silverman et al. 1991). The period during which expo-
sure to increased energy supply may have a longer term impact on the nutritional
environment may extend beyond the prenatal period into infancy and early child-
hood. Rapid weight gain during the first weeks or months of life has been shown to
be associated with an increased risk of being overweight or obese in childhood and
in early adult life (Ekelund et al. 2006; Stettler et al. 2002, 2003, 2005).

In a large, prospective contemporary cohort study, dietary energy intake in
formula- or mixed-fed infants at as early as 4 months of age was positively related
to early childhood weight gain and subsequent body weight and BMI up to 5 years
of age (Ong et al. 2006). In a separate study, it was also reported that each 100 g
increase in absolute weight gain during the first week of infancy was associated

An Intergenerational Cycle of Obesity ?

Risk of adulthood » Pre-pregnancy
obesity obesity

Risk of diabetes in
pregnancy

Risk of childhood

obesity

Risk of heavy
infant

Fig. 1 The intergenerational cycle of obesity
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with a 28% increase in the risk of becoming an overweight adult (Stettler et al.
2005). The authors of this study concluded that if the causality was confirmed,
that ‘new strategies based on a life course approach’ using short interventions in
early infancy may be useful to prevent obesity and related metabolic health risk
factors. Thus it has been proposed that there may be an intergenerational cycle of
obesity based on the associations between exposure to an increased energy supply
during the perinatal period and being overweight or obese in childhood and later
life (Fig. 1). Whilst the mechanisms underlying these associations are unknown, the
two primary targets for the perinatal programming of obesity are the developing fat
cell, the adipocyte, and the neuroendocrine network which regulates appetite and
energy balance in adult life.

2 Maternal Overnutrition and Postnatal Adiposity:
Experimental Animal Studies

In the adult, appetite and energy balance homeostasis are primarily regulated by a
complex neuronal circuitry located within the hypothalamus which receives nutri-
ent, hormonal and neural signals from a range of sources including fat cells, the
pancreas, the gastrointestinal tract and other brain regions. A range of neuropep-
tides including the orexigenic neuropeptides, neuropeptide Y (NPY) and agouti-
related protein (AgRP), and the anorexigenic neuropeptides, pro-opiomelanocortin
(POMC) and cocaine- and amphetamine-regulated transcript (CART), are expressed
within the hypothalamus and together act in synchrony to regulate energy balance.
NPY is a 36 amino acid neuropeptide which markedly stimulates appetite and is
predominantly localised in the arcuate nucleus of the hypothalamus with low levels
of expression within the dorsomedial nucleus (DMN). NPY neurones project to
hypothalamic regions which play important roles in energy balance including the
paraventricular nucleus (PVN), DMN, perifornical region and the lateral hypotha-
lamic area. The blood brain barrier is effectively reduced within the area of the
arcuate nucleus and NPY neurones are therefore able to sense and respond to a
range of peripheral metabolic signals including insulin, glucose, ghrelin, and the
adipocyte derived hormone, leptin.

A series of experimental studies in the rodent has demonstrated that glucose,
insulin or leptin derived from the maternal circulation or present in her breast milk
exert a dominant influence on the development of the appetite regulatory neural
network and that the immediate postnatal period is of particular importance for
the long-term programming of food intake in the rodent (Davidowa et al. 2003;
Davidowa and Plagemann 2000a, b, 2001). In the rodent, the induction of mild
gestational diabetes or a reduction in litter size are associated with an increased
early weight gain and fat deposition, followed by hyperphagia, obesity, hyper-
leptinaemia, hyperglycaemia, hyperinsulinaemia and insulin resistance. The
nature of the maternal metabolic and hormonal signals and the critical windows
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during which programming of appetite may occur in the litter-bearing, altricial
rodent are likely to be different, however, from those in non-litter-bearing, preco-
cial species such as the sheep in which development of the major fat depots and
of hypothalamic neuropeptide expression occur before birth (Muhlhausler et al.
2004, 2005).

We have developed a model of maternal ‘overnutrition’ in which the pregnant
ewe is overfed during the last month of pregnancy until delivery and we have
demonstrated that there is development of an increased mass of subcutaneous fat
in the lambs of overnourished ewes by as early as 30 days of age (Muhlhausler
et al. 2006). In these studies increasing maternal nutrition by ~40% in late ges-
tation significantly increased lamb milk intake and plasma glucose concentra-
tions the first 30 days of life. The relative mass of subcutaneous adipose tissue
at 30 days was also greater in lambs of well fed ewes (40.0 + 3.9g/kg vs. 22.1 +
3.5g/kg, P < 0.05). In order to determine the mechanisms which underlie the
increase in subcutaneous adiposity, we have measured the effect of the increased
maternal nutrition on the expression of adipogenic and lipogenic genes in perire-
nal fat, the major fat depot present before birth and in perirenal and subcutaneous
fat at 30 days.

2.1 Maternal Nutrition and Adipogenesis
in Fetal Visceral Adipose Tissue

The peroxisomal proliferator-activated receptors (PPARs) are members of the
nuclear hormone receptor superfamily that bind to specific DNA response elements
as heterodimers with the retinoid X receptor (RXR). The PPARY gene produces
two proteins, PPARYl and the adipose-specific PPARY2. Expression of PPARY
is highest in adipose tissue, where it regulates the transcriptional cascade underly-
ing adipogenesis (Semple et al. 2006). The ligand-binding pocket of PPARY allows
unsaturated fatty acids, oxidized lipid species, eicosanoids, and prostaglandins to
activate the receptor and transduce nutritional signals into metabolic responses.
Activation of PPARY by specific ligands such as the thiazolidinediones (TZDs)
increases the expression of genes involved in the storage of triglycerides within
adipose cells, including lipoprotein lipase (LPL) and glycerol 3 phosphate dehy-
drogenase G3PDH and increases the expression of the insulin sensitising hormone,
adiponectin, within adipose tissue.

We have recently carried out the first study to investigate the impact of maternal
overnutrition on expression of PPARY mRNA expression in visceral adipose tissue
before birth. Maternal overnutrition imposed between 115-141 days gestation
(term = 150 + 3 days gestation) resulted in a significant increase in circulating
fetal glucose and insulin concentrations (Muhlhausler et al. 2007). Whilst the rela-
tive mass of fetal perirenal fat was not increased in the overnourished group by
141 days gestation, the expression of PPARYy, LPL, adiponectin and leptin mRNA
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Fig. 2 Maternal overnutrition in late gestation resulted in an increase in the expression of PPARY
and Adiponectin mRNA in fetal adipose tissue (a and b). There was a direct relationship between
PPARY expression and mean plasma glucose concentrations when data from all fetuses were
combined (c¢) (Reproduced with permission from Muhlhausler et al. 2007)

in fetal perirenal fat was each significantly higher in those from the overnourished
ewes at this gestational age (see Fig. 2). Furthermore, there were significant rela-
tionships between the level of PPARY mRNA expression in fetal fat and the mean
fetal plasma glucose or insulin concentrations during late gestation (Fig. 2). The
expression of LPL, G3PDH and adiponectin, but not leptin, were each signifi-
cantly positively related to PPARY mRNA expression in fetal fat. One possibility is
therefore that an increase in fetal nutrition increases the expression and activation
of the adipogenic gene, PPARY, in perirenal adipose tissue and that there is then
subsequent endocrine signalling, between the perirenal adipocytes which develop
in fetal life, and the subcutaneous adipocytes which develop predominantly around
the time of birth.

2.2 Maternal Nutrition and the Programming
of the Central Regulation of Energy Balance

We have previously reported that genes for the appetite regulating neuropeptides
NPY, AgRP, POMC and CART are each highly expressed in the ventromedial
portion of the arcuate nucleus (ARC) of the fetal sheep hypothalamus by 110 days
gestation, which is consistent with their pattern of expression in the adult sheep
hypothalamus (Muhlhausler et al. 2004). Furthermore, and in contrast to the
rodent, NPY projections are also present in the fetal paraventricular nucleus
(PVN) during late gestation (Warnes et al. 1998). Messenger RNA for the long
form of the leptin receptor (OB-Rb) is also expressed in both the ARC and ven-
tromedial nucleus of the fetal sheep hypothalamus (Muhlhausler et al. 2004). In
our recently published studies in the fetus and lamb of the overnourished ewes
we have also used in sifu hybridisation to investigate the impact of maternal
nutrition on the expression of the neuropeptides in the hypothalamic arcuate
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nucleus which either act to stimulate appetite in postnatal life (NPY and AGRP)
or inhibit it (CART and POMC) (Muhlhausler et al. 2006). We found that there
was no difference in the expression of either NPY or AgRP mRNA between the
control and well fed groups, in either the fetal or lamb hypothalamus, however
we found that in the lamb, but not in the fetus, NPY and AgRP mRNA expres-
sions were each inversely related to adiposity (total fat: NPY = —0.005 total fat +
0.89 P < 0.05, n = 16; AgRP = -0.007 total fat + 0.95 P < 0.01, n = 17). These
findings suggest that signals of current nutritional status or lamb fat stores, rather
than nutrition during the prenatal period, may be the more important determinants
of NPY and AgRP expression in early postnatal life.

Exposure to increased maternal nutrition in late pregnancy also resulted in a
change in the relationship between expression of CART mRNA in the hypotha-
lamic arcuate nucleus and the relative body fat mass. Although CART mRNA
expression was positively correlated with relative adiposity and plasma leptin
concentrations in control lambs, these relationships were not present in lambs of
well-fed ewes (Fig. 3). It would therefore appear that the sensitivity of the CART-
expressing neurons in the ARC to signals of increased nutrient supply and body
fat mass may be reduced in lambs exposed to an increased supply of nutrients
before birth, which would have important implications for the subsequent regula-
tion of energy balance homeostasis. Furthermore in lambs of well fed ewes, but
not their control counterparts, there was a significant inverse relationship between
the hypothalamic expression of OBRb mRNA in the arcuate nucleus and total
relative fat mass at 30 days (Muhlhausler et al. 2006) (Fig. 3). Thus, in lambs of
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Fig. 3 There was a significant positive relationship between CART mRNA expression and
total relative fat mass in the Control group but not Well Fed group (A). There was an
inverse relationship between OBRb mRNA expression in the arcuate nucleus (ARC) and
total relative fat mass in the Well Fed group (B) (Reproduced with permission from
Muhlhausler et al. 2006)
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well fed ewes, the expression of OBRb was down regulated as fat mass increased,
which suggests that the sensitivity of these lambs to circulating leptin decreased
with increasing adiposity. It has been shown that the density of neuronal
connections between hypothalamic nuclei, and therefore the subsequent function
of the neural network regulating appetite, is strongly influenced by the availability
of leptin during hypothalamic development (Bouret et al. 2004). One possibility,
therefore, is that the differential regulation of CART in the control and well-fed
groups is a consequence of programmed changes to the hypothalamic architecture.
Thus metabolic or hormonal signals could act during the perinatal period to alter
the structural and functional properties of the central neural network that regulates
energy balance during adult life.

3  Summary

A growing body of evidence from both epidemiological and experimental animal
studies has clearly demonstrated that exposure to an elevated or excessive nutrient
supply before birth is associated with an increased risk of obesity and associated
metabolic disorders in later life. The global epidemic of obesity is a phenomena
which demands a solution and this solution in turn demands an increased under-
standing of the underlying etiology of obesity, particular those factors which can
be realistically modified. Whilst lifestyle and environmental factors clearly play a
part — there is increasing evidence that the origins of obesity may be very early in
life — and may be related strongly to the prenatal and perinatal nutritional experi-
ence of an individual.

We have previously reported in the sheep — an animal model in which the systems
which regulate fat deposition and appetite develop before birth, as in the human
— that exposure to an increased nutrient supply before birth is associated with an
increase (upregulation) of the expression of genes which regulate adipogenesis
(PPARY) and lipogenesis (LPL) in adipose tissue before birth, and is associated
with an increase in subcutaneous fat mass as early as 1 month of postnatal age.
Furthermore, in lambs of well fed ewes, expression of the leptin receptor in the
central neural network decreased with increasing adiposity, and the capacity to
increase expression of the central appetite-inhibiting neuropeptide, CART, was lost.
Based on these findings, we speculate that the early upregulation of adipogenic and
lipogenic genes before birth is associated with a greater lipogenic capacity within
these adipocytes as the individual emerges into an extrauterine environment, which
results in an increased fat deposition in early postnatal life. We suggest that these
findings present an argument for the primacy of changes within the adipose tissue —
i.e. the establishment of an increased fat mass through a change in the structural
and functional properties of the adipocyte, which leads to a greater potential for
the accumulation of adipose tissue after birth, suppresses expression of the leptin
receptor at central sites and propagates a phenotype of obesity and leptin resistance
throughout the life-course (see Fig. 4).
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Programming of Food Intake
or Physical Activity?
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Abstract Mans ability to capture, harness and store energy most efficiently as
fat in adipose tissue has been an evolutionary success story for the majority of
human existence. Only over the last 30-40 years has our remarkable metabolic
efficiency been revealed as our energy balance increasingly favours storage
without regular periods of depletion. Historical records show us that while the
composition of our diet has changed markedly over this time, our overall energy
intake has significantly reduced. The inevitable conclusion therefore is that
habitual physical activity and thus energy expenditure has reduced by a greater
extent. Recent studies have illustrated how the finely tuned long-term control of
energy intake and of energy expenditure are both developmentally plastic and
susceptible to environmentally-induced change that may persist with that indi-
vidual throughout their adult life, invariably rendering them more susceptible to
greater adipose tissue deposition. The central role that lean body mass has upon
the ‘gating’ of energy sensing and the importance of regular physical activity for
its potential to reduce the burden of a ‘thrifty phenotype’ will be briefly discussed
in the present review.
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1 Introduction — Energy Handling in Humans

Simplistically the Universe is comprised of matter and antimatter. Matter has Mass
(a relative weight) and Mass has Energy. Einstein famously described how much
energy is contained within any object with mass. Energy in the universe is constant; that
is, cannot be created or destroyed only transferred — the First law of Thermodynamics.
Plant life first evolved the ability to harness the energy of sunlight to synthesis
carbohydrate and produce adenosine triphosphate — the unit of metabolic energy.
Animal life then evolved to eat the plants (herbivores), eat the herbivores (carnivores)
and/or eat other carnivores and plants (omnivores). At each trophic level some
of the transferred energy is lost (mainly as heat) and the absolute demand for
energy to fuel metabolic processes is increased i.e. from prokaryotes to eukaryotes
(fungi=plants=animals). Extant animal species have successfully evolved mecha-
nisms to harness, transfer and store metabolic energy, with relative inefficiency an
obligatory part of the process. The efficiency of metabolic energy handling is there-
fore an important evolutionary pressure.

In humans, using adipose tissue to store fat (as triglycerides) represents the most
efficient means to ‘store’ energy, as it is relatively energy dense and dehydrated. In
theory, adipose tissue offers a seemingly unlimited potential for energy storage, but
clearly there is an asymptotic plateau in which maintenance of the excess weight
becomes a significant demand in itself and reduces an individual’s capacity for parti-
tioning energy into reproduction, fertility, and body defences (immune competence)
and the necessary accompanying behaviours (physical activity) that ensure contin-
ued survival. Consequently, at a species-level, man is relatively fat with a distinct
sex-specific bias. Evolutionary pressures act on males to become relatively lean
and large (more lean than fat mass) and females to have sufficient energy reserves
and other morphometric characteristics that ensure the successful bearing of young.
On a population scale therefore, men are generally taller, stronger and leaner than
women. The evolutionary pressures that determined the human genotype to subse-
quently shape our body composition and metabolic competence (i.e. phenotype) to
ensure a beneficial evolutionary advantage are, transposed into the current environ-
ment, proving too efficient; our paleolithic physiology combined with nutritional
abundance without recall to physical activity, is producing an overweight and obese
population. This has been described as a nutrition transition; i.e. from a hunter-
gatherer society, through the agricultural and industrial revolutions that improved
food security, but were often marked by periods of famine, up to a modern society
characterized by freely available food and labour saving devices (Popkin 2006).
On the whole and over an extended period of time, intake of energy has exceeded
energy expenditure and where previously (Paleolithic era) the excess energy was
regularly turned-over through physical activity, this crucial cycle has now been
broken (Chakravarthy and Booth 2004). Such a process reduces metabolic flexibility
and increases the rate of degeneration of tissues and organs, which combined with
an aging population, is significantly increasing the burden of non-communicable
disease in the world-wide population (Popkin 2006; Smyth and Heron 2006).
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1.1 Obesity and the Control of Energy Balance

The tendency to store excess energy in adipose tissue as fat is multifactorial with
potential aetiologies at all biological levels i.e. genetic, physiological and socio-
logical. Although large scale associative genotyping studies have recently revealed
potential genetic contributors to an individual’s body fat setting or ‘adipostat’
(Frayling et al. 2007), clearly, obesity reflects a classic environmental genetic
interaction since if it were the case that genes entirely underpinned obesity then
obesity would have been as prevalent in the past as it is today, which is not true
(Keith et al. 2006). Much debate surrounds sociological aetiologies for obesity, such
as societal pressures, portion sizes and marketing strategies; however, ultimately
these relate to a desire to eat (appetite) balanced by sufficient activity to effectively
utilise that food energy. The relative contribution ascribed to either ‘overeating’ or
‘under-activity’ is also much debated. Empirically, overall energy intake as food and
drink has declined over the last 20 years (Food Standards Agency & Department of
Health 2004; National Food Survey 2007) assuming dietary underreporting was as
prevalent in 1974 as it is in 2007 (Bedard et al. 2004; Lissner 2002). Habitual physi-
cal activity, on the other hand, has clearly declined by a much greater extent than
food intake (Kimm et al. 2005; Sothern 2004; Swinburn and Egger 2004) given the
historical trends in obesity (Keith et al. 2006).

Obesity reflects a subtle loss of control of energy balance such that over time,
the excess energy is stored as fat. Potential mechanisms underpinning this subtle
‘loss of control’ are most likely multi-faceted and widely debated, and this brief
review shall concentrate on only two main areas; that of a role for the early envi-
ronment in ‘programming’ subtle alterations to appetite and/or physical activity
and the contributing role each may play in the much touted ‘obesity pandemic’.
While we may not be eating more energy per se the composition of what we now
eat is markedly different to the assumed paleolithic, hunter gatherer diet on which
our appetites and metabolic physiology evolved (Popkin 2006) and upon which we,
even as children, were much healthier (Prynne et al. 1999). Globally, the energy
density of our diet has increased: traditional African diets are ~450kJ - 100g™" as
compared to the average British diet (~670kJ - 100g™") or average fast-food outlet
(~1,100kJ - 100g™") (Prentice and Jebb 2003) and have become sweeter and more
refined, with more simple sugars and reduced fibre (Food Standards Agency &
Department of Health 2004). Total fat intake has decreased, but saturated and
artificial (e.g. trans) fats have increased (Food Standards Agency & Department
of Health 2004). These changes largely accompany urbanisation, greater wealth,
increased processed food and drink intake and decreased consumption of ‘raw’
foods; whole grains, fruit, vegetables (Popkin 2006). These subtle compositional
changes may ‘deceive’ ordinary regulatory processes: for example, a 70kg human
has ~18.3 kg stored energy, of which 66.5% (12kg), 32.8% (6kg) and 0.7% (0.3kg)
is fat, protein and carbohydrate, respectively. This equates to 139, 200 kcal assuming
oxidation of fat, protein and carbohydrate yields 9.3, 4.4 and 4.0kcal, respectively.
For total fat, daily intake relative to this ‘reserve’ is very small (35% of ~2,000 kcal
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= 700kcal, relative to ‘reserve’ of 92,568 kcal or ~0.1%) and therefore very slight
changes in the fat content of food maybe more difficult to effectively sense and
regulate. The modern diet is placing more emphasis on pancreatic functional capac-
ity (increased extrinsic sugars, glycaemic index of food) and exceptional dietary
regulation of intake within the context of greatly reduced need for overt physical
activity. Clearly over long periods of time i.e. years—decades, such an environment
facilitates a gradually increasing fat mass. Additionally, there is evidence that both
may be susceptible or ‘plastic’ to early life programming.

2 Developmental Programming of Energy
Intake and Energy Expenditure

The control of food intake through the appetite-regulatory networks in the hypothalamus
has been reviewed extensively (Kalra et al. 1999) and its susceptibility through
early life programming has also received much recent interest in the scientific
community (Langley-Evans et al. 2005; Cripps et al. 2005; Bouret and Simerly
2006; Horvath and Bruning 2006). The mouse and rat models from which much
of this work has originated has proved particularly useful in this respect due to the
neonatal susceptibility of these appetite-regulatory pathways i.e. an early environ-
ment stimulus, for example being exposed to under/overnutrition when raised in
large/small litters, respectively has long term consequences for food intake and food
preference (Oscai and McGarr 1978; Widdowson and McCance 1975; Widdowson
1970). More recently, it has been shown that both the genetically predetermined
hyperphagic and obese ob/ob mouse phenotype and dietary-induced obese and
lethargic rat phenotype (Vickers et al. 2000) may be reversed, very simply, through
neonatal exposure to leptin — the humoral ‘adipostat’ (Bouret and Simerly 2006;
Bouret et al. 2004; Vickers et al. 2005).

The equivalent developmental period for resetting of appetite networks in larger
animals such as humans and sheep occurs prenatally, during late gestation.
Interestingly, an enhanced nutritional plane at this time in sheep has recently been
shown to influence early appetite behaviour (Muhlhausler et al. 2006). Thus diverse
and non-specific nutritional inputs can influence an immature hypothalamic appe-
tite network to the detriment of the individual in later life i.e. they become more
susceptible to poor nutritional control. A key mediator of this effect is leptin and its
effects on hypothalamic reorganisation. This raises interesting questions about the
role of maternal body composition, lactational performance and leptin concentration
in milk (Lisboa et al. 2006; Miralles et al. 2006; Mostyn et al. 2006; Muhlhausler
et al. 2006; Savino et al. 2006) — cumulatively reflected in the infant as the rate of
neonatal leptin intake, which may therefore underpin many of the observed devel-
opmentally programmed effects on appetite and body composition in later life.

Interestingly, some of the main hypothalamic targets for leptin that have been
shown to influence appetite control also influence energy expenditure e.g. central
melanocortins (Balthasar et al. 2005). Indeed, when leptin is considered as a
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systemic mechanism to indicate sufficient energy ‘reserves’ for maintenance
of growth, reproduction and immune competence then it is hardly surprising
that excess energy initiates leptin-mediated hypophagia (Bouret et al. 2004) and
increased energy expenditure (Mark et al. 2003) as a means to restore somatic
energy balance. The central melanocortin pathways involving neurons co-expressing
neuropeptide Y (NPY) and agouti-related peptide (AgRP) appear to act as the fulcrum
balancing energy intake and expenditure (Balthasar et al. 2005). Indeed, alterations
to these pathways either through early life experience and/or an interaction with
the adult environment may produce a specific hypothalamic leptin resistance that
affects both energy intake and expenditure (Enriori et al. 2007). Such a mecha-
nism, coupled with the historical changes in food energy density and composition,
may explain why excess energy is gradually stored, over time, in developmentally
programmed individuals rather than sensed and regulated.

2.1 Programming of Physical Activity Level

While leptin appears to be the key humoral regulator of somatic ‘energy-sensing’,
overall energy regulation is through variations in physical activity induced energy
expenditure. On the whole energy expenditure drives energy intake rather than
vice versa. Historically, increased physical activity would by necessity accompany
periods of reduced energy intake (Chakravarthy and Booth 2004) and thus energy
reserves would become depleted. In this environment any subtle changes to appetite
networks were thus masked by continued feed-fast cycles. In modern life this is
not happening and the continuous availability of food together with little demand
for overt physical activity engenders an environment that encourages weight gain.
In this environment, for potentially ‘programmed’ individuals i.e. those bear-
ing hypothalamic imprints that reflect leptin resistance, excess weight gain will
occur at a greater rate, clinical obesity manifests earlier and premature mortality
beckons. Few studies have shown direct programming of energy expenditure. One
study associated severe maternal undernutrition with both increased food intake
and decreased habitual behavioural-related activity prior to maturity onset obesity
(Vickers et al. 2003), first suggesting potential programming of reduced energy
expenditure through reduced physical activity. Again, neonatal leptin treatment
successfully reversed the deleterious effects on energy expenditure (Vickers et al.
2005). We have shown that sheep made obese through restriction of physical activity and
increased availability of energy dense food (Williams et al. 2007) exhibit individual
variation in physical activity level, but the rank order of activity is maintained from
early into later life (Fig. 1) suggesting an individual ‘activitystat’. Such a proposal
is not new and was suggested earlier by Wilkin et al. based upon physical activity
in school children (Wilkin et al. 2006). Indeed, non-exercise activity thermogenesis
(NEAT) i.e. energy expenditure associated with ambulating but not overt physical
activity has been proposed to be individually fixed early in life, and to potentially
account for up to 15kg extra fat mass per year between individuals with low or
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high NEAT (Levine et al. 2005). Clearly, therefore, successful balance of somatic
energy transfer relies upon a threshold level of energy expenditure through physical
activity. This is exemplified in studies in which overweight individuals engaged in
low-moderate physical activity that was not sufficient for them to lose weight, but
drastically improved their insulin resistance and presumably long-term morbidity
(Nassis et al. 2005; Denton et al. 2004). How does low-moderate physical activity
exert such important effects on energy balance?

3 Energy Balance and Skeletal Muscle Metabolism

Skeletal muscle gives postural support, enables locomotion and is an important site
for turnover of the carbon skeletons of amino acids, fatty acids and carbohydrates.
Skeletal muscle therefore represents a key organ for intermediary metabolism;
indeed, it accounts for about 40% of body mass, 20% of energy expenditure but
70-80% of insulin dependent glucose uptake (via glucose transporter 4 [GLUT4])
(Olefsky 1999). Skeletal muscle is comprised, basically, of primary and second-
ary fibres which, more importantly, may be subdivided into oxidative (i.e. support
resting substrate level oxidation of primarily fatty acids and some glycogen) or
glycolytic (i.e. primarily utilise locally stored glycogen for substrate-level oxidation).
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Fig. 1 Data for 24h physical activity (accelerometry units) in all offspring were ranked after
recording at 6 and 12 months of age. The slope of the correlation (with 95% CI) was statistically
significant (r = 0.52; P = 0.002)
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Primary fibre number appears unresponsive to environmental insults such as a
poor prenatal diet i.e. they are largely genetically determined (Maltin et al. 2001;
Fahey et al. 2005), but secondary fibres do appear susceptible (Daniel et al. 2007;
Zhu et al. 2006; Mallinson et al. 2007). More importantly perhaps is that a prenatal
limitation on the amount and activity of oxidative fibres has the potential to impact
quite substantially on intermediary metabolism in adult life. For example, oxida-
tive fibres express greater GLUT4 relative to glycolytic fibres (Duehlmeier et al.
2007; Daugaard et al. 2000), contain more mitochondria and subsequently more 3
oxidative enzymes such as carnitine parmitoyltransferase (CPT-1) (Zhu et al. 2006)
and acetyl-CoA carboxylase, (ACC). Although muscle fibre number and type are
fixed at birth (Maltin et al. 2001) subtle shifts in muscle oxidative capacity can be
induced through activation of peroxisome proliferator activated receptor (PPAR)
gamma coactivator alpha (PGC-1a) and beta (PGC-1PB) (Arany et al. 2007) and
adenosine monophosphate (AMP) activated protein kinase (AMPK) (Hardie et al.
2006) in response to physical activity.

Prenatal programming of skeletal muscle metabolism, physical activity and
potentially even “intramuscular energy sensing” could have a significant influence
on the predisposition to the facets of the metabolic syndrome induced by the in
utero nutritional milieu. For example, a reduced overall capacity for fatty acid
oxidation may pre-empt intramyocellular (ectopic) fatty acid deposition which
has been implicated in the pathophysiology of Type 2 Diabetes (T2D; Roden
2005). Furthermore, (Wisloff et al. 2005) demonstrated a clear correlation between
prenatally determined skeletal muscle oxidative capacity and cardiovascular health.
Prenatal nutrient restriction has been shown to increase intracellular fatty acid depo-
sition in the adult offspring of sheep (Zhu et al. 2006) and alter intracellular insulin
signalling (Ozanne et al. 2005). Of course, with sufficient exercise-induced muscle
contraction however, then such metabolic dysregulation is avoided by the activation
of PGC-1a, PGC-1B (Hood et al. 2006; Mortensen et al. 2006) and AMPK (Hardie
et al. 2006), leading to improvements in blood glucose clearance, glycogen produc-
tion and fatty acid oxidation via mitochondrial biogenesis and increased expression
of B-oxidative enzymes. Indeed over-expression of skeletal muscle specific PGC-1
confers resistance to T2D (Arany et al. 2007). As Chakravarthy and Booth hypoth-
esised, low-moderate physical activity (or alternatively, the physiological recruit-
ment of oxidative skeletal muscle fibres) appears to act as the gating mechanism for
control of resting metabolism (Chakravarthy and Booth 2004).

4 Conclusion

Any early developmentally-induced compromise in the control of resting metabolism,
either through deficits in oxidative fibre number or intramuscular energy sensing and
handling could provide the initial trigger for increased susceptibility to the range of
adverse symptoms that we associate with the metabolic syndrome; all that appears
required to prevent these pathophysiological sequalae is regular low-moderate intensity
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exercise, irrespective of any reduction in bodyweight (Nassis et al. 2005; Denton
et al. 2004). Perhaps the one easy, effective and economic health promotion initiative
or intervention to be considered is prescription of exercise programs to overweight
individuals and for those that have been a priori identified at particular risk i.e. the
‘developmentally programmed’, low birth weight-early growth acceleration infants.
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Nutrient—-Gene Interactions in Early Life
Programming: Leptin in Breast Milk
Prevents Obesity Later on in Life

Andreu Palou, Juana Sanchez, and Catalina Picé

Abstract Breast milk is practically the only food eaten during the first months of
life in fully breastfed infants and it is assumed to match the nutritional needs during
these first months of postnatal life. Breastfeeding compared with infant formula
feeding confers protection against several metabolic and physiological changes
later on in life and, particularly, against obesity and related medical complications.
Recent data from our laboratory, identifying leptin as the first specific compound
responsible for these beneficial effects, are reviewed and discussed.

Keywords Breastfeeding * obesity * leptin

Abbreviations BMI: body mass index; CCK: cholecystokinin; HF: high-fat diet;
NF: normal fat diet; OB-Rb: leptin receptor; NPY: neuropeptide Y; POMC:
pro-opiomelanocortin; SOCS-3: suppressor of cytokine signaling 3

1 Introduction

The basis of our health, well-being and longevity is much related to the biochemical
diversity of the foods we eat. In particular, early life feeding may strongly influence
later health outcomes (Barker et al. 2002; Novak 2002). Epidemiological studies
over the past 20 years have shown how changes in maternal food intake during fetal
growth and feeding during early postnatal development affect susceptibility to cardio-
vascular disease, obesity, type II diabetes, osteoporosis and other problems and patterns
in adult life (e.g. Ong and Dunger 2004; Remacle et al. 2004; Novak et al. 2006;
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Valsamakis et al. 2006). As deduced from animal or in vitro studies, differences are
caused by the interaction of food components or other environmental factors with
our chromosomes allowing the imprinting of metabolic schemes in individuals
(epigenetics) that may confer a different susceptibility to alterations later on in life
(Levin 2000).

Breast milk is practically the only food eaten during the first months of life in
fully breastfed infants and, compared with artificial infant formula milk, it confers
protection against several metabolic and physiological changes later on in life (von
Kries et al. 1999; Gillman et al. 2001; Armstrong and Reilly 2002; Harder et al.
2005). Human milk provided by healthy mothers is believed to cover the infant’s
nutrient requirements during the first half year of life or more. It is a mixture of
biomolecules, some of them having been traditionally recognized as nutrients,
together with others — such as leptin — for which a function has still to be deter-
mined. Bioactive components in milk may have relevant physiological effects in the
neonate infant that could be apparent both in the short- and medium-term as well as
later on in life and in ageing. Human milk composition has a dynamic nature and
varies with time during postpartum: it can be affected by the mother’s diet, various
diseases and other environmental factors, while the changes of milk composition
with duration of lactation is assumed to match the changing needs of the growing
infant over time (Kunz et al. 1999). In particular, milk is a source of individual
peptides and proteins that potentially may benefit the breastfeeding infant either in
the short-term or later on. Nowadays a key challenge in research is to progressively
unveil the nexus between milk components and health/disease outcomes later in
life, including the identification of the involved bioactive components and their
mechanisms of action. Early identification may be the way to prevent, for example,
the formation of permanent neural connections that promote and perpetuate obesity
in individuals (Levin 2000). Questions such as the optimal range of levels of these
compounds in artificial infant formula, or how they could be optimized in breast
milk by encouraging appropriate diets and/or life style conditions for mothers,
appear as paramount importance.

Studies developed in recent years in our laboratory have allowed us to discover
a novel function for one of these proteins that is naturally present in human breast
milk and not in infant formula. This protein is leptin, a new function of which during
lactation is to confer protection against the later development of overweight and
other associated medical complications.

2 Previously Known Functions of Leptin

The cloning of the gene that codifies for leptin (Zhang et al. 1994) opened a new
window to understanding the system that controls body weight in mammals. Leptin
is a hormone primarily produced and secreted by the adipose tissue, and its circu-
lating levels correlate with the size of fat stores (Maffei et al. 1995; Ostlund et al.
1996). Leptin signals nutritional status and energy storage levels to feeding centers
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in the hypothalamus and other central areas, through its action on the expression
and release of orexigenic and anorexigenic neuropeptides, including, respectively,
neuropeptide Y (NPY) and pro-opiomelanocortin (POMC). In the arcuate nucleus,
NPY and POMC neurons express the long form of leptin receptor (OB-Rb), which
is functionally coupled to the Janus kinase-signal transducer and activator of tran-
scription intracellular signaling cascade and produces an endogenous inhibitor
(suppressor of cytokine signaling 3, SOCS-3) upon activation. This action prompts
appropriate regulation of food intake and energy expenditure processes and,
provided the system works well, helps our body to maintain the amount of fat
stores within a certain range (Zhang et al. 1994; Ahima and Flier 2000). However,
the vast majority of obese people appear to be resistant to the action of leptin. In
fact, the administration of this hormone, while proven to be effective in reducing fat
and normalizing metabolic disorders in leptin-deficient mice and humans, has not
proven to be effective in most cases of obesity (Halaas et al. 1995; Pelleymounter
et al. 1995; Farooqi et al. 1999).

3 Food Related Metabolic Programming

It is clear that mammalian development occurs in more or less defined stages.
Human epidemiology suggests that specific nutrients, food intake patterns, and in
general physiologic and metabolic alterations during prenatal and early postnatal
development can affect susceptibility to various adult-onset chronic diseases,
including obesity, cardiovascular disease, type-II diabetes, and hypertension (see
Ong and Dunger 2004; Remacle et al. 2004; Novak et al. 2006; Valsamakis et al.
2006). Thus, the term metabolic imprinting describes the processes whereby cells
have a biological memory for external influences that can be passed on to daugh-
ter cells (Waterland and Garza 1999). It involves the concept (Lucas 2000) that a
stimulus or insult operating at a critical or sensitive period of development (the
specific window of sensitivity) could result in a long-standing or life-long effect on
the structure or function of the organism.

Metabolic imprinting on neural circuits and related processes involved in energy
homeostasis during the perinatal period that can alter neuronal development may
play an important role in setting the future patterns of body weight and fat gain in
susceptible individuals (Levin 2000; Park 2005). Epigenetics refers to these stable
alterations in gene expression that do not involve mutations of the DNA itself
while conferring stable maintenance of a particular gene expression pattern through
mitotic cell division (Holliday and Pugh 1975). Because the pattern of DNA meth-
ylation is both stable and heritable, it has been considered that methylation is the
main epigenetic basis for imprinting, and good evidence supports this connection
(see Jirtle and Weidman 2007). Histone proteins also contribute and it has been
suggested that DNA methylation is connected mechanically to histone modification
(Jirtle and Weidman 2007).
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According to Waterland and Garza (Waterland and Garza 1999), metabolic
imprinting encompasses adaptive responses to specific nutritional conditions early
in life that are characterized by (1) susceptibility limited to a critical ontogenic
period early in development (the critical window), (2) a persistent effect lasting
into adulthood, (3) a specific and measurable outcome, and (4) a dose—response
relationship between exposure and outcome.

Therefore, as subtle environmental influences during specific ontogenic periods
can cause stable alterations in mammalian epigenotype, early intervention in
mothers and infants may be the way to prevent the formation of persistent neural
connections that promote and perpetuate obesity in predisposed individuals.
However, our knowledge of the biology underlying metabolic imprinting or
programming is fairly limited.

4 The Role of Leptin in Breast Milk

Leptin is produced by mammary epithelium (Smith-Kirwin et al. 1998) and is
naturally present in breast milk (Casabiell et al. 1997; Houseknecht et al. 1997).
Leptin concentrations in human milk vary significantly between people, and there
is a positive correlation between leptin concentration in milk and maternal plasma
leptin levels and adiposity (Houseknecht et al. 1997; Uysal et al. 2002; Miralles
et al. 2006). Thus, breastfed infants nursed by mothers with significant adiposity
may be exposed to higher amounts of leptin than infants nursed by lean mothers,
and much higher than those fed with infant formulas, which do not have leptin as
an ingredient (O’Connor et al. 2003).

4.1 Benefits of Breastfeeding Compared with Infant
Formula Feeding: Could Any Specific
Component Be Responsible?

There is increasing epidemiological evidence suggesting that breastfeeding
compared with infant formula confers protection against obesity later in life (von
Kries et al. 1999; Gillman et al. 2001; Armstrong and Reilly 2002; Harder et al. 2005).
In addition, a meta-analysis of the existing studies on duration of breastfeeding and
risk of overweight (Harder et al. 2005) strongly supports a dose-dependent associa-
tion between longer duration of breastfeeding and decrease in risk of overweight.
However causality has never been related to any specific compound of breast milk.

Bearing in mind that leptin is naturally present in human breast milk (Casabiell
et al. 1997; Houseknecht et al. 1997) but is not present in infant formula (O’Connor
et al. 2003), and our previous findings that, in neonate rats, orally taken leptin can
be absorbed by the immature stomach and inhibits food intake (Oliver et al. 2002;
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Sanchez et al. 2005), we suggested the hypothesis that programming by an early
leptin-deficient diet may be a mechanism that links early nutrition with later obesity.

4.2 A Possible Physiological Role of Oral
Leptin During Lactation

Although leptin is mainly produced by the adipose tissue, this hormone is also
produced by other tissues, such as stomach (Bado et al. 1998; Cinti et al. 2000,
2001), placenta (Masuzaki et al. 1997), skeletal muscle (Wang et al. 1998), and
mammary epithelium (Smith-Kirwin et al. 1998) and it is naturally present in
maternal milk (Casabiell et al. 1997; Houseknecht et al. 1997). While leptin pro-
duced by the adipose tissue is known to play a main role in the chronic control of
energy balance, the role of leptin produced by the stomach is less known and has
been related to the short-term control of food intake, acting as a satiety signal (Cinti
et al. 2001; Pico et al. 2003). There is evidence indicating that feeding stimulates
the secretion of leptin by the stomach in humans (Cinti et al. 2000, 2001) and in rats
(Bado et al. 1998; Pico et al. 2002), and pepsinogen secretagogues such as chole-
cystokinin (CCK), gastrin or secretin also induce gastric leptin release in rats (Bado
et al. 1998). Leptin receptors are present in the human stomach (Breidert et al.
1999) and in the mouse gastrointestinal tract (Morton et al. 1998), and additionally
leptin is capable of direct acute activation of vagal afferent neurons that originate in
the gastric and intestinal walls and terminate in the nucleus tractus solitarius (Yuan
et al. 1999), providing rapid information to the brain.

Interestingly, in human subjects, it has been shown that leptin is released in
response to food intake (Cinti et al. 2000): one of the patients in this study, who
did not follow the required fasting for endoscopy, had much lower immunostaining
for leptin in the gastric cells compared with individuals who had fasted overnight.
In rats, gastric leptin is also mobilized in response to food intake (Bado et al. 1998;
Pico et al. 2002). A short food intake stimulus (20min of refeeding) following
fasting is capable of practically emptying the leptin stores from within the stomach
mucosa (Pico et al. 2002).

Given the unknown properties of gastric leptin, the fact that this hormone is
sensitive to the nutritional state, being rapidly mobilized in response to food intake
following fasting or after the administration of satiety factors, suggests a role for
this protein in the short-term regulation of feeding. On the other hand, no previous
insights on potential effects of leptin in the long-term were available.

However, it was reported that leptin supplied by milk, or leptin supplied as a water
solution, can be absorbed by the immature stomach of suckling rats (Casabiell et al.
1997; Oliver et al. 2002; Sanchez et al. 2005) and be transferred to the bloodstream
(Casabiell et al. 1997; Sanchez et al. 2005), suggesting that maternal milk leptin
may play a regulatory role during development. We evaluated the effects of the
administration of an acute oral dose of leptin on food intake in neonatal rats as well
as the prolonged effects of the chronic administration of a daily oral dose of leptin,
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close to physiological levels, during the suckling period on the gastric leptin system
and energy balance, to determine the importance of leptin supplied by maternal
milk during lactation (Sanchez et al. 2005). Leptin supplied from maternal milk
appeared to be the main source of leptin in the stomach during the suckling period,
particularly during the first half of this period, in which gastric leptin production is
kept low (Oliver et al. 2002). This exogenous leptin could exert biological effects in
neonates at a time in which both the adipose tissue and appetite regulatory systems
are immature (Yuan et al. 1999). Of interest, the administration of physiological
oral doses of leptin during the suckling period was shown to inhibit food intake, but
without affecting body weight gain during this period (Sanchez et al. 2005). It was
concluded that leptin exerts important effects in a physiologically regulated manner
during early postnatal life, in the neonatal control of energy balance and possibly
in other functions during development (Sanchez et al. 2005).

4.3 Evidence for a Protective Effect of Oral Leptin
During Lactation on Later Obesity

Because of (i) epidemiological evidence suggesting that breastfeeding compared
with infant formula provides protection against obesity later in life (Armstrong and
Reilly 2002), and (ii) bearing in mind that leptin is naturally present in the human
breast milk (Casabiell et al. 1997) but not present in infant formula (O’Connor et al.
2003), and (iii) our previous findings showing that orally taken leptin by neonate
rats can be absorbed by the immature stomach and inhibits food intake (Sanchez
et al. 2005), we suggested the hypothesis that leptin could be the specific
compound (or at least one of them) responsible of the beneficial effects of breast
milk in providing protection against later obesity.

To test this hypothesis, we performed a study in rats to evaluate whether
supplementation with physiological doses of oral leptin during lactation could
have long-term effects on body weight regulation (Pico et al. 2007). Thus, a daily
oral dose of leptin (equivalent to five times the amount of leptin ingested normally
from maternal milk during the suckling period) or just the vehicle was given to
suckling male rats during lactation, and animals were fed after weaning with a
normal fat (NF) or a high-fat (HF) diet until the age of 6 months. Results showed
that leptin-treated animals had, in adulthood, lower body weight and fat content
and ate fewer calories than their untreated controls, under both NF and HF diets.
Unlike adipocitary leptin production, adult animals that were leptin-treated dur-
ing lactation displayed higher gastric leptin production and secretion, without
changes in OB-Rb mRNA levels, suggesting that short-term control of food intake
mediated by gastric leptin was more active in leptin-treated animals, and this
could be partially responsible for their lower food intake. At the hypothalamic level,
differences in neuropeptide expression — particularly in the main neuropeptides
involved in the anorexigenic action of leptin, NPY, with orexigenic activity, and
POMC, with anorexigenic activity — could also contribute to explain the lower food
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intake in leptin-treated rats, compared with their untreated controls. In particular,
in response to HF diet, we found that leptin-treated animals (contrary to controls)
showed lower hypothalamic NPY/POMC mRNA ratio. Of note, hypothalamic OB-Rb
mRNA levels decreased in control animals as an effect of HF diet feeding but remained
unchanged in leptin-treated animals, probably reflecting the higher resistance to
obesity development of leptin-treated animals. In addition, SOCS-3 mRNA levels
were lower in leptin-treated animals than in their controls, both under normal or HF
diet. Bearing in mind that SOCS-3 is a leptin-inducible inhibitor of leptin signal-
ing and a potential mediator of leptin resistance in obesity (Bjorbaek et al. 1998),
the reduction of its expression in leptin-treated animals might be enough to both
increase leptin action and to attenuate sensitivity to diet-induced obesity.

The overall conclusion was that animals that received leptin during lactation
became more protected against fat accumulation in adult life and seemed to be
more sensitive to the short- and long-term regulation of food intake by leptin (Pico
et al. 2007). Thus, leptin plays an important role in the earlier stages of neonatal
life, as a component of breast milk, in the prevention of later obesity. Others studies
have confirmed these results under different food and long term conditions.

4.4 Evidence in Humans

To obtain some evidence in humans, a group of 28 non-obese women (BMI between
16.3 and 27.3kg/m?) who breastfed their infants for at least 6 months and their infants
were studied (Miralles et al. 2006). We found that, during the whole lactation period,
milk leptin concentration correlated positively with maternal plasma leptin concen-
tration and with maternal BMI. In addition, milk leptin concentration at 1 month of
lactation was negatively correlated with infant BMI at 18 and 24 months of age. A
better negative correlation was also found between log milk leptin concentration at 1
and at 3 months of lactation and infant BMI from 12 to 24 months of age. We con-
cluded that, at least in non-obese mothers, infant body weight during the first 2 years
may be influenced by milk leptin concentration during the first stages of lactation.
Thus, moderate milk-borne maternal leptin appears to provide moderate protection to
infants from an excess of weight gain (Miralles et al. 2006).

5 Conclusions

All in all, the results obtained in non-obese mothers and their infants (Miralles et al.
2006) together with those showing the mechanistic evidence obtained in rats (Pico
et al. 2007) suggest that milk leptin is an important factor that could explain, at least
partially, the increased risk of obesity of formula-fed infants with respect to breast-
fed infants as found in epidemiologic studies. It also opens a new area of research
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on both the use of leptin in the design of more appropriate infant formula as well as
the research on different factors that control leptin levels in maternal milk.
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Early Nutrition and Later Obesity: Animal
Models Provide Insights into Mechanisms

Cornelia C. Metges

Abstract Epidemiological evidence suggests that in utero as well as early postnatal
life exposure to an imbalanced nutrition are both related to a greater propensity to
become obese in later life. Rodent and sheep models of metabolic programming
of obesity by early life nutrition include maternal low and high dietary protein
and energy or food intake as well as high fat diets. Maternal nutritional imbalance
during pregnancy and/or lactation programs energy expenditure, food intake and
physical activity in the offspring. Underlying mechanisms of altered energy balance
in programmed offspring are associated with disturbances of ontogeny of hypotha-
lamic feeding circuits, leptin and glucocorticoid action which have long-lasting
effects on food intake, energy expenditure and fat tissue metabolism.

Keywords Metabolic programming * obesity ¢ animal model ¢ leptin * glucocorticoids

Abbreviations ARH: hypothalamic arcuate nucleus; 118HSD1: 118-hydroxy-
steroid dehydrogenase type 1; MLP: maternal low protein; mRNA: messenger
RNA; GR: glucocorticoid receptor; UN: undernutrition

1 Introduction

It is now increasingly recognized that in utero as well as early postnatal life
exposure to an imbalanced nutrition are both related to a greater propensity to
become obese in later life. Babies small at birth showing high catch-up growth
rates have a higher risk of becoming obese in later life (Okosun et al. 2000; Ong
2006). Catch-up growth in early infancy is associated with a high intake of energy
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and macronutrients via formula feeding during the first weeks of life (Owen et al.
2005; Stettler et al. 2005; Kensara et al. 2007). In addition, babies born to obese
mothers or mothers with gestational diabetes are more likely to be large for ges-
tational age and become obese later in life (Dorner and Plagemann 1994; Levin
and Govek 1998; Boney et al. 2005).

These observations are in keeping with the ‘predictive adaptive response’
hypothesis (Gluckman and Hanson 2004), an extension of the Hales ‘thrifty phenotype’
hypothesis (Hales and Barker 1992). According to this, an inadequate in utero
nutritional environment is signalled to the fetus by maternal/placental circulating
hormones or metabolites to which the fetal organism adapts, thereby predicting
the postnatal nutritional plane in order to maximise the chances of survival. If the
nutritional environment after birth is similarly poor, the in utero adjustment con-
fers an advantage. When exposed to affluent nutritional conditions the degree
of mismatch between the pre- and postnatal environments is a determinant of
subsequent disorder.

It is unclear to what extent the world’s obesity epidemic can be explained by
its developmental origin (Keith et al. 2006). Due to its public health relevance it is
important, however, to understand the mechanisms underlying the early life origin
of obesity.

2 Animal Models

Although animal studies have provided insights into mechanisms of the association
between maternal nutritional imbalance during pregnancy and lactation and off-
spring obesity, there are limitations of these models for the situation in the human
species. Due to their short lifespan and moderate housing requirements rodents
have been frequently used to model some of the epidemiological observations
and conditions in humans. However, although both human and rat offspring are
born helpless, the largest limitation of the rodent model lies in the difference of
timing in CNS development (Clancy et al. 2001). In regard to brain development
the approximate equivalent of a human neonate is a rat pup at age 12-13 days
(reviewed in Watson et al. 2006). In contrast to humans, the CNS is relatively
mature at birth in the guinea pig and ungulates (Watson et al. 2006). Another
recognized animal model is the sheep in which effects of maternal global under-
and overnutrition on health consequences have been determined (Wallace et al.
2004; Symonds et al. 2004; Metges and Hammon 2005). The sheep, in contrast
to rodents, resembles human pregnancies which are singleton or twin in that there
are large similarities in the endocrine environment in the periparturient period
and the ontogeny of fetal adipose deposition (Symonds et al. 2003, 2004). Due
to their size, experimental handling and blood sampling are easier in sheep than
in rodents but their longer lifespan protracts the exploration of long-term health
consequences of early nutrition.
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2.1 Metabolic Programming of Obesity by Early Life
Nutrition in Animal Models

It is interesting to note that a frequently used rodent maternal low protein (MLP)
model (50% of control dietary protein) known to cause fetal growth retarda-
tion (Langley-Evans 2000) does not always result in low birth weight offspring
(Bellinger et al. 2006). Only very few studies report obesity and catch-up growth
in the offspring which seems to, however, always require postnatal overnutrition
(Ozanne and Hales 2004; Petry et al. 1997). Mice and rat offspring only exposed
to a MLP diet in utero do not become obese (Bellinger et al. 2006). Reasons for
different results among protein-restriction studies are likely related to differ-
ences in animal genotype, dietary composition, and the ontogenetic time window
of nutritional insult (Langley-Evans 2000; Armitage et al. 2004; Cherala et al.
2006). In the sheep, consequences for adipose tissue deposition are dependent
on the timing of maternal nutrient restriction during pregnancy (Symonds et al.
2004). Maternal undernutrition (UN) models characterized by reduction of ad
libitum intake during pregnancy (30-70%), result in fetal growth retardation but
not always in increased body weight or adiposity (Anguita et al. 1993; Vickers
et al. 2000; Ozaki et al. 2001). Hypercaloric nutrition of offspring born to under-
nourished mothers post-weaning amplifies or is necessary for the development of
adiposity (Vickers et al. 2000, 2003).

Intuitively one associates poor nutrition with a diet restricted in a specific
component, such as protein, or energy. However, poor nutrition today can also
be high-sugar and -fat diets or general overeating. In addition, due to the high
contribution of meat and dairy products, protein intakes above requirements are
also widespread and high protein diets are increasingly used to combat obesity or
maintain reduced body weight (Westerterp-Plantenga 2003). Recently, maternal
dietary protein intake was reported to be inversely related to birth weight and
ponderal index (Andreasyan et al. 2007). We and others have shown earlier that
a prenatal exposure to a maternal high protein diet increased body fat by about
20-40% in adolescent and adult rats (Daenzer et al. 2002; Thone-Reineke et al.
2006). Increased energy intake in rodents can be caused by a higher dietary energy
density usually due to a higher fat content either in a complete diet or in a cafeteria
style diet designed to be highly palatable by the addition of sweet cream, cheese
or chocolate bars to stimulate food intake (Vickers et al. 2000; Petry et al. 1997,
Bayol et al. 2005). Rat offspring of mothers fed a high-fat diet during pregnancy
have greater adiposity (Buckley et al. 2005b; Khan et al. 2003; Armitage et al.
2005). Feeding a cafeteria diet to pregnant and lactating rat dams resulted in
markedly increased offspring adiposity at weaning (Bayol et al. 2005). In a model
of obesity and glucose intolerance caused by hyperphagia (the gold thioglucose
injected mouse) metabolic abnormalities are transferred to the next generation
producing offspring which are also obese and glucose intolerant by 3 months of
age (Buckley et al. 2005a).
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3 Mechanisms

As indicated above there are differences between the maternal nutritional protocols
causing imbalanced in utero or early postnatal nutrient supply associated with
offspring adiposity. Thus, although tempting it is difficult to identify a common
master regulator of programming effects in response to a variety of nutritional
insults. Obesity is an energy balance problem and occurs when energy intake is too
high in relation to energy output. Thus, one would expect alterations in components
of energy balance such as energy expenditure/thermogenesis, food/energy intake,
and locomotor activity in the programmed offspring. Among the several metabolic
regulators underlying these components in the offspring, a closer look is given to
the role of leptin and glucocorticoids.

3.1 Energy Expenditure, Food Intake, Physical Activity

To date there is only limited direct experimental evidence that there may be
programming of components of energy balance in the offspring of mothers fed
imbalanced diets during pregnancy. We observed reduced energy expenditure in
9 week old rat offspring prenatally exposed to a maternal high-protein diet which
was associated with a higher body fat content (Daenzer et al. 2002). In mice
offspring from undernourished (70% ad libitum intake) mothers, body fat was
higher than in controls and energy expenditure was also reduced (Yura et al. 2005).
Since energy expenditure measurements were not corrected for energy spent dur-
ing physical activity in these reports, it remains to be elucidated if these reductions
were due to decreased thermogenesis or physical activity level or both.

Food intake was reported to be programmed by either severe maternal UN or
protein restriction during pregnancy (Vickers et al. 2000; Bellinger et al. 2006). In
the study of Vickers and colleagues, increased food intake coincided with reduced
physical activity and higher body fat, which resembles the so-called ‘couch-potato’
phenotype. Reduced locomotor activity in offspring during peripubertal and adult
age was reported in a rat model of severe maternal UN during pregnancy and fed
a hypercaloric diet after weaning (Vickers et al. 2003). Male offspring of pregnant
rats restricted in dietary protein were less active than control animals which seemed
to have no relation with body adiposity (Bellinger et al. 2006). Also in a rat model
with a high intake of saturated fat during pregnancy a lower level of offspring
locomotor activity was observed (Khan et al. 2003).

3.2 Leptin

Established obesity is characterized by high plasma concentrations of the adipocyte
derived leptin reflecting the high body fat mass. Leptin is also produced in the placenta
during pregnancy which is suspected to contribute to the increasing circulating levels
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(Ashworth et al. 2000). Leptin increases energy expenditure, and modulates appetite
by inhibition of hypothalamic arcuate nucleus (ARH) neurons producing neuro-
peptide Y and agouti-related peptide through the leptin receptor. In obese individuals,
sustained elevated leptin levels are thought to cause selective leptin resistance at the
hypothalamic level and thus leptin’s anorectic action is blunted.

In rodents leptin levels are very low at birth but show a surge in release toward
the end of the second postnatal week (Grove and Cowley 2005). The neonatal leptin
surge occurs at a time when the ARH circuits are immature, and leptin is required
for normal development of ARH pathways and later functioning of hypothalamic
circuits that control feeding and energy expenditure (and thus adiposity). Mice
neonates with fetal UN showed a premature onset of the neonatal leptin surge.
A premature leptin surge generated by exogenous leptin administration in control
offspring led to an accelerated weight gain with a high fat diet (Yura et al. 2005).
However, injecting leptin into neonatal rat offspring of undernourished mothers
prevents hyperphagia, and excessive body weight and fat mass gain (Vickers et al.
2005). These findings suggest that there is a role for leptin in hypothalamic
programming of energy homeostasis. Thus, alterations of leptin levels during
pre- to early postnatal key periods of hypothalamic development may programme
selective leptin resistance and induce long-lasting effects on metabolism including
an increased susceptibility to a postnatal obesogenic diet.

In contrast to neonatal rodents, less is known about the role of leptin in establish-
ing hypothalamic feeding circuits in human babies. Serum leptin concentrations are
high at birth but fall during the first days of life (Sarandakou et al. 2000). Small for
gestational age newborns known to be at risk for becoming obese in later life had
lower levels of cord leptin (Ong et al. 2000; Ong 2006). This suggests that leptin is
also involved in the programming of energy balance in humans but it is important
to consider species-related differences in development.

3.3 Glucocorticoids

Obesity is associated with increased cortisol production rate and increased
118-hydroxy-steroid dehydrogenase type 1 (118HSD1) mRNA and activity in adi-
pose tissue while 113-HSD1 knockout mice are protected from obesity (reviewed
in Walker 2007). Increased visceral adipose tissue glucocorticoid receptor (GR)
concentration and local reactivation of cortisone to the active cortisol driven by
1168-HSD1 plays a role in the pathophysiology of obesity. The biological activity
of glucocorticoids is further determined by 11B-hydroxy-steroid dehydrogenase
type 2 (11BHSD2) which inactivates active cortisol. Several lines of evidence suggest
that glucocorticoids are implicated in the control of growth and the allocation of
nutrients and energy in early life. Over the first 6 months of postnatal life GR and
118HSD1 mRNA abundance were positively related to adipose tissue weight in
sheep (Gnanalingham et al. 2005). Rat overfeeding in the early postnatal period
increased adipose tissue GR and 11BHSD1 mRNA in adulthood (Boullo-Ciocca
et al. 2005). In the MLP rat model a decreased placental 118HSD2 mRNA expression
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and activity was demonstrated implicating a cortisol overexposure of the fetus
(Bertram et al. 2001; Stocker et al. 2004). When these pregnant rats were treated
with leptin during the last trimester, placental 113HSD?2 activity was unchanged and
this was associated with less susceptibility to weight gain in the low birth weight rat
offspring (Stocker et al. 2004). Maternal UN between early to mid gestation resulted
in enhanced adipose tissue in neonatal sheep (Symonds et al. 2004), and was related
to up-regulation of 118HSD1 and GR mRNA and a down-regulation of 113HSD2
in fetal peri-renal adipose tissue and at 6 months postnatal age (Gnanalingham et al.
2005). Further, chronic leptin injection reduces plasma cortisol levels and 118HSD2
mRNA but increases 11BHSD1 and GR mRNA in sheep brown adipose tissue at
7 days postnatal age (Gnanalingham et al. 2005).

4 Conclusions

Many of the nutritional regimens used to model early life developmental program-
ming of disease and obesity in rodent models are rather severe (e.g. Vickers et al.
2000). Nevertheless these models are useful to exhibit general principle mechanisms
which might be partly active in humans. In conclusion, maternal imbalanced nutrition
during pregnancy programmes systemic and adipose tissue glucocorticoid metabo-
lism in the offspring by alteration of GR, 118HSDI1 and 118HSD2 abundance and
activity which may be modulated by leptin, suggesting a role in adipocyte metabo-
lism and/or energy balance. Alterations of leptin levels during pre- and early postnatal
key periods of hypothalamic development may programme selective leptin resistance
and induce long-lasting metabolic effects. Variation of other determinant and possibly
interacting factors such as ghrelin, insulin, triiodthyronin or uncoupling proteins may
also be associated with nutritional programming of energy balance and obesity but
which factor is cause and which effect is not, as yet, well understood.
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Tissue Specific Adaptations to Nutrient Supply:
More than Just Epigenetics?

Michael E. Symonds, Terence Stephenson, David S. Gardner,
and Helen Budge

Abstract Changes in the maternal diet either throughout pregnancy, or at defined
stages therein, can have pronounced effects on organogenesis in conjunction with
endocrine sensitivity. These processes can be brought about by either maternal
consumption of an imbalanced diet and/or a global reduction in macro or micro-
nutrient intake. The magnitude of adaptation in the fetus or offspring is dependent
on which organ is most rapidly growing and developing at that particular stage
of the life cycle. For a majority of organs, the period of developmental plasticity
extends beyond the fetal period, continuing through lactation and into the juvenile
period. During lactation, enhanced growth of the offspring appears to be a primary
determinant of the magnitude of adverse cardiovascular outcome. Consequently, a
change in organ development during pregnancy may not necessarily equate with
compromised function in later life. In the kidney, for example, adaptations in its
endocrine sensitivity to maternal nutrient restriction through fetal development can
be protective against the adverse consequences of later obesity. Such adaptations
do not simply represent epigenetic modifications but a plethora of responses that,
taken together, can prevent, or delay, at least in the kidney, the onset of apoptosis
and later glomerulosclerosis.

Keywords Blood pressure ¢ glucocorticoid receptor * kidney ¢ obesity

Abbreviations AT : angiotensin-II receptor; GR: glucocorticoid receptor;
IGF-I: insulin-like growth factor I, TNF: tumour necrosis factor; 11BHSD:
11B-hydroxysteroid dehydrogenase

M.E. Symonds (D<), T. Stephenson, D.S. Gardner, and H. Budge
Centre for Reproduction and Early Life, Institute of Clinical Research,
University Hospital, Nottingham, NG7 2UH, UK

Michael.Symonds @nottingham.ac.uk

B. Koletzko et al. (eds.), Early Nutrition Programming and Health 113
Outcomes in Later Life: Obesity and Beyond,
© Springer Science + Business Media B.V. 2009



114 M.E. Symonds et al.

1 Introduction — Epigenetics and Development

Recent studies have indicated that pronounced changes in the maternal diet through-
out pregnancy may be accompanied by epigenetic changes in the offspring
(Waterland and Jirtle 2003), thereby providing one explanation for the long term
nutritional programming of adult health and disease (Waterland and Jirtle 2004). To
date, however, these types of studies have been based on very artificial conditions
such as in vitro fertilization (Young et al. 2001) or have adopted a dietary compo-
sition that has little, if any, relationship to that consumed in the animals’ natural
environment (Waterland and Jirtle 2003; Waterland et al. 2006). The most widely
quoted example of a dietary influence on epigenetics, as determined by variations
in coat colour, relates to the effects of feeding mice a diet that contains extra folic
acid, vitamin B12, choline, and betaine (Waterland and Jirtle 2003). This results in
a marked change in coat colour with a shift from the yellow to the pseudo-agouti
type. What must be noted with this model, however, is that only the latter coat col-
our is accompanied by a reduction in body weight and, thus, is a shift away from
the obese phenotype (Dolinoy et al. 2006). It must, therefore, be emphasised that
although nutritionally mediated mechanisms have been described with regard to the
developmental regulation of coat colour in the mice (Waterland and Jirtle 2003), the
same nutrients and mechanistic pathways may not explain the processes by which
changes in micro and/or macronutrient intake during pregnancy and/or lactation
impact on long term health and disease.

2 Ontogeny of Organ Development and Its Relationship
with Endocrine Sensitivity

Another important consideration is the complexity of organ development and growth.
In this regard, it is becoming clear that each organ has a pronounced specificity in
its endocrine development that may relate, in part, to later function in both child-
hood and adult life (Gnanalingham et al. 2006). This is particularly notable with the
glucocorticoid receptor (GR), for which an increase in abundance around the time of
birth can be critical in determining effective adaptation to the extrauterine environ-
ment (Gnanalingham et al. 2005a, b). However, there are substantial differences in the
maturity of organ development at birth between organs and between animal species
at birth (Gnanalingham et al. 2005a, b). For example, in rats there is a pronounced
plasticity in GR abundance in the kidney over the first 28 days of postnatal life which
is profoundly influenced by the maternal diet during pregnancy (Brennan et al. 2008).
A 50% reduction in maternal food intake significantly increases GR abundance at
7 days after birth but, interestingly, not between 14 and 28 days. As adults, these
offspring show increased renal GR protein with a reduction in nephron number but,
perhaps surprisingly, have lower, rather than elevated, blood pressure when measured
by telemetry over a 24 h period (Brennan et al. 2006, 2008).
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One major factor that appears to determine the magnitude of adverse adaptation
in rat offspring following maternal nutritional manipulation through pregnancy
is the time at which the diet is restored to that of controls (Symonds 2007). This
in turn is related to the degree of accelerated whole body growth rate after birth.
Consequently, when the mother is maintained on a low-protein high-carbohydrate
through lactation and the offspring are then weaned onto the same diet, they remain
smaller than offspring born to control fed dams and show both a reduction in neph-
ron number as well as lower resting blood pressure (Hoppe et al. 2007).

3 Maternal Nutrient Restriction Coincident
with the Period of Placental Growth and Its Impact
on the Kidney Following Obesity

We have previously established that, in sheep, maternal nutrient restriction targeted
from the period in which uterine attachment occurs i.e. ~28 days gestation up to the
period at which placental weight is maximal i.e. 80 days gestation results in a reduc-
tion in the mean weight of individual placentomes (Clarke et al. 1998; Heasman et al.
1998). This occurs in conjunction with a reduced potential capacity to inactivate
maternal cortisol through the enzyme 113-hydroxysteroid dehydrogenase (113HSD)
type 2 (Whorwood et al. 2001) which may be in response to a decrease in maternal
plasma cortisol (Bispham et al. 2003). It also is the period in which fetal nephrogen-
esis occurs (Wintour and Moritz 1997). At term, the offspring have larger kidneys,
surrounded by more adipose tissue (Bispham et al. 2003) than controls and in which
there is increased mRNA abundance for the GR in adipose tissue and the glucocorti-
coid responsive angiotensin-II receptor (AT)) in the kidney (Whorwood et al. 2001).

As juveniles, resting blood pressure is reduced in offspring born to nutrient
restricted mothers when their fat mass is unaffected (Gopalakrishnan et al. 2005).
In view of these results, we have recently investigated the impact of a post wean-
ing obesogenic environment on the long term outcomes. To our surprise, offspring
born to nutrient restricted mothers showed no differences in their enhanced fat mass
compared with controls or in the effects of obesity on either increased blood pres-
sure or altered kidney function. However, despite there being a similar increase in
fat mass around the kidney between obese and nutrient restricted obese offspring,
we observed pronounced differences in renal adaptations in response to obesity.
In this regard, there was significant cortical apoptosis and glomerulosclerosis in
conjunction with upregulation of mRNA for the GR, AT R and tumour necrosis
factor (TNF)-o within the kidneys of obese animals compared with age-matched
lean offspring that was not seen in the obese nutrient restricted group (Williams
et al. 2007). These unique findings, therefore, suggest that nutrient restriction
in utero that is targeted specifically during the period in which nephrogenesis
occurs confers apparent renal protection from some of the tissue structural effects
of obesity. In the obese controls, increased renal expression of GR, TNF-o and
AT , indicate the potential for enhanced cortisol sensitivity, local pro-inflammatory
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cytokine activity and local vasoconstriction, respectively. Prenatal nutrient restric-
tion prevented all local molecular changes and any signs of regional apoptosis or
glomerulosclerosis for which epigenetic modification does not provide an obvious
mechanism. One explanation as to why the kidneys of offspring born to nutrient
restricted mothers are less susceptible to apoptosis may be related to increased
IGF-I receptor abundance (Brennan et al. 2005) that would be predicted to promote
cell survival (Rajah et al. 1997) rather than apoptosis.

These results are potentially applicable to the human situation since the magni-
tude of maternal nutritional manipulation we have utilised is comparable to con-
temporary populations in which a 50% variation in maternal food intake between
the upper and lower quartiles is apparent during pregnancy (Godfrey et al. 1996). In
addition, for many women a comparative nutrient restriction occurs in early to mid
gestation due to the accompanying nausea suffered by nearly 90% of pregnant women
in the UK. Indeed, nausea in pregnancy has been suggested to be closely associated
with the maternal diet in Western women (Pepper and Roberts 2006).

4 Conclusion

In summary, epigenetic mechanisms appear to be only one explanation as to how
fetal growth and organ development can be reset following physiological changes
in the maternal diet. Given the current concern that there may be transgenerational
responses following increased exposure to such nutrients as folic acid (Lucock and
Yates 2005), much more detailed studies in a range of experimental animal models
are required in order to ascertain whether widespread dietary fortification is a wise
strategy for improving the health of the population.
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Epigenetics — Potential Contribution
to Fetal Programming

John C. Mathers and Jill A. McKay

Abstract Whilst the primary DNA sequence sets the limits of potential gene
expression, the pattern of gene expression in a given cell under particular circum-
stances is determined by several factors including the epigenetic marking of the
genome. These marks include DNA methylation and post-translational modifica-
tion of the histones around which DNA is wrapped when packaged in the nucleus.
Importantly, these marks are malleable in response to environmental exposures and
contribute to phenotypic plasticity in the context of a fixed genotype. There is now
proof of principle that maternal diet can have a profound impact on the epigenome
and so determine gene expression patterns and health throughout the life-course.
Studies of altered epigenetic marking will be of profound importance for mecha-
nistic understanding of the role of nutrition in health but especially for studies of
the developmental origins of health.

Keywords DNA methylation ¢ epigenetics * gene expression ¢ histone decoration

Abbreviations GR: glucocorticoid receptor; IGF2: insulin-like growth factor 2;
PPARo.: peroxisome proliferator-activated receptor alpha; PR: protein-restricted

1 Environmental Signals

Biennial plants, such as members of the Brassica family, flower only after exposure
to an extended cold period (winter), a process known as vernalisation. In these cases,
the signalling for the initial stages of sexual reproduction involves the Flowering
Locus C (FLC) protein which represses expression of genes needed for flowering.
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Vernalisation includes down-regulation of FLC expression (Bastow et al. 2004). This
change in gene expression, with profound implications for plant function, is deter-
mined by epigenetic mechanisms. Bastow et al. (2004) conclude that ‘the epigenetic
memory of winter is mediated by a “histone code” that specifies a silent chromatin
state conserved between animals and plants’. Evidence is now accumulating that a
variety of environmental signals, including nutrition, influences mammalian func-
tion and health through epigenetic mechanisms (Jirtle and Skinner 2007).

2 Epigenetic Mechanisms

The primary DNA sequence of any genome defines the potential for gene expres-
sion. However, superimposed on the primary (genetic) sequence is an information-
rich epigenetic layer which has a major influence on what genes are expressed in
a specific cell at a given moment in time. Epigenetics describes genomic markings
(chemical modifications) which are heritable from one cell generation to the next but
do not involve changes in the primary DNA sequence (Bernstein et al. 2007). The
best known epigenetic marks are (i) methylation of cytosines in CpG dinucleotides
and (ii) post-translational modifications of histones. The epigenome refers to the
totality of epigenetic marks in a given cell under particular circumstances. Together
these chemical modifications regulate chromatin structure and accessibility to DNA
of the transcriptional machinery. At its simplest, methylation of CpG rich regions
(CpG islands) in promoters acts to switch off the associated gene. These discoveries
have led to the hypothesis that epigenetics is a key mechanism allowing phenotypic
plasticity in the context of a fixed genotype. Unlike DNA mutations which can
also alter cellular phenotype e.g. in a tumour cell, epigenetic markings are poten-
tially reversible. Further, since epigenetic marks can be modified by environmental
factors, the epigenome is a means to connect environmental exposure with gene
expression and cell/tissue function. This may be especially important for early life
(in utero) exposures. In the very earliest stages of life the genome undergoes radical
changes in epigenetic marks which are characterised by waves of de-methylation of
DNA followed by re-methylation (Reik et al. 2001). Since epigenetic markings are
propagated through mitosis in somatic cells, aberrant marks may have consequences
for gene expression in all tissues throughout the life course. These epigenetic mecha-
nisms may provide (at least in part) a mechanistic explanation for the observations
that a wide range of prenatal and early postnatal exposures (including dietary com-
ponents, xenobiotic chemicals, behavioural cues and low-dose radiation) influence
disease risk in later life (Jirtle and Skinner 2007).

3 The Four “Rs” of Epigenomics

The mechanistic connection between environmental exposures and altered health
through epigenetic processes includes several key stages which we have termed the
four “Rs” of epigenomics. This encapsulates the processes involved in (i) Receiving
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environmental signals, (ii) Recording that environmental exposure through altered
patterns of epigenomic marks, (iii) Remembering the resulting epigenomic pattern
through subsequent cell divisions and (iv) Revealing the consequences of the
altered epigenomic markings in the cell’s unique transcriptome. There is a good
working model for the process by which DNA methylation marks are copied during
mitosis (Remembering). The “maintenance” DNA methyltransferase (DNMT1)
catalyses methylation (S-adenosyl methionine is the methyl donor) of CpGs in the
newly synthesised DNA (daughter) strand using the pattern of cytosine methylation
marks in the template (parental) strand (Bird 2002). In contrast, there is limited
understanding of the other three “Rs”. In particular, little is known about the epi-
genetic targets of environmental exposures which will lead to differential gene
expression. Jirtle and Skinner (2007) suggest that these are likely to include (i) the
promoter regions of house-keeping genes (well-described for numerous tumour
suppressor genes), (ii) genes with metastable epialleles i.e. loci that can be epige-
netically modified in a variable (and reversible) manner to give a distribution of
phenotypes from genetically identical cells and (iii) imprinted genes, i.e. genes that
are expressed in a parent-of-origin specific manner e.g. that for insulin-like growth
factor 2 (IGF?2) is normally expressed only from the allele inherited from the father
(in humans and mice).

4 Fetal Exposures and the Epigenome

Supplementation of the maternal diet of viable yellow agouti (A*) mice with methyl
donors (folic acid, vitamin B12, choline and betaine) alters the phenotype of the
offspring and results in a higher proportion of pups with brown (pseudo-agouti)
rather than yellow or mottled coats (Waterland and Jirtle 2003). This shift in coat
colour is due to increased methylation of CpGs upstream of a transposable element
which alters expression of the agouti gene (Waterland and Jirtle 2003). In the same
mouse model, supplementing the maternal diet with 250mg genistein/kg from
2 weeks before mating has a similar effect on coat colour and is associated with
increased methylation of six CpGs in the retrotransposon upstream of the transcrip-
tion start site for the agouti gene (Dolinoy et al. 2006). Interestingly, there was less
obesity in the offspring of the genistein-supplemented dams (Dolinoy et al. 2006).
The extent of methylation of these CpG dinucleotides was similar in tissues derived
from different embryonic cell lineages and was unaltered by age of mouse sug-
gesting that genistein exposure alters methylation profiles before embryonic stem
cell differentiation and so produces permanent changes in the epigenome (Dolinoy
et al. 2006).

It is now well-established that feeding protein-restricted (PR) diets to pregnant
rats induces offspring phenotypes which have characteristics of the metabolic
syndrome e.g. raised blood pressure (Bertram and Hanson 2001). Such offspring
have hypomethylation of the promoters, and increased expression, of the peroxi-
some proliferator-activated receptor (PPAR)x and glucocorticoid receptor (GR)
genes in liver of recently-weaned offspring (Lillycrop et al. 2005). High-dose
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supplementation of the PR diet with folic acid reversed these changes (Lillycrop
et al. 2005).

Changes in epigenetic markings as a result of environmental (dietary) exposures
are not restricted to the early stages of life. In a ground-breaking study of monozygotic
twins, Fraga et al. (2005) demonstrated that epigenomic markings (chromosomal pat-
terns of DNA methylation) diverged as twins aged and that this was accompanied
by greater inter-twin differences in gene expression. Some discordance in epigenetic
markings with age would be expected because of stochastic (i.e. random) events e.g.
during mitosis, copying of DNA methylation marks is much less well policed than is
copying of the primary genetic sequence. However, the extent of discordance in both
DNA methylation patterns and in gene expression in the study by Fraga et al. (2005)
was greater for those twin pairs who had lived more of their lives apart suggesting
that environmental factors may play an important role in determining not only epi-
genomic characteristics but also disease risk (Poulsen et al. 2007). The mechanisms
through which (maternal or post-weaning) dietary factors modulate epigenetic
markings remain poorly understood.

5 Summary and Working Hypotheses

In summary, it is becoming evident that altered epigenetic marking is:

* A means through which evidence of environmental exposures is Received and
Recorded by the genome

e Remembered through multiple cell generations

* Revealed in altered gene expression (and cell function) and

* Observed during disease development and in ageing

It seems likely that studies of altered epigenetic marking will be of profound
importance for mechanistic understanding of the role of nutrition in health but
especially for studies of the developmental origins of health because altered epige-
netic marking:

* Allows plasticity of phenotype in a fixed genotype

* Is implicated in the aetiology of many diseases and may be causal for some
» Connects environmental exposure with gene expression and function

e Appears to be modifiable by nutritional intervention and

* May be more sensitive to diet during early development
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Programming of Impaired Insulin Secretion
Versus Sensitivity: Cause or Effect?

Brigitte Reusens and Claude Remacle

Abstract A substantial body of evidence suggests that a poor intrauterine milieu
elicited by maternal nutritional disturbance, including maternal diabetes or placen-
tal insufficiency, may programme susceptibility in the fetus to later development of
glucose intolerance and diabetes. Numerous data in animals have allowed possible
mechanisms for programming to be proposed. This review of work in several ani-
mal models attempts to identify the cellular and molecular mechanisms at the level
of the beta-cell and in the insulin sensitive tissues that are involved in the process
of events leading to the pathology later in life.

Keywords Animal models « beta cell « diabetes o early programming e insulin
target tissues

Abbreviations IGF: insulin like growth factor; IUGR: intrauterine growth retarda-
tion; VEGF: vascular endothelial growth factor

1 Poor Fetal Growth and Risk of Glucose Intolerance
and Diabetes in Later Life in Humans

An association has been found between fetal and infant growth and subsequent
impaired glucose tolerance and type 2 diabetes in elderly men (Hales et al. 1991).
The relation may be U-shaped or reversed J-shaped (Rich-Edwards et al. 1999).
Studies of individuals exposed in utero to famine during the Dutch Hunger Winter in
1944-1945 have shown directly that maternal malnutrition, especially during the last
trimester of pregnancy, led to growth restriction of the fetus and was associated with
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impaired glucose tolerance and insulin resistance in 50-year old offspring (Ravelli
et al. 1998). There was also a negative relationship with birth weight and the risk of
gestational diabetes (Innes et al. 2002). In addition, risk factors for insulin resist-
ance, type-2 diabetes and obesity were also conveyed by intrauterine exposure to
diabetes which affects fetal organ development and more specifically the endocrine
pancreas (Van Assche et al. 1977). Indeed, offspring from mothers with diabetes
(type 1 and type 2) featured altered beta-cell function as assessed by higher insulin
content in the amniotic fluid. Molsted-Pedersen et al. (1972) proposed that increased
fetal insulin secretion and consequently fetal growth resulted from a combination of
higher maternal glucose, amino acids and lipids crossing the placenta. In the Pima
Indian population, in which diabetes has the highest prevalence in the world, the
risk of diabetes was higher in siblings born from diabetic mothers than in those born
before the mother became diabetic (Dabelea et al. 2000) which further points towards
a detrimental effect of gestational diabetes on the health of the offspring.

2 Type 2 Diabetes

Type 2 diabetes is characterized by four major metabolic abnormalities which are
obesity, impaired insulin action, insulin secretion dysfunction and increased endog-
enous glucose output (Leahy 2005). It is clear that the three first anomalies are
already present in most individuals long before the onset of the disease, but what is
unclear is the sequence in which they develop, as well as their relative contribution
to the progressive development of glucose intolerance and later to frank diabetes,
but the fetal environment has been demonstrated to take part in these processes.
To attempt to delineate this sequence of events and to understand the mechanisms
that underlie the early programming of glucose intolerance and type 2 diabetes,
many animal models have been used, some of them having provided some useful
information. Different modes of malnutrition occurring during different periods of
development have been set up: calorie or protein restriction, uterine artery ligation,
gestational diabetes and high fat diet. In each model, alterations in the development
of several organs were observed and later consequences for the health of the prog-
eny were reported. Abundant literature demonstrates the unambiguous role of the
intrauterine metabolic environment on the insulin target tissues and the occurrence
of impaired insulin secretion, glucose intolerance and diabetes later in life. Data on
the effect on fetal beta-cell development are less numerous but they are also clear.
However, a question remains: what comes first in the programming sequence? Is it
the beta-cells or the insulin-sensitive targeted tissues which are programmed first?

3 Programming of the Beta-Cells

The development of the endocrine pancreas follows a similar pattern in all mammals,
but the sequence of events may vary from one species to another which could be
important when nutritional perturbation occurs since critical windows exist. In rat,
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the development of the endocrine pancreas starts from a pool of common precursor
cells that become progressively committed to the endocrine lineage under the con-
trol of a hierarchical network of transcription factors. At birth, the beta-cell mass is
determined by the recruitment of undifferentiated precursors, as well as the replica-
tion and apoptosis rates of the beta-cells. Obviously, any disturbance of the environ-
ment of the endocrine cells at a specific developmental time point, may perturb the
balance of controlling factors, thereby contributing to beta-cell abnormalities and
diabetes later in life.

3.1 Models of Undernutrition

The size of the beta-cell mass depends on whether the fetus grows in a restricted or
an abundant nutritional environment. Fetuses exposed to a low protein diet during
gestation or to 50% calorie intake from the last week of gestation exhibited a lower
beta-cell mass at birth. (Snoeck et al. 1990; Garofano et al. 1997). The mass of
the endocrine pancreas was reduced by approximately 30% in the malnourished
offspring in both models compared to the controls. The mechanisms leading to the
defective development, however, are thought to be different. In the fetuses from
the maternal low-protein model, the replication rate of beta-cells was diminished
by about 50% and the apoptotic rate was increased (Petrik et al. 1999). The fetuses
not only had fewer beta-cells but their islets were poorly vascularised (Snoeck et al.
1990; Boujendar et al. 2003) and secreted less insulin in response to amino acids
(Cherif et al. 2001). Factors such as a lower level of insulin-like growth factor (IGF),
vascular endothelial growth factor (VEGF) (Boujendar et al. 2003) and taurine
may play a role in the underdevelopment of the beta-cell mass. In contrast, in the
fetuses from the low-calorie diet model, the lower beta-cell mass was not attributed
to reduced proliferation or increased apoptosis, but rather to an alteration in islet
neogenesis (Garofano et al. 1997). In this model, the role of the high level of gluco-
corticoids seems determinant for the low beta-cell mass (Blondeau et al. 2001).

Intrauterine growth retardation can also be mimicked in animals by ligation of
the uterine artery on the last days of gestation (Boloker et al. 2002). Although no
difference in the beta-cell mass was detected at 1 and 7 weeks, growth retarded
pups exhibited a reduced beta-cell proliferation at 14 days postnatally but a normal
apoptotic rate. The level of pancreatic and duodenal homeobox 1 (Pdx1) mRNA was
dramatically decreased in the fetal beta-cell and the reduced expression persisted
after birth until 3 months.

3.2 Models of Overnutrition

As well as undernutrition, studies have shown that overnutrition during fetal life
can also lead to increased risk of diabetes in adulthood. In rats, diabetes may be
induced experimentally by streptozotocin injection, which selectively destroys beta-cells
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and mild or severe diabetes ensues depending on the dose used. At birth, the progeny
of mild diabetic dams were macrosomic (i.e. large for gestational age) and the
development of the endocrine pancreas was enhanced by increased blood glucose
concentration resulting in an enhanced volume of endocrine tissue due to hyper-
plasia and hypertrophy of the islets of Langerhans (Aerts and Van Assche 2006).
Islet cell proliferation was increased by 42%, leading to higher beta-cell mass that
was hyper-vascularized (Reusens and Remacle 2001). A high fat diet from wean-
ing until adulthood and throughout gestation also affected the development of the
endocrine pancreas of the fetus (Srinivasan et al. 2006). Taken together all these
data show that early metabolic disturbance alters the development of the endocrine
pancreas by influencing the differentiation or the proliferation of the beta-cells with
consequences existing already at birth.

4 Programming of the Insulin Sensitive Target Tissues

4.1 Models of Undernutrition

The poor development of the endocrine pancreas after early malnutrition leaves
the offspring with a sub-optimal complement of functional units. However, the
exhaustion of the low beta-cell mass generated early in life may only be clearly
revealed in situations of increased insulin demand such as obesity, pregnancy or
aging. Islets from 3 month-old adult offspring from dams exposed to a low protein
diet during gestation released less insulin when stimulated in vitro with glucose or
amino acids (Dahri et al. 1991). A lower insulin secretion was apparent in vivo after
an oral glucose test in 3 month-old offspring from mother fed the low calorie or
the low protein diet during gestation and lactation (Garofano et al. 1998; Merezak
et al. 2004) although no glucose intolerance was detected at that age. However they
underwent a greater age dependent loss of glucose tolerance than control offspring
and developed impaired glucose tolerance at 15 months (Ozanne et al. 2003) and
frank diabetes by 17 months of age (Petry et al. 2001). The impact of maternal
low protein diet on insulin sensitivity paralleled the changes observed in glucose
tolerance. Improved whole body, muscle and adipose tissue insulin sensitivity was
observed in young adult life. However in old age, insulin resistance was reported
(Ozanne et al. 2003). This was associated with changes in the expression of key
insulin signalling molecules such as the p110 beta subunit of phosphatidylinositol
(PI) 3-kinase in adipose tissue and protein kinase C zeta in muscle (Ozanne et al.
2001). Interestingly, similar changes in the expression of these insulin signalling
proteins were observed in muscle biopsies from low birth weight men (Ozanne
et al. 2005).

A drastic 70% reduction of food intake during gestation in rats induced a growth
retardation at birth. At 100 days the restricted offspring exhibited a higher plasma
insulin level which was exacerbated by a high fat diet postnatally (Vickers et al. 2000).
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The offspring of mothers with bilateral uterine artery ligation the last 3 days of
gestation were intrauterine growth retarded (IUGR). At 7 weeks, these offspring
were glucose intolerant and insulin resistant as revealed by an intravenous glucose
tolerance test. At 15 months, they were unable to secrete insulin in response to the
same challenge.

4.2 Models of Overnutrition

An abundance of nutrients during gestation and lactation also compromises the
insulin sensitivity in the adult progeny. Indeed in rats, diabetes during pregnancy
may convey glucose intolerance in the adult offspring that become insulin deficient
or insulin resistant depending on the severity of the maternal hyperglycemia (Aerts
and Van Assche 2006). In addition, adult offspring from dams fed on a high fat diet
during gestation and lactation, featured an hyperinsulinemia and a decreased insu-
lin sensitivity even though they had islets containing less insulin and that secreted
less insulin in vitro in response to glucose (Taylor et al. 2005).

4.3 A Common Mechanism?

A common mechanism by which all the disparate intrauterine insults proceed to
exert an effect on the insulin sensitive tissues in the offspring may be via mitochon-
drial programming. It has been proposed that a limited or an excess of energy in
the early environment may reprogram mitochondrial function in different organs
(Peterside et al. 2003; Taylor et al. 2005). The beta-cell has a higher energy require-
ment and a lower antioxidant defence than many other tissues (Tiedge et al. 1997).
It thus may be a susceptible target for mitochondrial reprogramming which will lead
to increased reactive oxygen species (ROS) production, which in turn will damage
the mitochondrial DNA (Simmons et al. 2005). The proteome analysis of islets from
fetuses of mothers fed a low protein diet revealed that the expression of proteins
involved in the mitochondrial energy transfer, glucose metabolism, RNA and DNA
metabolism was changed compared to normal progeny (Sparre et al. 2003).

5 Conclusions

Animal studies have offered data that shed some light on the mechanisms leading
to glucose intolerance and insulin resistance when the intrauterine environment was
disturbed. They have helped to show that early alteration in the development of the
beta- cells leads to disturbed beta-cell function. Insulin sensitive tissues appear to
adapt by increasing insulin sensitivity but with obesity, pregnancy or aging, insulin



130 B. Reusens and C. Remacle

resistance appears and type 2 diabetes may ensue. These data would suggest that it
is the beta-cells which are programmed first.

Does such a sequence of events reflect the human situation? It is not possible to
answer this question, although recently attention was paid to the beta-cell mass in
humans (Butler et al. 2003). Pancreases from lean and obese persons with normal
glucose levels, or impaired fasting glucose or diabetes were analysed and revealed
that beta-cell mass was already decreased by 40% in the pre-diabetic state in obese
persons and was also decreased in diabetic lean and obese patients. The reduced
beta-cell mass was not due to lower neogenesis but rather to an increase in apop-
tosis. Leahy (2005) has proposed sequences of key pathological features of type 2
diabetes. Both genetic predisposition and environment may play a role in the dis-
ease but a third element should appear in the picture which is the acquired defects,
in particular the beta-cell dysfunction. The current concept is that both beta-cell
dysfunction and insulin resistance occur before the onset of diabetes.

References

Aerts, L. and A. Van Assche (2006). “Animal evidence for the transgenerational development of
diabetes mellitus”. Int J Biochem Cell Biol 38(5-6): 894-903.

Blondeau, B., J. Lesage, P. Czernichow, J.P. Dupouy and B. Breant (2001). “Glucocorticoids impair
fetal beta-cell development in rats”. Am J Physiol Endocrinol Metab 281(3): E592-E599.
Boloker J., S.J. Gertz and R.A. Simmons (2002). “Gestational diabetes leads to the development

of diabetes in adulthood in the rat”. Diabetes 51(5): 1499-1506.

Boujendar, S., E. Arany, D. Hill, C. Remacle and B. Reusens (2003). “Taurine supplementation
of a low protein diet fed to rat dams normalized the vascularization of the fetal endocrine
pancreas”. J Nutr 133(9): 2820-2825.

Butler A.E., J. Janson, S. Bonner-Weir, R. Ritzel, R.A. Rizza and P.C. Butler (2003). “Beta-cell defi-
cit and increased beta-cell apoptosis in human with type 2 diabetes”. Diabetes 52(1): 102—-110.

Cherif, H., B. Reusens, S. Dahri and C. Remacle (2001). “A protein restricted diet during pregnancy
alters in vitro insulin secretion from islets of fetal Wistar rats”. J Nutr 131(5): 1555-1559.

Dabelea D., W.C. Knowler and D.J. Pettitt (2000). “Effect of diabetes in pregnancy on offspring:
follow-up research in the Pima Indians” J Mat Fetal Med 9(1): 83—-88.

Dahri, S., A. Snoeck, B. Reusens, C Remacle and J.J. Hoet (1991). “Islet function in offspring of
mothers on low protein diet during gestation”. Diabetes 40(suppl 2): 115-120.

Garofano, A., P. Czernichow and B. Bréant (1997). “In utero undernutrition impairs rat 3-cell
development”. Diabetologia 40(10): 1231-1234.

Garofano, A., P. Czernichow and B. Bréant (1998). “Beta-cell mass and proliferation following
late fetal and early postnatal malnutrition in the rat”. Diabetologia 41(9): 1114-1120.

Hales, C.N., D.J. Barker, PM. Clark, L.J. Cox, C. Fall, C. Osmond and P.D. Winter (1991). “Fetal
and infant growth and impaired glucose tolerance at age 64.” BMJ 303(6809): 1019-1022.
Innes K.E., T.E. Byers, J.A. Marshall, A. Baron, M. Orleans and R.F. Hamman (2002).
“Association of a woman’s own birth weight with subsequent risk for gestational diabetes.”

JAMA 287(19): 2534-2541.

Leahy, J. (2005). “Pathogenesis of type 2 diabetes mellitus”. Arch Med Res 36(3): 197-209.

Merezak, S., B. Reusens, M.T. Ahn and C. Remacle (2004). “Effect of maternal low protein diet and
taurine on the vulnerability of adult Wistar rat islets to cytokines”. Diabetologia 47(4): 669-675.

Molsted-Pedersen, L.L., J. Wagner, L. Klebe and J. Pedersen (1972). “Aspects of carbohydrate
metabolism in newborn infants of diabetic mothers. IV. Neonatal changes in plasma free fatty
acid concentration.” Acta Endocrinol 71: 338-345.



Programming of Impaired Insulin Secretion Versus Sensitivity: Cause or Effect? 131

Ozanne, S.E., M.W. Dorling, C.L. Wang and B.T. Nave (2001). “Impaired PI 3-kinase activation
in adipocytes from early growth-restricted male rats”. Am J Physiol 280(3): E534-E539.

Ozanne, S.E., G.S. Olsen, L.L. Hansen, K.J. Tingey, B.T. Nave, C.L.Wang, K. Hartil, C.J. Petry
and L. Mosthaf-Seedorf (2003). “Early growth restriction leads to down regulation of protein
kinase C zeta and insulin resistance in skeletal muscle”. J Endocrinol 177(2): 235-241.

Ozanne, S.E., C.B. Jensen, K.J. Tingey, H. Stogaard, S. Madbad and A.A. Vaag (2005). “Low birth
weight is associated with specific changes in muscle insulin-signalling protein expression”.
Diabetologia 48(3): 547-552.

Peterside, LE., M.A. Selak and R.A. Simmons (2003). “Impaired oxidative phosphorylation
in hepatic mitochondria in growth-retarded rats”. Am J Physiol Endocrinol Metab 285(6):
1258-1266.

Petrik, J., B. Reusens, E. Arany, C. Remacle, C. Coelho, J.J. Hoet and D. Hill (1999). “A low
protein diet alters the balance of islet cell replication and apoptosis in the fetal and neonatal
rat and is associated with a reduced pancreatic expression of insulin-like growth factor II”.
Endocrinology 140(10): 4861-4873.

Petry, C.J., M.W. Dorling, D.B. Pawlak, S. Ozanne and C.N. Hales (2001). “Diabetes in old male
offspring of rat dams fed a reduced protein diet”. Int J Ex Diabetes Res 2(2): 139-143.

Ravelli A.C., J.H. van der Meulen, R.P. Michels, C. Osmond, D.J. Barker, C.N. Hales and
O.P. Bleker (1998). “Glucose tolerance in adults after prenatal exposure to famine.” Lancet
351 (9097): 173-177.

Reusens, B. and C. Remacle (2001). “Intergenerational effects of adverse intrauterine environment
on perturbation of glucose metabolism”. Twin Res 4(5): 406-411.

Rich-Edwards, J.W., G.A. Colditz, M.J. Stampfer, W.C. Willett, M.W. Gilman, C.H. Hennenkens,
FE. Speizer and J.E. Manson (1999). “Birth-weight and the risk for type 2 diabetes mellitus
in adult women.” Ann Int Med 130: 278-284.

Simmons, R.A., 1. Suponisky-Kroyter and M.A. Selak (2005). “Progressive accumulation of
mitochondrial DNA mutations and decline in mitochondrial function lead to beta-cell failure”.
J Biol Chem 280(31): 28785-28791.

Snoeck, A., C. Remacle, B. Reusens and J.J. Hoet, (1990). “Effect of low protein diet during
pregnancy on the fetal rat endocrine pancreas”. Biol Neonate 57(2): 107-118.

Sparre, T., B. Reusens, H. Cherif, M.R. Larsen, P. Roepstorff, S.J. Fey, P. Mose Larsen, C. Remacle
and J. Nerup (2003). “Intrauterine programming of fetal islet gene expression in rats — effects
of maternal protein restriction during gestation revealed by proteome analysis”. Diabetologia
46(11): 1497-1511.

Srinivasan M., S.D. Katewa, A. Palaniyappan, J.D. Pandya and M. Patel (2006). “Maternal high-
fat diet consumption results in fetal malprogramming predisposing to the onset of metabolic
syndrome-like phenotype in adulthood”. Am J Physiol Endocrinol Metab 291: E792-E799.

Taylor, P.D.,J. McConnell, I.Y. Khan, K. Holemans, K.M. Lawrence, H. Asare-Anane, S.J. Persaud,
P. Jones, L. Petrie, M Hanson and L. Poston (2005). “Impaired glucose homeostasis and mito-
chondrial abnormalities in offspring of rats fed a fat-rich diet in pregnancy”. Am J Physiol
Regul Integr Comp Physiol 288(1): R134-R139.

Tiedge, M., S. Lortz, J. Drinkgern and S Lenzen (1997). “Relation between antioxidant enzyme
gene expression and antioxidative defense status of insulin-producing cells”. Diabetes 46(11):
1733-1742.

Van Assche, FA., F. De Prins, L. Aerts and M. Verjans (1977). “The endocrine pancreas in small
for date infants.” Brit J Obst Gynaec 84(10): 751-753.

Vickers, M.H., B.H. Breier, W.S. Cutfield, P.L. Hofman and P.D. Gluckman (2000). “Fetal ori-
gins of hyperphagia, obesity, and hypertension and postnatal amplification by hypercaloric
nutrition”. Am J Physiol Endocrinol Metab 279(1): ES3-E87.



PGC-1B: A Co-activator That Sets the Tone
for Both Basal and Stress-Stimulated
Mitochondrial Activity

Christopher J. Lelliott and Antonio Vidal-Puig

Abstract The peroxisomal proliferator-activated receptor-gamma coactiva-
tor (PGC) family of transcriptional coactivators are central regulators of a wide-
range of metabolic processes, which combine to control whole-body homeostasis.
However, the specific function of each PGC in a tissue and pathway-specific context
is only now being elucidated. In order to define the specific roles of PGC-1B, we
generated a mouse lacking this gene and studied its phenotype using a combination
of physiological experiments, guided by a systems biology approach. We found that
despite the predicted obese phenotype, PGC1BKO were leaner than wild-type and
had elevated energy expenditure in the resting state, probably due to upregulation
of a wide-range of oxidative and fuel-handling genes in the brown adipose tissue
(BAT), including PGC family member PGC-1o. Nonetheless, we identified that
PGC-1f ablation results in a global reduction in oxidative phosphorylation and
electron transport chain genes and this translates into mitochondrial dysfunction
in selected tissues. PGC1BKO mice also demonstrate blunted responses to physi-
ological stresses such as cold exposure in BAT, adrenergic stimulation in BAT and
heart and acute dietary lipid loads in liver. In summary, while lack of PGC-1p is
not deleterious, it is essential for the normal expression of mitochondrial metabolic
genes and for the optimal ability to handle physiological stresses.
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OxPhos: oxidative phosphorylation; VLDL: very-low density lipoprotein; WAT:
white adipose tissue; WT: wild type

1 Introduction

Whilst the biochemical pathways underpinning our understanding of metabolism have
been known for the last 30 years, it is only within the last decade that we have begun
to understand how these pathways are regulated at the transcriptional level. Indeed, in
many aspects our knowledge of these processes is far from complete, hence the excite-
ment generated when new factors are identified or when the roles of known proteins are
expanded. Whilst much of the focus on the understanding of metabolic gene regulation
has been on transcription factors that are able to activate or repress expression of particu-
lar genes, more recently transcriptional coactivators and corepressors have been studied
in greater and greater depth (Spiegelman and Heinrich 2004; Finck and Kelly 2006).

2 The PGC Family as Metabolic Regulators

Mechanistically, transcriptional coactivators work by acting as a bridge between tran-
scription factors such as nuclear hormone receptors (NHRs) and the rest of the RNA
polymerase II transcriptional machinery. They also allow recruitment of factors such
as histone acteyltransferases that break down chromatin and allow transcription to
occur. The archetypal transcriptional coactivator peroxisomal proliferator-activated
receptor-gamma coactivator-1 alpha (PGC-1o)), was originally discovered as a
physiologically-regulated binding partner for peroxisomal proliferator-activated
receptor-gamma PPARY in brown adipose tissue (BAT) (Puigserver et al. 1998). BAT
is a tissue with a high metabolic capacity, since it generates much of the heat required
for temperature homeostasis within rodents and functionally needs to be flexible
enough to rapidly increase heat production during cold exposure, so-called adaptive
thermogenesis. During this process, PGC-10. expression increases in concert with
other critical genes required for adaptive thermogenesis such as Uncoupling Protein
1 (UCP1). Overexpression of PGC-1a in many cell types increases mitochondrial
biogenesis, mitochondrial gene expression and oxygen consumption (Wu et al. 1999;
Lehman et al. 2000; Yoon et al. 2001; St-Pierre et al. 2003).

PGC-10 is now known to be upregulated by other physiological processes such as
with fasting in the liver (where it induces gluconeogenesis) (Yoon et al. 2001) and with
exercise in skeletal muscle (where is boosts metabolic capacity) (Goto et al. 2000; Baar
et al. 2002). Thus PGC-1a. provides an excellent example of a transcriptional coactiva-
tor with physiological regulation. Since then, we and others have identified a number
of other transcriptional coactivators that share homology with PGC-1o.. These include
PGCl-related coactivator PRC (Andersson and Scarpulla 2001) and PGC-1f/
PGC-1 related estrogen receptor coactivator (PERC) (Kressler et al. 2002; Lin et al.
2002; Meirhaeghe et al. 2003). All three family members share a similar basic
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structure; an N-terminal domain containing nuclear hormone receptor-interacting
motifs (LXXLL) and a C-terminal region containing an RNA-binding motif (RMM)
and serine-arginine-rich (RS) domains (Lin et al. 2005a). Between these outer domains
is a less conserved region which contains different domains and motifs which may be
additionally important for the function of each PGC-1 and could provide a method for
distinguishing the specificity of each PGC-1, as suggested by the specific interaction of
PGC-1f and sterol regulatory element-binding protein-1 (SREBP1) (Lin et al. 2005b).
Fitting the role of key regulators of metabolic status, both PGC-1o and PGC-1f3 are
expressed mostly in tissue with high energy consumption, such as skeletal muscle, BAT,
heart and brain. PRC on the other hand is ubiquitously expressed.

Much of the early work on PGC-1f3 focussed on trying to establish its function,
especially in relation to PGC-1o.. We and others have shown that PGC-1p and
PGC-1a share similar properties in vitro, as overexpression of either gene results in
increased mitochondrial biogenesis and activity (Meirhaeghe et al. 2003; St-Pierre
et al. 2003). However, from our studies in rodent models, there were significant
differences in the physiological regulation of these PGCs. In conditions where
PGC-10. expression is physiologically regulated, PGC-1f expression is relatively
unaffected. The only apparent contradiction to this is in acute dietary lipid loads in
the liver which PGC-1p is preferentially upregulated (Lin et al. 2005b).

3 Ablation of PGC-1p Results in Metabolic
Changes in Multiple Tissues

In an attempt to identify a more specific role of PGC-1p, we generated a mouse
lacking a functional PGC-1f3 gene (Lelliott et al. 2006), using a triple LoxP strategy
in order to give us the flexibility to generate conditional knock-outs. Since PGC-1
is a relatively promiscuous coactivator, we designed a series of physiological phe-
notyping protocols in order to identify not only which pathways were specifically
affected by the lack of PGC-1, but also in which tissues and under which condi-
tions. From this data, we then used a systems biology approach to identify altered
metabolic pathways, and also to guide a more detailed series of experiments.

3.1 Up-Regulated Genes

Given the expected function of PGC-1f3 as an important factor in mitochondrial
activity, it would be expected that a mouse lacking PGC-1B (PGC1BKO) would be
obese. However, our PGC1BKO mouse is leaner than wild-type littermate controls,
derived from a reduced amount of white adipose tissue (WAT), rather than lean mass.
We also found that minimum oxygen consumption and energy expenditure is raised
in the PGC1BKO, in experiments conducted at room temperature (22°C). It is coun-
terintuitive that loss of a coactivator responsible for mitochondrial function should
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result in increased metabolic rates. Yet gene expression analysis for the BAT from
PGCI1BKO mice demonstrates that there is a clear global gene expression increase
in metabolically-relevant transcription factors (PPARyl, PPARo), fuel handling
proteins (hormone sensitive lipase, Glut4) and uncoupling proteins as well as type 2
deiodinase. PGC-1a expression is also upregulated in BAT from the PGC1BKO
mouse, suggesting that there is cross-regulation of the PGC-1s, and that PGC-1a.
compensates for the absence of PGC-1f in BAT, a finding also seen in WAT.

3.2 Down-Regulated Genes

Despite the upregulation of genes above, genes that are part of the mitochondrial
electron transport chain (ETC) and oxidative phosphorylation (OxPhos) were coor-
dinately downregulated. This is a global function of PGC-1f since these are the
only downregulated sets of genes common to a range of tissues. Loss of PGC-13
does not necessarily affect the mitochondrial volume fraction (MVF) of a given
tissue. Heart and soleus muscle from PGCIBKO mice have a reduced MVEF, but
this is not the case in BAT, where MVF is equivalent to wild-type levels. Also, BAT
is the only one of these three tissues that has a compensatory increase in PGC-1o.
expression, suggesting that enhanced levels of PGC-1a. is sufficient to reverse the
reduction in MVF caused by PGC-1 ablation.

4 Altered Response to Physiologic Challenges
in PGC1BKO Mice

4.1 In BAT

Given the BAT phenotype above, we examined two further hypotheses. Firstly, being
at room temperature (22°C) imparts a thermal stress on mice, so at room tempera-
ture BAT is also partially active thermogenically. So since we found that at room
temperature, lack of PGC-1f results in a higher minimum energy expenditure, we
asked whether PGC-1f ablation results in a changed basal energy expenditure at
thermoneutrality (30°C). Secondly, we asked whether PGC-1f is necessary for
enhanced BAT adaptive thermogenesis induced by a more severe cold-exposure.
Mice were housed at thermoneutrality (30°C) or subjected to stepwise adaptation
to 4°C over a period of 7 weeks. Using these adaptive protocols, PGC1BKO mice
are cold-tolerant. Measurement of basal energy expenditure at thermoneutrality,
showed that in fact PGC-1f ablation results in a reduced basal energy expenditure
in both groups of mice. Interestingly, the compensatory increase of PGC-1at in
BAT from room-temperature housed PGC1BKO mice was lost in the thermon-
eutrality-adapted mice, suggesting that the difference in PGC-1o seen at room
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temperature was induced by the thermal stress at being in a 22°C environment.
In cold-adapted mice, BAT PGC-1a levels were similar between wild-type and
PGCI1BKO. As well as having a reduced basal energy expenditure, both cold-
exposed and thermoneutrality-adapted PGC1BKO mice also had an impaired
response to norepinephrine, a compound used to drive maximum BAT activity.
Thus, PGC-1p is necessary for normal basal energy expenditure and for optimal
BAT adaptive thermogenesis.

4.2 In Heart Muscle

Given that our transcriptomic analysis showed that the PGC1BKO mouse has a
global defect in genes related to ETC and OxPhos, we examined mitochondrial
levels and performance in other tissues. As stated above, in PGC1BKO soleus
muscle, MVF is reduced. This is related to reduced ETC/OxPhos gene expression,
mitochondrial oxygen expenditure and ATP generation. A similar effect on MVF
and ETC/OxPhos gene expression was seen in PGC1BKO hearts. Since the heart
requires a large and constant supply of ATP, and must be adaptable to changes in
physiological status, the reduction of mitochondrial numbers and in gene expres-
sion could be potentially considered deleterious. In order to test this hypothesis, we
challenged the mice with dobutamine, a B1,01-adrenergic selective agonist used to
accelerate heart contractions and impose a hemodynamic load onto the muscle. We
found that the PGC1BKO mice had normal left ventricular contractility both pre-
and post-dobutamine stimulation. However, despite a normal heart rate prior to the
intervention, the increase in heart rate after adrenergic stimulation was markedly
impaired in the PGC1BKO mice. This suggests that PGC-1J is an important player
in the chronotropic mechanism controlling heart rate in response to physiological
and chemical stimulus.

4.3 In Liver

It has been previously shown in liver that PGC-1f is important for the handling
of acute lipid loads (Lin et al. 2005b; Wolfrum and Stoffel 2006). With short-
term saturated fat diets, PGC-1 is upregulated and very-low density lipoprotein
(VLDL) output is stimulated to distribute fatty acids into the periphery. Using our
PGC1BKO mice we were able to demonstrate that PGC-1 is required for the
normal lipid homeostasis in the liver since feeding the PGC1BKO with a short-
term saturated fat diet as above caused hepatic lipid accumulation and an increase
in liver/body weight ratio due to the lipid infiltration. In addition, PGC1BKO mice
have reduced total serum cholesterol, as well as decreased VLDL and low-density
lipoprotein (LDL)-cholesterol fractions. This all points towards PGC-1 being a
key player for the maintenance of normal cholesterol homeostasis.
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5 Lessons from the PGC1BKO Mouse

So what can be learnt from our mouse model about PGC-1B? Perhaps the most
important finding was that PGC-1p is a global regulator of the correct levels of mito-
chondrial gene expression. This is not to say that ablation of PGC-1 is deleterious,
at least not in unstressed conditions or in the interventions that we performed with
our mice. Indeed, after we published the first report on the PGC1BKO mouse, two
other groups have reported that mice with PGC-1[ ablated (Sonoda et al. 2007), or a
with hypomorphic mutation in PGC-1 (Vianna et al. 2006) do not suffer from overt
metabolic failure. Possibly this is due to upregulation of PGC-10t in adipose tissues
resulting in a degree of compensation that allows the survival of the mice. This com-
pensation however partially obscures the role of PGC-1f in adipose tissues, whereas
we can presume that the true functions of PGC-1p are better illustrated in tissues
without PGC-1a compensation, such as heart, liver and skeletal muscle.

In general, the lack of PGC-1p still results in functional tissues, but these tis-
sues work less optimally than normal in basal conditions and with sub-maximal
responses to stress stimulation. We hypothesise that PGC-1f and PGC-1a play
complementary roles with regards to energy homeostasis. PGC-1p sets the tone
for both basal and stress-stimulated mitochondrial activity. On the other hand,
upregulation of PGC-1a is necessary during physiological stress to allow the cell
to cope with rising energy demands. Future work will allow us to build on this
perspective and determine the intricacies of metabolic regulation by transcriptional
coactivators.
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Pharmacological and Gene Modification-Based
Models for Studying the Impact of Perinatal
Metabolic Disturbances in Adult Life
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Emilio Herrera, Julio Sevillano, Margalida Gual, Meritxell Rosell,
and Roser Iglesias

Abstract Genetic modification approaches or pharmacological interventions may be
useful for understanding the molecular mechanisms by which nutrient derivatives and
metabolites exert their effects in the perinatal period and how they may influence long-
term metabolism in adults. Examples for such experimental settings in rodents are targeted
disruption of the gene for peroxisome proliferator-activated receptor (PPAR)-0, a lipid
sensor and master regulator of lipid catabolism, or maternal treatment with agonists of
PPARY, a master regulator of adipogenesis and target of insulin sensitizing drugs in adults.
All these interventions show differential effects in the perinatal period compared to adults
and indicate that altered activity of master regulators of metabolism results in profound
metabolic alterations in the perinatal period that may influence adult metabolism.

Keywords Fetus o fatty acid « insulin sensitivity « neonate « peroxisome proliferator-
activated receptor o thiazolidinedione

Abbreviations KO: knock out; PPAR: peroxisome proliferator-activated receptor;
TZD: thiazolidinedione; UCP: uncoupling protein

1 Introduction

The primary goal of determining the effects of pre- and post-natal nutrition on off-
spring development and the potential metabolic disturbances is hampered by the
complexities of perinatal nutritional determinants (nutritional components of mater-
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nal food, placental transfer of metabolites, changes in milk composition, etc.). Thus,
together with studies looking at the effects of maternal nutrition on the metabolic
outcome of neonates and adults, other complementary approaches have been useful
for our advancement in the understanding of the mechanisms and molecular processes
driving long-term effects of perinatal nutrition changes. Two experimental approaches
in rodent models, not involving nutrition primarily, may be useful: gene manipulation
via the generation of transgenic or “knockout” (KO) mice, and pharmacologically-
driven action on specific metabolic pathways in the perinatal period.

2 A Gene Manipulation Approach to Perinatal Metabolic
Alterations and Their Consequences on Adults:
The Example of PPAR0-“Knockout” Mice

2.1 The PPAR Family of Nuclear Hormone Receptors

Peroxisome proliferator-activated receptor (PPAR)ct is a member of the nuclear
hormone receptor superfamily and member of the PPAR family of receptors which
includes also PPARY and PPARP/d. PPAR« acts as a ligand-dependent transcrip-
tion factor. It regulates the transcription of genes encoding proteins involved in
lipid oxidation and, accordingly, it is expressed in tissues with high levels of fat
catabolism such as liver, muscle, heart or brown adipose tissue. The natural ligands
of PPAR« are fatty acids and some types of leukotrienes. Thus, PPARa is consid-
ered a master regulator of lipid catabolism and a sensor of the extent of tissue fatty
acid available for oxidation. It constitutes a pivotal molecular link between lipid
nutrition components and adaptive regulation of gene expression. Other members
of the PPAR family are also regulators of gene expression in relation to lipid
metabolism. The function of PPARY is specifically related to the control of adi-
pogenesis and therefore in lipid accumulation, whereas PPAR[/S is ubiquitously
expressed and it has similar effects to PPARo in promoting fatty acid oxidation
(Guri et al. 2000).

2.2 Consequences of Targeted Disruption of PPARx

Multiple metabolic disturbances have been identified in adult mice with targeted
disruption of PPARa (PPAR0-KO) including impaired adaptation to starvation
(hypoglycemica, lowered induction of ketogenesis, etc.), increased fat in liver
and adipose tissue under certain dietary challenges but also protection from diet-
induced insulin resistance in the context of obesity (Kersten et al. 1999; Leone et al.
1999; Finck et al. 2005). Impaired expression of genes for fatty acid oxidation also
takes place in the heart (Murray et al. 2005) but minor alterations occur in skeletal
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muscle (Muoio et al. 2002). However, it cannot be excluded that disturbances in
PPAR0-KO adults may result in whole or in part from potential metabolic dis-
turbances due to the lack of PPARa during the fetal or neonatal period and the
subsequent effects on metabolism. To clarify this issue, the impact of targeted
disruption of PPARa on perinatal metabolism was studied (Yubero et al. 2004;
Pedraza et al. 2006). Fetuses from PPAR0-KO mice did not show major altera-
tions in circulating metabolites or gene expression in PPARo-expressing tissues
when compared with littermates. However, the lack of PPARa had a major impact
in the neonatal period. PPARa-KO newborns do not show the increase in ketone
levels in blood occurring in wild-type pups whereas they show mild hypoglycemia.
An overall impairment in gene expression for enzymes involved in lipid cata-
bolism (hydroxymethylglutharyl-CoA synthase, acyl-CoA oxidase) occur in the
liver, whereas no major alterations in gluconeogenic genes (phosphoenolpyruvate
carboxykinase, glucose-6-phosphatase) take place (Yubero et al. 2004).

In neonates’ hearts, like adults, there are profound changes in gene expression
due to the lack of PPARa. They take place shortly after the initiation of suckling
but do not occur just at birth. For instance, PPAR-KO neonates show impaired
expression of genes which are induced in wild-type pups as a consequence of
initiation of milk intake (such as uncoupling proteins [UCP] 2 and 3, pyruvate-
dehydrogenase kinase-4, or carnitine palmitoyl-transferase II) (Pedraza et al. 2006).
Skeletal muscle appears to be much less sensitive to the lack of PPARo., and only
UCP3 and UCP2 gene expression was impaired in PPAR0o-KO neonates. However,
this was different from adults, in which skeletal muscle gene expression appears
to be unaltered for both genes. The most likely explanation for these differences
in skeletal muscle gene expression between adults and neonates is a redundant
compensatory effect of PPARB/S, which may share target genes with PPARo. It
is not clear why this compensation occurs only in skeletal muscle from adults and
not from neonates or why this does not happen in the heart. Developmental regu-
lation of gene expression for PPARo and PPARP/S in these tissues can hardly be
an explanation. In skeletal muscle, PPARo gene expression is low in fetuses but
it is highly induced just before birth. Neonates show high levels of PPARo gene
expression and a progressive decline thereafter. Thus, PPARo gene expression is
much lower in neonates than in adults (Brun et al. 1999). In contrast, PPARPB/d gene
expression in muscle is unchanged when neonates and adults are compared. Thus,
in some sense, PPAR« expression is more prevalent compared to PPARP/S in the
neonate than in the adult, and this may explain the particular sensitivity of neonatal
skeletal muscle to the lack of PPARco.. However, PPAR«. gene expression in heart
is similar in neonates and adults whereas PPARPB/d is more expressed in adults than
in neonates (Pedraza et al. 2006). There is no dramatic difference in the extent of
PPAR[/S expression in skeletal muscle and heart that could explain why compen-
satory mechanisms may be more efficient in muscle than in heart.

Another tissue showing relevant alterations in gene expression during the neonatal
period is brown fat. The naturally-occurring induction of genes involved in fatty acid
oxidation after birth is reduced in PPAR0-KO mice, and also UCP1 gene, the pivo-
tal gene for induction of thermogenesis, is down-regulated in PPARo-KO neonates
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(M. Rosell and R. Iglesias, 2007). This is consistent with the identification of UCP1
as a target gene of PPARo-dependent transcriptional control (Barbera et al. 2001).

2.3 The Effect of Milk Intake on Neonatal Metabolism

The profound disturbances in tissues and systemic metabolism in PPARo-KO
neonates can be explained by the sudden requirement of fatty acid catabolism after
birth. During pregnancy, glucose coming from placental transfer is the main source
of metabolic energy for fetuses. However, after birth, due to the fact that milk in
rodents contains large amounts of fat, neonates experience the sudden requirement
to activate genes encoding the enzymatic machinery of fatty acid catabolism Thus,
the adaptations in fuel usage taking place in adults as a consequence of starvation
occur in neonates as a consequence of milk intake. Thus, in neonates with targeted
disruption of PPARo, there is an impaired usage of milk fatty acids by liver, as
evidenced by the impaired induction of ketogenesis. Peripheral usage of fatty acids
is also impaired, as indicated by the reduction in gene expression for fatty acid
catabolism genes in heart, muscle and brown adipose tissue (Fig. 1). This observa-
tion confirms the importance of PPAR in the control of neonatal thermogenesis.
Fatty acid oxidation provides the fuel for thermogenesis to support uncoupled oxi-
dation in brown fat mitochondria and the subsequent heat production. Although the
lack of PPARo does not lead to a deep reduction in thermogenesis that challenges
neonatal survival, it is expected that PPARa-KO neonates experience, together

Milk

FATTY ACID OXIDATION

OXIDATION

(MOVEMENT)

GLUCONEOGENESIS

GLYCOGENOLYSIS

*Ketone bodies

+Glucose

MUSCLE

OXIDATION
{THERMOGENESIS)

BROWN FAT

Fig. 1 Metabolic fate of milk derived fatty acids during suckling and disruption caused by the
lack of PPARo. The X marks indicate metabolic consequences of impaired fatty acid utilization
due to the lack of PPARa in suckling neonates
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with an overall impairment of metabolic fuel usage reminiscent of undernutrition,
a transient impairment in the control of body temperature.

2.4 Implications for Future Studies

These profound alterations in PPAR0-KO neonates also have important overall
implications for experimental studies using targeted disruption of genes to analyze
their function in metabolism. It is essential that adult mice with targeted disruption
of a given gene are always studied in comparison with wild-type controls that do not
experience any gene disruption-mediated alteration in nutrition during pregnancy
or lactation. For instance, using the PPARo-KO mice as example, the comparison
of adult PPAR0-KO mice with wild-type controls, each one kept on separate mice
strains and therefore experiencing differential exposure to maternal metabolic alter-
ations during pregnancy or lactation, is not correct. Despite the almost complete
absence of direct studies, it may be expected that the lack of PPAR0., a master gene
of lipid metabolism, may affect maternal lipid metabolism, milk composition and
even mammary gland development (Yang et al. 2006). Changes in the metabolic
status of PPARa-KO adults may therefore be the result not of the intrinsic effects
of the lack of PPAR« on adult metabolic regulation but of the long-term effects of
altered perinatal metabolism.

Thus, it is essential that maternal behaviour and nutritional delivery to fetuses
and pups are the same if strict analysis of the effects of disruption of a given gene
in adults is to be undertaken. A potential approach would be to compare wild-
type and PPAR@-KO littermates raised by mating male and female PPARo-KO
heterozygotes. In such case, although maternal pregnancy and lactation will be
performed by an heterozygote female, it would be at least common to wild-type
and PPAR0-KO littermates. A further control of these aspects, although of a higher
experimental complexity, will be the use of wild-type foster mothers to lactate
litters composed of wild-type and PPARw-KO pups to ensure a common normal
lactation. However, ultimate differential nutrition during lactation caused by a
potential effect of the lack of PPAR« on suckling behaviour would not be controlled
by these experimental settings.

3 A Pharmacological Approach to the Effects of Perinatal
Metabolic Alterations and Their Consequences
in Adults: The Effects of a PPARY Agonist During
Pregnancy on Neonatal and Adult Rats

Another potential way of investigating the effects of metabolic disturbances during
the perinatal period on adults using non-nutritional approaches is to modulate
targets of nutritional regulation by means of specific drugs. An example of such
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approach would be the analysis of the action of thiazolidinediones (TZDs) during
pregnancy on neonatal and adult life. TZDs are used as anti-diabetic drugs in adults
because they ameliorate insulin resistance. TZDs act as activators of PPARY, the
member of the PPAR family of transcription factors expressed preferentially in
adipose tissues and involved in promoting adipocyte differentiation.

Pregnant rats were treated for 4 days with an oral dose of 50mg of the
TZD englitazone/kg of body mass daily from day 16 of gestation. Neonates from
englitazone-treated pregnant rats showed insulin-resistance, as evidenced by reduced
glucose/insulin ratio, high free fatty acid levels, enhanced ketonaemia and low
plasma IGF-I levels. In liver, lipoprotein lipase activity and Akt phosphorylation
were increased (Sevillano et al. 2005). A profound alteration occurred in brown
adipose tissue from neonates: there was a massive accumulation of triacylglycerols
in the tissue together with an overall repression of specific marker genes of brown
versus white adipose tissue phenotype such as UCP1, PPARY-coactivator-1a. or
cytochrome oxidase subunit IV (M. Gual, J. Sevillano, and C. Bocos, 2007) Thus,
the response of neonates to maternal antidiabetic drug treatment is the opposite of
what would be expected and this may have consequences on the adult. In fact, pre-
liminary data studying neonates who experienced the maternal treatment with the
TZD during pregnancy, indicate permanent systemic alterations as well as distur-
bances in adipose tissue development in the adult life. There are several hypothesis
that could be considered to explain the profound effects of TZD treatment during
pregnancy on neonatal metabolism. First, it should be considered that some extent
of insulin resistance is part of the maternal metabolic adaptations to pregnancy, and
TZDs would impair the physiological insulin resistance associated with gestation.
It is considered that such insulin resistance in pregnancy favours the channelling of
glucose to the fetuses and the alternative usage of other fuels by maternal tissues.
However, there are no clear signs of lack of glucose availability in fetuses from
treated mothers and, in fact, lipid accumulation in brown adipose tissue is likely
to result from enhanced lipogenesis from glucose in the late fetal period. Transient
reductions in glucose availability after each TZD administration may increase fetal
insulin and therefore activate the lipogenic pathway. Another possibility is a direct
effect of englitazone on fetal development. Although not extensively studied, TZDs
are considered to be capable of crossing the placenta (O’Moore-Sullivan and Prins
2002). and therefore they may act directly on target genes through PPARY activa-
tion in fetal tissues. Fetuses do not possess white fat and brown fat is probably the
main site of PPARY gene expression in fetuses. It may be suggested that the lack of
the main site of action of PPARY activation in the adult, white fat, may be respon-
sible for the lack of anti-diabetic effect of TZDs in the perinatal period. However,
it is clear that brown fat responds to the treatment in a way reminiscent of trans-
differentiation into a “white fat-like” phenotype. How this may influence overall
insulin sensitivity and cause insulin resistance in neonates deserves further study. In
any case, the response of brown adipose tissue in developing fetuses to englitazone
cannot be explained solely as a direct effect because in vitro treatment of brown
pre-adipocytes with englitazone does not impair brown fat-specific gene expression
but rather the opposite, and enhances it (M. Rosell & M. Gual, 2007).
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4 Conclusions

In summary, it is possible, either by genetic modification or pharmacological inter-
vention, to act during the perinatal period on master regulators of metabolism that,
like PPARs, behave as intracellular sensors of nutritional signals. Such experimen-
tal approaches may help to delineate the molecular events that may be disturbed as
a consequence of altered perinatal nutrition that would cause long-standing conse-
quences in adult metabolism.
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Adipose Tissue—-Muscle Interactions

and the Metabolic Effects of n-3
LCPUFA - Implications for Programming
Effects of Early Diet
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Abstract Studies in adult animals as well as in humans have demonstrated beneficial
effects of increased intake of n-3 long-chain polyunsaturated fatty acids (n-3 LCPUFA)
on lipid metabolism, obesity, and insulin sensitivity. The lipid composition of breast
milk, and in particular, the role of n-3 LCPUFA in imprinting of metabolism and its hor-
monal control need clarification as far as the long-term beneficial effects of breastfeed-
ing on health are concerned. In this respect, animal studies have brought inconclusive
results. However, the involvement of adipose tissue-muscle interactions in the short term
effects of n-3 LCPUFA during perinatal development, as well as the lasting effects of n-3
LCPUFA intake, are likely to occur and should be further investigated.

Keywords Adipose tissue « muscle « imprinting « n-3 polyunsaturated fatty acids
« obesity e insulin sensitivity
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1 Introduction — LCPUFAs

The long-term beneficial effects of breastfeeding on health are likely to be related,
at least in part, to the lipid composition of breast milk. In particular, the long-chain
(=20 carbon atoms) polyunsaturated fatty acids (LCPUFA) of both n-3 and n-6 series,
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i.e. docosahexaenoic acid (DHA; 22:6n-3) and arachidonic acid (AA; 20:4n-3), are
crucial components of the milk, because: (i) their role in development has been
documented; (ii) neither DHA and AA, nor their precursors, alpha-linolenic acid
(ALA; 18:3n-3) and linoleic acid (LA; 18:2n-6), respectively, can be synthesized
in human body and must come from food; and (iii) rate of conversion of ALA and
LA into LCPUFA is relatively low in the newborn, therefore LCPUFA rather than
their precursors represent essential fatty acids during the human perinatal develop-
ment (Hadders-Algra 2005; Uauy et al. 2003). In spite of these facts, optimization
of LCPUFA intake by pregnant mothers, as well as supplementation of formula for
neonates by LCPUFA represents an important challenge in neonatology, especially
with regard to possible differences in requirements for LCPUFA intake between
mature and premature neonates. A better understanding of the mechanisms of the
effects of LCPUFA may improve the nutritional supplementation strategies for both
the mother and the neonate.

The effects of LCPUFA in development are considered to be very complex.
Thus, intake of LCPUFA during perinatal period may have lasting beneficial effects
on neurodevelopmental outcome, consistent with the high content of DHA in brain
and retina (Hadders-Algra 2005). It has been hypothesized that LCPUFA are also
involved in the anti-obesity (Arenz et al. 2004) and anti-diabetic effects (Knip and
Akerblom 2005) of breastfeeding. In this respect, the role of eicosapentaenoic acid
(EPA; 20:5n-3) should also be considered. EPA, together with DHA, represent the
main biologically active fatty acids in sea food and fish oil, it is more abundant
than DHA in most sea fish products and n-3 (omega 3) PUFA supplements, and it
is essential for the beneficial effects of fish oil in adults. Thus, it has been demon-
strated that fish oil and EPA/DHA concentrates prevented the development of obes-
ity (Ruzickova et al. 2004; Flachs et al. 2005) and insulin resistance (Storlien et al.
1987) in rodents fed a high-fat diet. In adult humans, EPA/DHA act as hypolipidemics,
reduce cardiac events, and decrease progression of atherosclerosis (reviewed in
Ruxton et al. [2004]). Several studies in obese humans demonstrated reduction of
adiposity after n-3 LCPUFA supplementation (Couet et al. 1997; Kunesova et al.
2006). However, numerous studies on diabetic patients have demonstrated that n-3
LCPUFA are not able to reverse already established insulin resistance. The reason
for the lack of efficiency of n-3 LCPUFA in this respect is not known. The role of
n-3 LCPUFA in the prevention of diabetes, and possibly also in the imprinting
of insulin sensitivity and glucose homeostasis, needs further investigation.

The metabolic effects of n-3 LC-PUFA are largely mediated by transcription
factors, peroxisome proliferator-activated receptors (PPARs), with PPAR-o and
PPAR-$ (-B) representing the main target for n-3 LCPUFA,; as well as by liver-X
factor oo (LXR), hepatic nuclear factor-4 (HNF-4), and sterol regulatory element
binding protein-1 (SREBP-1); (Madsen et al. 2005). Besides acting directly, most
of the effects of n-3 LCPUFA are mediated indirectly through their active metabo-
lites, the eicosanoids (Madsen et al. 2005), and other lipid molecules (Serhan
2005). Mainly through the action of these metabolites, n-3 LCPUFA may reduce
inflammation, including the low grade inflammatory response of adipose tissue
associated with obesity (J.K. Kuda 2008). The hypolipidemic and anti-obesity
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effects of n-3 LCPUFA probably depend on the suppression of lipogenesis and the
increase in fatty acid oxidation in the liver (Madsen et al. 2005) and the modulation
of glucose homeostasis including suppression of liver gluconeogenesis. However,
the anti-diabetic effect also reflects modulation of adipose tissue and muscle metabolism
and insulin sensitivity of these tissues (see below).

2 Adipose Tissue and n-3 LCPUFA

White adipose tissue represents an important player involved in the effect of PUFA
because:

1. It stores fatty acids including PUFA in their most concentrated form, i.e. incor-
porated into molecules of triglycerides. Thus, the adipose tissue of the mother
serves as a buffer for LCPUFA and prevents large fluctuations of LCPUFA
concentrations in milk (Fidler et al. 2000).

2. Since mitochondrial biogenesis and B-oxidation of fatty acids in white fat of
adult rodents are enhanced specifically by n-3 LCPUFA (Flachs et al. 2005;
Madsen et al. 2005), n-3 LCPUFA reduce toxic accumulation of fatty acids in
muscle and other tissues (lipotoxicity) and prevent development of insulin resist-
ance induced by increased fat intake.

3. Intake of n-3 LCPUFA induces release of insulin-sensitizing hormone adiponec-
tin from white fat cells of adult rodents via PPAR-y that interacts with adiponectin
gene promoter (Flachs et al. 2006); this may be an important mechanism by
which n-3 LCPUFA prevent the high-fat diet induced impairment of glucose
homeostasis in rodent species. In human breast milk, adiponectin levels are
related to nutritional variables of mothers (Bronsky et al. 2006) and, therefore,
may be induced by n-3 LCPUFA targetting the adipose tissue of the mother.
Consequently, adiponectin from milk may affect the gastrointestinal tract of the
newborn and may be involved in the protective effects of breastfeeding. The
main source of adiponectin for the fetus during its intrauterine development is
probably the placenta (Chen et al. 2006).

Our results from experiments in adult mice fed a high-fat diet (based on corn oil)
have demonstrated that n-3 LCPUFA intake prevented the proliferation of adipose
tissue cells (Ruzickova et al. 2004). This anti-proliferative effect of n-3 LCPUFA
may be involved in the reduced adiposity of pups born to rat or mouse dams that
were fed diets supplemented by n-3 LCPUFA (Korotkova et al. 2002) or ALA
(Massiera et al. 2003) during gestation and suckling. The decrease in adiposity may
explain reduced leptin levels in the rat offspring (Korotkova et al. 2002).

During the perinatal period, dynamic recruitment of both brown and white fat
occurs, with important differences among species. Human newborns, similarly
to guinea pigs and lambs, are born with substantial amounts of both tissues, with
brown and white fat developed during the last trimester of gestation (Merklin
1974; Houstek et al. 1993). On the other hand, in commonly used experimental
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laboratory rodents like mice and rats, brown fat starts to develop just before
birth (Houstek et al. 1988) and white adipose tissue develops mainly postnatally
(Herrera and Amusquivar 2000), with subcutaneous fat development preceding
that of white fat in the abdomen. Therefore, mice and rats do not represent an
ideal model for studies on humans adipose tissue perinatal development and the
systemic role of the tissue and other animal models may be used instead (see above
and Mace et al. 2006).

It has been proposed that the type of fat consumed affects adipose tissue develop-
ment and that a relatively high intake of n-6 as compared with n-3 PUFA during
pregnancy, the suckling period, and early infancy could lead to childhood obesity
(Massiera et al. 2003). This may be of special importance for modern human soci-
ety facing an increase of n-6/n-3 PUFA ratio in the diet (Korotkova et al. 2002;
Massiera et al. 2003). However, the presumptions about the role of n-6/n-3 PUFA
ratio in determining adipose tissue development are derived only from experiments
in mice, they have not been supported by experiments in other species (Mace et al.
2006), and further studies are required.

3 Muscle and n-3 LCPUFA

Muscle is the most important site of whole body lipid and glucose oxidation.
In contrast to the direct effects of n-3 LCPUFA on gene expression and metabolism
in adipose tissue and liver, and also on the secretion of adiponectin, the effects of
these compounds in muscles are mostly indirect. The preventive effects of EPA and
DHA on the development of insulin resistance in muscles of rodents fed high-fat
diet correlates well with the decrease of muscle triglyceride content (Storlien et al.
1991). This most probably results from the hypolipidemic effect of EPA and DHA,
reflecting the decrease in lipogenesis and increase in lipid oxidation in both liver
and adipose tissue (see above). Both adiponectin (Yamauchi et al. 2002) and leptin
(Minokoshi et al. 2002) released from adipose tissue augment the oxidation of fatty
acids in myocytes and the influx of glucose into these cells via an intracellular regu-
latory pathway, the adenosine monophosphate-activated protein kinase (AMPK).
The AMPK pathway evolved to secure energy status of cells and to activate a
switch from a glycolytic to an oxidative pattern of energy conversion. Therefore,
the role of the AMPK pathway in the control of the changing pattern of energy
metabolism during the perinatal development should be studied. That the AMPK
regulatory pathway may be involved in the impaired postnatal activation of mito-
chondrial metabolism by nutritional lipids in muscles of very preterm newborns
was demonstrated by our group recently (Brauner et al. 2006). Our experiments in
mice suggested the involvement of the leptin — AMPK axes in a strain-specific
induction of oxygen consumption in an oxidative type of skeletal muscle by weaning
onto a high-fat diet, which was detected in obesity-resistant A/J mice and not in
obesity-prone C57BL/6 mice. These studies (J.K. Kus 2008) also support an emerg-
ing role of stearoyl-CoA desaturase 1 (SCD1) in the control of lipid oxidation in
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the muscle, its action as a downstream component of the leptin signaling pathway,
and the use of SCD1 expression as a sensitive marker of the activity of tissue lipid
metabolism (Dobrzyn and Dobrzyn 2006).

n-3 LCPUFA could also affect muscle directly, independently of their action
upon adipose tissue. The direct effects depend on accumulation of n-3 LCPUFA
in phospholipids of cell membranes, modulation of the metabolism of eicosanoids,
and on modulation of gene expression (via PPARs and other transcriptional mecha-
nisms in muscle cells) by n-3 LCPUFA. DHA, especially, is known to accumulate
in the cell membranes, and hence change their physical properties. These changes
may also affect insulin signaling (Lombardo and Chicco 2006). A protective effect
of n-3 LCPUFA against insulin resistance induced by high-fat diets in rat muscle
correlated with the DHA content in muscle phospholipids (Storlien et al. 1991).
Conversion of EPA and DHA into eicosanoids requires the release of n-3 LC-PUFA
from membrane phospholipids.

4 Long-Lasting Effects of n-3 LCPUFA on Energy
and Glucose Homeostasis

In spite of a general opinion that dietary intake of n-3 LCPUFA during gestation,
lactation, and weaning may have long-lasting (imprinting) effects on energy meta-
bolism, propensity to obesity and control of glucose homeostasis, experimental
evidence in this respect is weak and controversial (Waterland and Rached 2006).
With respect to the imprinting, n-3 LCPUFA have been reported to exert positive
(Massiera et al. 2003; Chapman et al. 2000; Siemelink et al. 2002), as well as no
(Mace et al. 2006; Herrera et al. 2005) effects. Studies on the role of n-3 LCPUFA
in imprinting are perhaps hampered by a lack of appropriate experimental models.
Thus, while the metabolic effects of n-3 LCPUFA are studied successfully in adult
laboratory rodents like rats and mice (see above), these laboratory species are
not ideally suited for the studies on the imprinting by n-3 LCPUFA. This type of
imprinting may depend in large on the adipose tissue—muscle interactions, while
perinatal development of adipose tissue in these species is much delayed compared
with the human situation (see above). Moreover, it has been observed that intake of
n-3 LCPUFA in rats and mice was associated with lower food intake during preg-
nancy (Siemelink et al. 2002), reduced milk yield of dams (Herrera et al. 2005),
as well as with lower body weight of neonates during the whole suckling period
(Korotkova et al. 2002; Siemelink et al. 2002; Herrera et al. 2005), and with smaller
litter size at birth (Siemelink et al. 2002; P. Janovska and J. Kopecky 2008). A
recent carefully performed study (Herrera et al. 2005) suggested that reduced pan-
creatic glucose responsiveness to insulin release in adult rat offsprings, that were
suckled by dams fed a fish oil diet, resulted from decreased food intake rather than
the change of milk composition during suckling. In fact, in analogy with the effect
of a synthetic PPAR-y agonists administrated during the late intrauterine develop-
ment of the rat (Sevillano et al. 2005), also intake of n-3 LCPUFA during this period
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may cause insulin resistance of the offspring, due to preferential hepatic effects, in
the absence of the adipose tissue target (Sevillano et al. 2005). It may be speculated
that, due to the relatively late development of adipose tissue during ontogeny of rats
and mice, these species are better suited to serve as models for studying the role of
n-3 LCPUFA in imprinting occurring during postweaning period rather than during
gestation and lactation.

Perhaps, the best example at the moment of the involvement of the adipose
tissue—muscle interactions in imprinting is the prevention of diet-induced obesity
and impaired glucose tolerance in rats following administration of leptin to their
mothers (Stocker et al. 2007), also in agreement with the effect of milk-borne
maternal leptin providing protection against obesity to human infants (Miralles
et al. 2006). That n-3 LCPUFA intake during gestation and lactation in rats lowered
rather than increased serum leptin of the pups (Korotkova et al. 2002) should war-
rant further investigations (see above). Important interactions between the effects
of n-3 LCPUFA and impaired nutrition during intrauterine development on the
imprinting of the propensity to obesity (Yura et al. 2005) may be found. Recent
studies suggested that epigenetic modulation of the transcriptional machinery in
both adipose tissue and liver may be involved, with PPAR-o serving as a lipid
sensor and representing the key regulatory element (Waterland and Rached 2006;
Bispham et al. 2005; Lillycrop et al. 2005) and references therein.

5 Conclusions

Taking into the consideration numerous beneficial effects of n-3 LCPUFA on
metabolism and glucose homeostasis, well documented in adult animals and humans
and including the adipose tissue—muscle interactions, similar short-term effects
should be expected to occur also during perinatal development. In order to verify
existence of these effects, and to assess their possible long-lasting consequences,
improvements of the currently used experimental animal models are necessary.
Using mild dosage of n-3 LCPUFA in the diet, by selecting the appropriate time for
n-3 LCPUFA administration during the perinatal development, and by using appro-
priate animal species, it may be possible to separate the effects of n-3 LCPUFA on
food intake and milk production from their effects on gene expression, and metabo-
lism in tissues, and eventually whole body phenotypes. Since molecular basis of
the epigenetic gene regulation remains uncertain (Waterland and Rached 2006),
and the effects on complex phenotypes like propensity to obesity or sensitivity to
insulin may be masked by array of compensatory mechanisms, analysis of simple
markers of the n-3 LCPUFA action in tissues should be performed. These markers
may include composition of tissues, as well as expression of selected genes, like
SCD1 and PPAR-c.
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Trans Isomeric and LCPUFA Are Inversely
Correlated in Erythrocyte Membrane Lipids
at Mid-gestation

Tamas Marosvolgyi, Cristina Campoy, Berthold Koletzko, Eva Szabé,
Viktoria Jakobik, Margarita Jimenez, Hans Demmelmair, and Tamas Decsi

Abstract Fatty acid composition of erythrocyte phosphatidylcholines was determined
by high-resolution capillary gas chromatography in Spanish (n = 120), German (n = 78)
and Hungarian (n = 43) expectant women at the 20th week of gestation. The sum of trans
isomeric fatty acids was significantly (p < 0.05) lower in Hungarian (0.68 [0.43]% wt/wt,
median [IQR]) than in Spanish (0.82 [0.53]) expectant women. There were no significant
correlations between the sum of trans isomers and linoleic acid or alpha-linolenic acid in
either of the three groups. In contrast, there were significant inverse correlations between
the sum of trans fatty acids and arachidonic acid and docosahexaenoic acid in all the
three groups. These data raise the possibility that maternal ¢rans isomeric fatty acid status
may be inversely associated to the essential fatty acid status of the foetus.

Keywords Arachidonic acid « docosahexaenoic acid  foetal nutrition e frans fatty acids

Abbreviations AA: arachidonic acid; ALA: alpha-linolenic acid; DHA: docosa-
hexaenoic acid; LA: linoleic acid; LCPUFA: long-chain polyunsaturated fatty acid;
C18:1¢: trans hexadecenoic acid

1 Introduction

Unsaturated fatty acids are usually found in nature in their cis configuration form,
while trans isomers are produced in the rumen of ruminant animals and dur-
ing the hydrogenation of oils. Cis double bonds break the spatial linearity of the
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carbon chain, while trans fatty acids, similarly to saturated fatty acids, are linear
in space; the different biological properties of the cis and the frans isomers of the
same unsaturated fatty acids arise mainly from the different spatial configuration
(Koletzko and Decsi 1997). Because cis and trans isomeric fatty acids use the same
enzymes during their metabolism, trans fatty acids may disturb the desaturation
and chain elongation of essential fatty acids, the n-6 linoleic acid (LA; C18:2n-6)
and the n-3 alpha-linolenic acid (ALA; C18:3n-3) to their respective LCPUFA
metabolites, arachidonic acid (AA; C20:4n-6) and docosahexanoic acid (DHA;
C22:6n-3). The most important n-3 LCPUFA, DHA plays an important role in the
early development of central nervous system; hence, optimal perinatal DHA supply
is of great concern. Previously we found significant inverse correlations between
trans isomers and LCPUFAs in cord blood lipids of preterm (Koletzko 1992) and
full-term infants (Decsi et al. 2001) as well as in mature human milk samples
(Szabé et al. 2007). Here we report data on the association of the availability of
trans fatty acids to those of LCPUFA in maternal blood lipids at mid gestation.

2 Methods

At the 20th week of gestation we collected blood samples of German (n = 78),
Hungarian (n = 43) and Spanish (n = 120) expectant women participating in the
NUHEAL study. Detailed description of the supplementation study has been
provided elsewhere (Decsi et al. 2005; Krauss-Etschman et al. 2007). Briefly,
apparently healthy pregnant women were recruited before the 20th week of gesta-
tion in the Departments of Obstetrics at Ludwig Maximilians University, Munich,
Germany; the University of Granada, Granada, Spain; and the University of Pécs,
Pécs, Hungary. Inclusion criteria were singleton pregnancy, gestational age
lower than 20 weeks at enrolment, and intention to deliver in one of the obstetrical
centres. Women with serious chronic illness or those using fish oil supplements
since the beginning of pregnancy or folate or vitamin B , supplements after the 16th
week of gestation were excluded from the study.

Fatty acid composition of erythrocyte membrane lipids was determined by
high-resolution gas—liquid chromatography. Statistical analysis was performed with
the use of SPSS 11.5 for Windows. Differences between the three nations were
calculated with the analysis of variance followed by Mann-Whitney test, whereas
correlations between fatty acids were calculated with Spearman’s rho correlation
analysis. In this paper, we focus on phosphatidylcholines.

3 Results

Values of trans hexadecenoic acid (C16:1f) were significantly higher in German
(0.20 [0.16], % wt/wt, median [IQR]) than in Spanish (0.16 [0.16], p < 0.05) and
Hungarian mothers (0.14 [0.12], p < 0.05). There were no significant differences in
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Table 1 Spearman’s rho correlation coefficients for n-6 and n-3 polyunsaturated
fatty acids in erythrocyte membrane phosphatidylcholines in European expectant
women at the 20th week of gestation

Cl18:1¢ Spanish (n = 120) German (n = 78) Hungarian (n = 43)
LA -0.113 -0.158 0.062

AA -0.2872 —-0.706° -0.446*

ALA -0.025 0.061 0.058

DHA -0.431° -0.733° —-0.342¢

For abbreviations, see list of abbreviations in text.

p < 0.01.

°p < 0.001.

°p < 0.05.

trans octadecenoic acid (C18:1¢) values, whereas values of trans octadecadienoic
acid (C18:2¢f) were significantly lower in Hungarian (0.10 [0.12]) than in Spanish
(0.18 [0.15], p < 0.01) and German (0.16 [0.19], p < 0.05) mothers. The sum of
trans fatty acids was significantly higher in Spanish (0.82 [0.53]) than in Hungarian
mothers (0.68 [0.43], p < 0.05).

There was no significant correlation between C18:1¢ and the parent essential
fatty acids, LA and ALA (Table 1). In contrast, we found significant inverse cor-
relations between 18:1¢ and the most important n-6 metabolite, AA and in all three
groups European expecting women (Table 1). Similarly, the values of 18:1¢ and
the most important n-3 metabolite, DHA were found to be in significant inverse
correlation in all the three nations (Table 1).

4 Discussion

Although human metabolism is able to elongate and desaturate ingested trans
isomeric fatty acids into longer-chain and more unsaturated metabolites, it is unable
to de novo synthesize trans fatty acids. Hence, trans fatty acids detected in blood
lipids of expectant women must originate from their diet. In the present study, we
found significant inverse correlations between trans isomeric fatty acids and n-3
and n-6 LCPUFAs in erythrocyte membrane phosphatidylcholines at the 20th week
of gestation in German and Hungarian and Spanish women. To the best of our
knowledge, this is the first report indicating untoward effects of dietary frans fatty
acid intakes on the availability of LCPUFA in expecting women.

However, the present study is not the first one reporting inverse relationship
between trans fatty acids and LCPUFAs in the perinatal period. Significant inverse
correlations were found between trans isomeric fatty acids and LCPUFAs in cord
blood lipids both in healthy full-term infants (Elias and Innis 2001) and in full-term
infants with an atopic trait (Decsi et al. 2001), in cord vessel wall lipids in healthy
full-term infants (Decsi et al. 2002) and in plasma lipids in young preterm infants
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(Koletzko 1992). Moreover, recent data indicate that trans fatty acids may be
inversely related not only to LCPUFA status, but to results of neurodevelopmental
tests as well. The study, determining relationships between relative fatty acid contents
of umbilical arteries and veins and neurodevelopment at 18 months, comprised a
mixed group of 317 healthy, full-term infants fed human milk and formula with
or without preformed dietary LCPUFA (Bouwstra et al. 2006). Study endpoints
were the Hempel neurological examination resulting in a neurological classifica-
tion and neurological optimality score, and the Bayley Psychomotor and Mental
Developmental Indices. Umbilical vein AA values were related to neurological
optimality score in univariate statistics but not in multivariate analyses. However,
the sum of frans fatty acids and that of trans fatty acids with 18 carbon atoms
showed a negative association with neurological optimality score in both univariate
and multivariate analyses.

5 Conclusions

In summary, the results obtained in the present study indicate that maternal trans
isomeric fatty acids may have an adverse effect on the availability of LCPUFAs.
The recent observation that high frans fatty acid contents in umbilical vein wall
lipids were related to poorer performances in neurological tests at the age of
18 months (Bouwstra et al. 2006) underpins the potential relevance of reducing
maternal trans fatty acid intakes during pregnancy.
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Abstract Examination of the relationship between early growth and body
composition (BC) in infancy might provide clues about the mechanism of early
nutrition programming. 150 healthy full-term infants (64 boys) born in Cambridge
from 1985-1993 had BC measured using stable isotope at the age of 12 weeks as
a part of infant nutrition studies. Fat mass index (FMI, FM/length?) and lean mass
index (LMI, LM/length?) internal standard deviation scores (SDS) were calculated
for boys and girls. Birth weight SDS was positively associated with length, BMI and
FMI SDS at 12 weeks, but not LMI SDS; equivalent to 0.26 SDS increase in FMI per
1 SDS increase in birth weight (95% CI, 0.04-0.48). Weight SDS change from birth-
12 weeks was positively correlated with FMI and LMI SDS at 12 weeks; equivalent
to 0.68 SDS and 0.48 SDS increase in FMI and LMI per 1 SDS gain in weight (95%
CI, 0.48-0.88 and 0.26-0.70, respectively). Associations were independent of gen-
der, parity, infant diets, and, for weight gain, birth weight SDS. Conclusion: Higher
birth weight was associated with higher fat mass at 3 months whereas rapid weight
gain in the first 3 months was associated with both fat and lean mass. Our data do not
support the hypothesis that lean mass tracks directly from fetal life to childhood.

Keywords Body composition ¢ growth e infant nutrition ¢ programming

Abbreviations BC: body composition; FM: fat mass; FMI: fat mass index; LM:
lean mass; LMI: lean mass index; SDS: standard deviation score; TBW: total body
water; A weight SDS: change in weight SDS; A length SDS: change in length SDS
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1 Introduction

The concept that events operating in early life influence or ‘programme’ (Lucas
1991) later health has been extensively investigated in the last 2 decades. Studies
in rodents and primates suggest that infant overnutrition and excessive weight gain
are predisposing factors for obesity in later life even when early dietary effects are
transitory (Aubert et al. 1980; Lewis et al. 1989). Recent studies in humans have
consistently found positive associations between birth weight and later lean body
mass, while data from longitudinal studies suggest that rapid infancy weight gain
is associated with higher BMI, with the effects on body composition (BC) varying
by population, i.e. relating with higher lean mass (LM) in developing countries, but
predicting subsequent fat mass (FM) in western populations (see the recent review
in Proceedings of the Nutrition Society) (Wells et al. 2007). Examination of the
relationship between early growth and BC in infancy might provide clues about the
mechanism of early nutrition programming.

2 Methods

We studied 150 healthy full-term infants (64 boys) who were born in Cambridge
from 1985-1993 and had BC measured using stable isotope at the age of 12 weeks
as a part of infant nutrition studies. Total body water (TBW) was measured by oral
administration of a dose of 0.1 g per kg body weight of water labelled with 2H.
The *H,O enrichment in a urine sample was used to calculate TBW (from the prin-
ciple of dilution after equilibration of this dose with body water pool was complete)
(Davies and Wells 1994). Infant BC was then calculated assuming a certain hydra-
tion fraction of LM in infancy (Fomon et al. 1982). FM was calculated from the
difference between body weight and LM. Fat mass index (FMI, FM/length?) and
lean mass index (LMI, LM/length?) internal standard deviation score (SDS) were
calculated for boys and girls. Weight, length, and BMI SDS were calculated using
the British 1990 reference (Cole et al. 1998). Multiple linear regression was used
to assess the associations between early growth parameters and infant BC adjusting
for potential confounders.

3 Results

There was no difference in birth weight SDS and 12 weeks BMI SDS for this
dataset compared to the British 1990 reference (data not shown). From Table 1,
birth weight SDS was positively associated with length, BMI and FMI SDS at
12 weeks, but not LMI SDS; equivalent to 0.26 SDS increase in FMI per 1 SDS
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Table 1 Association of birth weight SDS and infant
BC at 12 weeks

B SE p r?
Length SDS 0.58 0.07 <0.001 0.25
BMI SDS 0.29 0.09 0.001 0.05
FMI SDS 0.26 0.11 0.02 0.04
LMI SDS 0.07 0.11 0.55

Each row represents a different model with infant
BC in the left hand column as a dependent variable;
birth weight SDS was an independent variable;
exact age, gender, parity, and infant diets were
covariates; B = the coefficient of birth weight SDS
i.e. the change in body composition per 1 SDS
increase in birth weight, SE = standard error, bold
p values indicate significant at p < 0.05, 1> = the
proportion of variability in BC SDS explained by
birth weight SDS.

increase in birth weight (95% CI, 0.04-0.48). Birth length SDS (n = 58) showed a
positive association with LM at 12 weeks; however, the association was attenuated
substantively and become non-significant after adjusting for length using LMI (data
not shown).

From Table 2, change in weight SDS (A weight SDS) from birth-12 weeks was
positively correlated with FMI and LMI SDS at 12 weeks; equivalent to 0.68 SDS
and 0.48 SDS increase in FMI and LMI per 1 SDS gain in weight (95% CI, 0.48—
0.88 and 0.26-0.70, respectively). Associations were independent of gender, parity,
infant diets, and birth weight SDS. Change in length SDS (A length SDS) during
the same period was not associated with any measurement at 12 weeks other than
length SDS. There was no significant interaction between birth SDS and A weight
SDS in predicting infant BC. Variability in infant BC at 3 months was explained
more by A weight SDS than by birth weight SDS.

Table 2 Association of weight and length SDS change from birth to 12 weeks with body
composition

A Weight SDS (n = 150) A Length SDS (n = 58)
B SE p r? B SE p r?
Length SDS 049  0.07 <0.001 022 071 0.09 <0.001 0.43
BMI SDS 099  0.06 <0.001 0.62 0.17 0.14 023
FMI SDS 0.68  0.10 <0.001 023  0.08 020  0.69
LMI SDS 048  0.11 <0.001 0.12  0.09 020  0.65

Each row represents a different model with infant BC in the left hand column as a dependent
variable; either A weight SDS or A length SDS was an independent variable; exact age,
gender, parity, infant diets, and birth weight SDS were covariates; B = the change in body
composition per 1 SDS increase in A weight or A length, SE = standard error, bold p value
indicate significant at p < 0.05, r* = the proportion of variability in BC SDS explained by A
weight SDS or A length SDS.
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4 Discussion

An important question is whether the association between early ‘growth’ (generally
early weight gain) and later BC is mediated through ‘structural’ changes in infant
BC which then track through adolescent and adult life, or through some other
mechanism that does not involve infant BC. If the latter is true, weight gain might
be regarded as essentially an ‘epiphenomenon’. We have shown that higher birth
weight was associated with higher FM at 3 months whereas rapid weight gain in
the first 3 months was associated with both higher rank of fat and lean mass. From
our data, the evidence implicating infant BC in the programming process was
not strong; they do not support the hypothesis that lean mass tracks directly from
fetal life to childhood. However, we cannot exclude the possibility that the critical
period for any programming effects of infant BC is earlier than 12 weeks. The other
possibility, not tested in our study, is that early infant growth programs later BC
by changing some ‘functional’ component(s) that in turn regulate the subsequent
development of fatness. Likely candidates include the set-point of hormones
regulating growth or appetite such as insulin, IGF-1, or leptin (Cripps et al. 2005;
McMillen et al. 2004; Remacle et al. 2004). Such effects could persist and explain
the observed long-term influence on later BC and risk of obesity.
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Abstract The aim of this study was to know how the early nutrition programming
concept and its relation with long-term diseases such as obesity is reflected in policy
recommendations on infant nutrition in five European countries (Finland, Germany,
Hungary, Spain and England). After collating and evaluating infant nutrition policy
documents, statements about early nutrition programming, as the origin of diseases
such as obesity, were analysed. The number of policy documents analysed were 38
(England: 10, Finland: 2, Germany: 11, Hungary: 8, Spain: 7) with a total of 455
statements identified and categorized into 53 different health outcomes. Obesity
was mentioned in 5.5% (n = 25) of the statements, the third most frequent outcome
after allergy (14.1%, n = 64) and health in general (5.7%, n = 26). Twenty six
percent (n = 6) of the obesity related statements referred to short-term duration of
the effects, 48% (n = 12) to medium-term, 24% (n = 6) to long-term effects and the
rest were not identified. Only 22% of the obesity statements were evidence based.
The link between infant feeding and obesity is integrated into policy documents, but
most of the statements did not fully specify the short, medium and long term health
implications. Action may be required to keep documents up to date as new evidence
emerges and to ensure the evidence base is properly recorded.
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1 Introduction

Evidence is accumulating that the nutrition of women during pregnancy (Decsi
et al. 2005), breastfeeding (BF) (Koletzko 2006) and complementary feeding of
infants can have implications for child development and long-term health (Lucas
2005; Demmelmair et al. 2006). In certain circumstances the early nutrition envi-
ronment may alter or ‘programme’ a baby’s metabolism in a way that increases
the risks of disease later in life (Lucas 1991, 1994). Programming has been linked
to a range of short, medium and long term health outcomes including obesity. The
World Health Organization (WHO) considers obesity to be one of the most seri-
ous chronic diseases (WHO 2002). The current prevalence of obesity has already
reached unprecedented levels and the rate at which it is annually increasing in most
developed regions is substantial (Brug 2007; Kelishadi 2007). This study presents
an overview of the information reflected about early nutrition programming in rela-
tion to long-term diseases, such as obesity, in infant nutrition policy documents in
five member states of the European Union.

2 Material and Methods

A search for current publicly available national policy documents was carried
out from July to October 2005 within five European countries: England, Finland,
Germany, Hungary and Spain. All recommendations or guidelines about breast-
feeding, introduction of solid foods and beverages and infant feeding in the first
year of life were included. The documents were screened for statements on the
relationship between infant feeding and health outcomes. Particular emphasis
was placed on coverage of the relationship between early nutrition and obesity.
Statements were translated into English by local researchers and classified accord-
ing to: the nutrition behaviour each referred to (BF in general, exclusively BF for 4
or 6 months and complementary feeding); the health outcome for the offspring (for
example, obesity, infections, diabetes, allergy, cardiovascular disease, cancer, etc.);
the duration of this health outcome (short — to 5 years, medium — 5-15 years, or
long term — more than 15 years). The evidence and citations used in the statements
were recorded and categorized according to the Cochrane Library type of strength
of evidence. Data were entered into SPSS version 14.0 (SPSS Chicago, IL, USA)
and descriptive statistical analysis was undertaken.
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3 Results

The number of policy documents analysed was 38 (England: 10, Finland: 2, Germany:
11, Hungary: 8, Spain: 7) with a total of 455 statements identified and categorized into
53 different health outcomes. Of the total statements, 184 (40.4%) concerned the effect
of BF in general, 47 (10.3%) emphasized the exclusivity of BF and 34 (7.5%) targeted
the introduction of complementary food. Only 24 (5.3%) of the statements mentioned
the potential long-term benefits of exclusive BF in the first 6 months of life.

Most statements n = 269 (59.1%) were not supported by reference to evidence.
Where the evidence base was cited, 39.2% were expert committees, 23.1% were
non randomized trials, 14.5% were randomized controlled trials (RCTs), 13.4%
were uncontrolled observational studies and 3.2% were reviews of RCTs. In the
case of obesity, only 22% of the statements had evidence supporting them. This
disease was mentioned in n = 25 (5.5%) of the statements, and was the third most
frequently reported outcome after allergy (14.1%, n = 64) and health in general
(5.7%, n = 26). Obesity was ranked differently among countries, being the second
most frequently cited health outcome in Hungary, fourth in Germany and Spain
and ninth in England and Finland. 26% (n = 6) of the obesity related statements
referred to short-term duration of the effects, 48% (n = 12) to medium-term,
24% (n = 6) to long-term effects and the rest were not identified.

4 Discussion

This review of current policy documents of five EU countries found that they
contained many statements that linked infant feeding to health outcomes. The con-
cept of early nutrition programming purports that diet in the first stages of life is
important in the development of diseases in later life (Lucas 2005) such as diabetes
(Steyn et al. 2004), cardiovascular diseases (Reddy and Katan 2004), certain types
of cancer (Key et al. 2004) and for neurological development (Dijck-Brouwer et al.
2005). The WHO aims to avoid a pandemic of chronic disease (WHO 2003) and
is conscious of early life nutritional influences on the genesis of non-transmissible
diseases in later adult life (Yach et al. 2004). Programming effects may be trig-
gered by the intra uterine nutritional environment as well as in the perinatal period.
This paper shows that obesity is featured highly amongst outcomes covered in
the policy documents of the study countries. Many studies have been published
recently regarding the potential protective effect of breast-feeding on childhood
obesity (Koletzko 2006). There is increasingly strong evidence suggesting that a
lower risk of developing obesity (Gillman et al. 2001; von Kries et al. 1999) may
be directly related to duration of exclusive BF although the effects may not become
evident until later in childhood. Promoting BF has many benefits, the prevention
of childhood obesity probably being one of them. But, only 5.3% of identified
statements mentioned the potential effects of exclusively BF for 6 months, whereas
40.4% only talked about BF in general, without specification. More than half of the
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statements that were identified in policy documents were not linked to evidence,
and, in the case of obesity, only 22% of them were. The absence of evidence is
perhaps surprising as policy documents that fully show the rationale for their recom-
mendations and the basis for statements may carry more credibility and be more
effective in promoting appropriate infant nutrition behaviour.

5 Conclusions

In summary, the link between infant feeding and obesity is integrated into policy
documents, but most of the statements did not fully specify the short, medium and
long term health implications. Moreover, action may be required to keep documents
up to date as new evidence emerges and to ensure the evidence base is properly
recorded.
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Obesity Related Programming Statements
in Materials on Infant Feeding Aimed
at Parents in Five European Countries

Julia von Rosen-von Hoewel, Kirsi Laitinen, Elena Martin-Bautista, Cristina
Campoy, Viktoria Jakobik, Tamas Decsi, Martina A. Schmid, Jane Morgan,
Heather Gage, Berthold Koletzko, and Monique Raats

Abstract Early nutrition programming as an origin of obesity is well acknowledged,
but to what extent is this concept communicated to parents? In five European coun-
tries, UK, Finland (FI), Germany (DE), Hungary (HU) and Spain (ES), a total of 130
stand alone leaflets and 161 articles from parenting magazines providing information
on feeding of healthy infants aged 0-12 months were identified and screened for
nutrition programming statements. Obesity was mentioned in 8.5% (54/638) of the
statements, and was the fourth most frequent outcome after allergy (20.7%), risk of
infections (15.5%) and growth and development (11.4%). A temporal prognosis was
given in 39% of obesity related statements, 6% referring to short- (<5 years), 13%
to medium- (5-15 years) and 20% to long-term (>15 years) duration of effects. So
advice on obesity focuses on the intrinsic long-term perspective of programming in
contrary to other surveyed health-outcomes where only 8% considered a lifelong
approach. The major programming related behaviour concerned breast-feeding com-
pared to formula and complementary feeding with meaningful differences concerning
the recommended duration: for ES and HU the predominant advice was for exclusive
breast-feeding for 6 months, for DE exclusive breast-feeding for 4-6 months and
for UK and FI breast-feeding without further specification. In summary, statements
relating to the programming of later obesity have been partially integrated into feed-
ing information in five European countries. These countries have slightly different
breastfeeding recommendations, but consistently refer to the preventive potential of
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breastfeeding in general. This is important as obesity and its resulting morbidity are
of increasing public health concern in developed countries.

Keywords Breastfeeding e infant feeding « metabolic programming e nutrition
programming

Abbreviations BF: breastfeeding; CF: complementary-feeding; CVD: cardiovas-
cular diseases; GOV: government; IND: industry; MF: milk-feeding; PROF: profes-
sional associations; RCT: randomised controlled trials; SIG: special interest groups

1 Introduction

Childhood obesity is considered a global epidemic with worldwide prevalence and
severity increasing at alarming rates (WHO 1998; Kopelman 2000; Popkin and Doak
1998) and it concerns affluent countries as well as countries in economic transition
(Drewnowski and Popkin 1997; Martorell et al. 2000). Serious short and long term
consequences of childhood obesity arise in terms of impairments of quality of life,
performance and health. In addition to genetic predisposition and current lifestyle, nutri-
tional programming is considered as an important risk factor for developing obesity. It
is broadly defined as “either the induction, deletion, or impaired development of a per-
manent somatic structure or the setting of a physiological system by an early stimulus or
insult operating at a sensitive period, resulting in long-term consequences for function”
(Lucas 1991). Several indications exist that modification of infantile nutrition, such as
promotion of breast feeding, may contribute to decreasing later obesity risk (Schack-
Nielsen and Michaelsen 2006). The concept of early nutritional programming has
recently gained wide acknowledgment among researchers (Koletzko 2006; Demmelmair
et al. 2006), but there is little research on identifying the extent to which research
conclusions and policy statements enter information provided to parents. The purpose of
this study, conducted in five member states of the European Union (Finland, Germany,
Hungary, Spain, and United Kingdom), is to determine the incorporation of information
on the association between early diet and lifelong health, particularly concerning obesity,
in leaflets and parenting magazine articles about infant feeding.

2 Material and Methods

2.1 Assessing Infant Feeding Leaflets

Between July and October 2005 a standardized web-based research procedure for assess-
ing stand alone leaflets on infant nutrition referring to feeding of healthy infants aged
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0-12 months was conducted in the five participating countries. Websites from national
and regional government bodies, professional associations, special interest groups and
the retailing and manufacturing industries were visited to locate materials covering the
area of infant feeding using the key words: nutrition, diet, breastfeeding, bottle feeding,
formula feeding, weaning, complementary feeding, infant feeding, and baby. Stand
alone materials were either collected electronically or printed. Leaflets published after
2000 targeting parents were included. Materials targeting pregnancy, older children and
health professionals or focusing on legal and practical aspects were excluded.

2.2 Assessing Articles and Notes in Parenting Magazines

The most popular monthly parenting magazine for each country was selected based on
annual average circulation per issue figures. All 12 issues from 2005 were screened for
articles and notes on infant feeding, i.e. about feeding of and nutrition for babies aged
0-12 months. Most popular was defined by the annual average circulation per issue.

2.3 Selection of Programming Statements

Materials were screened for statements on nutrition related programming in rela-
tion to milk and complementary feeding. As it was not expected to come across the
term “programming” itself, all statements on regular feeding of a healthy infants
resulting in certain health outcomes have been considered as relevant. Statements
on non-nutritive or toxicological substances, non-nutrition related behaviour (e.g.
smoking), as well as nutrient absorption and supplementation (e.g. of folic acid),
non-metabolism related outcomes, and adverse health effects due to a special diet
or severe malnutrition were excluded from the database.

Each statement was further characterized concerning the duration of health effect
(not mentioned, short-term perspective, i.e. duration of effect less than 5 years,
medium-term perspective, i.e. duration of effect from 5 to 15 years, and long-term
perspective, i.e. duration of effect more than 15 years). The programming related
feeding behaviour was coded as milk-feeding, complementary feeding, either
period, or general statements on infant feeding. Milk-feeding was further divided
into breastfeeding in general, exclusive breastfeeding without further specification,
exclusive breastfeeding for 6 months, and formula feeding. It was noted whether a
scientific reference was cited with the health outcome or not.

A final total of 638 valid programming statements, for example “breastfeeding
helps to prevent obesity later in life”, remained for analysis and were classified
into 15 health outcome categories. All analyses were carried out with the software
package SPSS (SPSS, 13.0, Chicago, IL, USA).
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3 Results

In total, 130 leaflets published between 2000 and 2005 have been reviewed for
analysis (Finland = 8, Germany = 14, Hungary = 38, Spain = 34, UK = 36). In summary,
76% of the leaflets contained programming statements, with considerable variation
between the countries, ranging from 94% of the Spanish to 61% of the UK leaflets.
The pattern of density of statements differed as well: in Germany there was an aver-
age of 9.6 statements per leaflet down to 1.1 statements per Finnish leaflet. About
20% of programming statements were based on a given reference. The 60 reviewed
magazine issues contained 161 nutrition related articles and notes. In summary,
41% of the magazine contributions contained programming statements, with
considerable variation between the countries ranging from 82% of the Spanish to
25% of the Finnish articles and notes. There was a country specific pattern concerning
statements citing references, where Hungary, Spain, and the UK did not cite any
references with the articles and notes, whereas 13% of the Finnish and 2% of the
German magazine contributions referred to scientific literature.

Table 1 shows the order of the six most frequently mentioned health outcome
categories per country. Allergy was the most frequent programming related health
outcome in the UK (25.7%), Hungary (23.5%), and Germany (22.2%), whereas
it was risk of infection in Spain (21.2%) and growth and development in Finland
(18.4%). Obesity was mentioned in 8.5% (54/638) of the statements, thus in the
cross-country comparison the fourth most frequent health outcome.

The majority of statements (68.2%, n = 435) did not refer to the duration of the
programming related health effects, a further 18.2% (n = 122) referred to short-
and 5.1% (n = 33) to medium-term duration. In total, only 8% of the statements
referred to a long-term duration of programming effects, thus considering a lifelong
approach. Among the obesity concerning statements a temporal prognosis was
given in 39%, with 6% referring to short- (<5 years), 13% to medium- (515 years)

Table 1 Frequency of health outcomes associated with nutritional programming

All
Health outcome UK Finland Germany Hungary Spain countries
categories n % n % n % n % n % n %
Allergy 46 257 4 105 44 222 28 235 10 9.6 132 20.7
Risk of infection 41 229 3 79 13 6.6 20 168 22 212 99 155
Growth and 10 56 7 184 34 172 9 176 13 125 73 114
development
Obesity 11 61 5 132 18 9.1 9 16 11 106 54 85
Risk of disease 19 10.6 3 79 10 5.1 9 176 10 96 51 80
in general
Mental 9 50 1 26 12 6.1 9 16 8 77 39 6.1
development

Other health 43 241 15 395 67 337 35 293 30 288 190 29.8
outcomes
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and 20% to long-term (>15 years) duration of effects. So obesity related state-
ments were focused more than average on the intrinsic long-term perspective of
programming compared to other surveyed health-outcomes. The major program-
ming related behaviour concerned breast-feeding (47% all over, Hungary and
Spain even 100%) compared to formula and complementary feeding with mean-
ingful differences concerning the recommended duration: in Hungary and Spain
the predominant advice was exclusive breast-feeding for 6 months, in Germany
exclusive breast-feeding for 4-6 months and for Finland and the UK breast-feeding
without further specification. The preventive aspect of breastfeeding towards later
obesity was consistently included in the statements.

4 Discussion

The aim of this review was to survey to what extent the concept of early nutrition
programming is being communicated to parents in written information. The focus
was on leaflets, because of their important role as a source of advice for parents
(DoH 2002). Magazines were included as they have also been recognized as having
a practical impact on parental decision making (Foss and Southwell 2006).

The frequency of cited health outcomes showed a strong focus on diseases with
onset close to the feeding period: the well-established associations between breast-
feeding and infections (Howie et al. 1990; Golding et al. 1997) and breastfeeding
or introduction of certain foods and allergies (Marini et al. 1996; Oddy et al. 2002)
were responsible for 36.2% of all health outcomes. Obesity, which has already
reached pandemic proportions in Europe (WHO 2003) was at least ranked fourth
(8.5%) and particularly emphasized in Finland (13.2%) and Spain (10.6%).

Childhood obesity has short- and medium-term medical and psychosocial
consequences in childhood and adolescence, as well as long-term effects that
extend well into adulthood (Dietz 1998). This was reflected in the statements
including references to the long-term duration of the health effects. It was a
gratifying finding that breastfeeding was constantly recommended as preventive.
Particularly in industrialized countries, promoting prolonged breast-feeding may
help in decreasing the prevalence of obesity in childhood (von Kries et al.1999;
Arenz et al. 2004). Although the underlying mechanisms remain to be elucidated,
these findings emphasize the importance of early nutritional influences in addition
to genetic disposition and current lifestyle.

To make informed choices and implement health improving feeding behaviour
parents need to be able to acquire knowledge based on current scientific thinking.
Therefore further emphasis should be placed on the dissemination of practical,
achievable and realistic advice that clearly explains the possible long-term health
benefits of appropriate feeding behaviour (Raats et al. 2005). The concept of early
nutritional programming embodies great potential for the improvement of health
and quality of life for future generations, which needs to be further communicated
to parents.
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5 Conclusions

In summary, statements relating to the programming of later obesity have been
partially integrated into feeding information in five European countries, with the
long-term perspective taken into account to a greater extent than for other health
outcomes assessed in this survey. The five European countries included in the survey
have slightly different breastfeeding recommendations, but consistently refer to
the preventive potential of breastfeeding in general. This is important as obesity
and its resulting morbidity are of increasing public health concern in developed
countries.
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Infant Feeding and the Concept
of Early Nutrition Programming:
A Comparison of Qualitative Data
from Four European Countries

Martina A. Schmid, Julia von Rosen-von Hoewel, Elena Martin-Bautista,
Eva Szabé, Cristina Campoy, Tamas Decsi, Jane Morgan, Heather Gage,
Berthold Koletzko, and Monique Raats

Abstract The concept of early nutrition programming is appearing in policy documents,
leaflets and magazine articles with different types of statements. However, the level of
representation and influence of this concept is unknown in the area of infant nutri-
tion. We established the degree of reflection and the impact of the concept of nutrition
programming among the different government stakeholders of infant nutrition in four
European countries. In each country, a list of stakeholders in the area of infant feeding
was established and key persons responsible for the remit of infant nutrition were identi-
fied. We conducted standardised face-to-face or phone interviews from January 2006
to January 2007. The interview guide included questions about the concept of nutrition
programming. All interviews were digitally recorded and qualitative data analysis was
done using QRS NVivo V2. In total, we analyzed 17 interviews from government organ-
izations in England (5 interviews), Germany (4 interviews), Hungary (3 interviews) and
Spain (5 interviews). The concept of nutrition programming was recognized from 4/5
English and 3/4 German interviewees, whereby one organisation reflected the concept in
their documents in both countries. In Hungary, 1/3 interviewees recognised the concept
and reflected it in their documents. All interviewed Spanish governmental bodies (5/5)
recognised the concept of nutrition programming and three of them reflected the concept
in their documents. The concept of early nutrition programming was widely recognized
among the key persons of government bodies in all four European countries. However,
the concept was not necessarily represented in the produced documents.
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1 Introduction

In the first stages of life, nutrition has a significant impact on the maintenance of
lifelong health (Lucas 2005). The early diet can influence the neurological devel-
opment (Dijck-Brouwer et al. 2005) and the development of several diseases,
such as cardiovascular diseases (Reddy and Katan 2004), diabetes (Steyn et al.
2004), and certain types of cancer (Key et al. 2004). This concept is known as
early nutrition programming or metabolic programming, which has gained broad
recognition among researchers (Demmelmair et al. 2006), as evidence increas-
ingly shows that breastfeeding (Koletzko 2006) and complementary feeding
could have an impact on child development and long-term health (Lucas 2005;
Demmelmair et al. 2006).

There is an increasing major public health interest about the concept of early
nutrition programming and statements reflecting this concept are appearing
in policy documents, leaflets and magazine articles targeting infant nutrition.
However, the level of representation and influence of this concept among the
different stakeholders in the area of infant feeding is unknown. The aim of this
qualitative study was to establish the degree of reflection and the impact of
the concept of early nutrition programming among key persons from govern-
ment organisations and agencies with their remit of infant nutrition in England,
Germany, Hungary and Spain.

2 Material and Methods

In 2006, a list of government stakeholder organisations or agencies in the area of
infant feeding was established for England, Germany, Hungary and Spain. The
key persons responsible for the remit of infant feeding were identified for each
stakeholder and invited to participate in the study. The standardised interview guide
included several questions about the concept of early nutrition programming. The
following two questions were analysed in this paper: “Have you come across the
term or concept of nutrition programming?” and “How is the concept of nutrition
programming reflected in your publications?”.

The face-to-face or phone interviews were conducted in the original language
from January 2006 to January 2007 by the same four interviewers. The inter-
views were digitally recorded and qualitative data analysis was done using QRS
NVivo V2.
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2.1 Qualitative Data Analysis

As afirst step the interview guide, including all questions, was developed in English
and piloted. Then all interviews were conducted and transcribed in the original lan-
guage in the four countries. A standardised coding tree in English was developed
and used to identify the different statements made by the interviewees in regard to
the concept of early nutrition programming in their original language. The identi-
fied statements were translated into English for further qualitative data analysis.

3 Results

In total, we interviewed 17 government organizations and agencies in England
(5 interviews), Germany (4 interviews), Hungary (3 interviews) and Spain (5 inter-
views). Table 1 lists the government organizations and agencies with key persons
who agreed to participate in the qualitative study.

England

Four interviewees from the five English government bodies with infant feeding in
their remit recognized the concept of early nutrition programming. They quoted the
following statements: “Yes”, “Well certainly not using that term”, and “Nutrition
programming, yes we certainly would use that, is that what you mean”.

One of the five interviewees stated with the following answer, that the concept
was reflected in their documents: “One of the terms of references are to review the

Table 1 Interviewed government agencies in England, Germany, Hungary and Spain

Country Government organisations and agencies
England Department of Health
National Health Service (NHS)
Food Standards Agency
National Institute of Clinical Excellence
Scientific Advisory Committee on Nutrition (SACN)
Germany Federal Institute for Risk Assessment
Federal Ministry for Nutrition and Rural Area — Baden Wiirtenberg
Bavarian Federal State Office for Health and Food Safety
Bavarian Federal Ministry for Environment, Health and Consumer Protection
Hungary National Institute for Food Safety and Nutrition
National Institute for Child Health
National Committee for Supporting Breastfeeding
Spain Spanish Nutrition Society Scientific Research Council
ESPGHAN Infant Nutrition Committee
Spanish Paediatrics Association
University of Granada
University of Barcelona
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evidence and the influence of maternal nutrition including growth and development
so that will be incorporated within”.

Germany

Three interviewees from the four German government agencies recognized the
concept of early nutrition programming. They responded with the following
statements: “The idea of programming is that nutrition imprints the later activity
of metabolic functions during a critical window”, “the concept of programming
sounds reasonable”, and “the basis for the prevention of allergy and dietary intoler-
ance is a health promoting nutrition”.

The concept of early nutrition programming was reflected in documents of one
organisation. The interviewee answered as follows: “Yes this is one of the pillars

why policy are composed”.
Hungary

One key person of the three Hungarian interviews recognised the concept of early
nutrition programming giving the following statement: “Well this is what I was
talking about”. In addition, the concept was reflected in their documents. The inter-
viewee stated the following: “Practically speaking I use it in my presentation and
1 try to attract attention to it”.

Spain

All five interviewees representing Spanish government organisations in the field of
infant feeding recognised the concept of early nutrition programming. They gave
the following answers: “yes”, “yes of course”, “yes since some years ago”, and
“With this name not, but I imagine that you refer to the metabolism programming
in the adult life while a good nutrition in the infancy”.

Three of the five interviewed key persons stated that their organisations were
reflecting the concept in their documents as follows: “We try fo introduce the know-
ledge from our research projects in the formation of our future professionals”,
“there is only one publication about this theme”, and “The results from our research,
specially those related with metabolic alteration and gene expression in prepubertal
obese children, are discussed based on this concept, it has not been yet reflected”’.

4 Conclusions

In summary, the concept of early nutrition programming was widely recognized among
the interviewed key persons from government organisations and agencies responsible for
the remit of infant nutrition in England, Germany, Hungary and Spain. However, the con-
cept of early nutrition programming was rarely integrated in the produced documents.
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What is the EARNEST Dissemination
and Exploitation Consensus Panel (DECP)?

Margaret Ashwell and Anne de la Hunty

Abstract The Dissemination and Exploitation Consensus Panel (DECP) is a panel
of experts drawn from areas with relevant expertise who advise the Early Nutrition
Programming Project (EARNEST) on how the results from the project can best be
disseminated and exploited and their uses maximised. They meet annually and have
discussed how to communicate the results from the project more widely to health
professionals. For example, what are the potential exploitable outcomes for differ-
ent stakeholder groups are from the Childhood Obesity Project?

Keywords Dissemination « exploitation « health professionals

Abbreviations CHOP: Childhood Obesity Project; DECP: Dissemination and
Exploitation Panel; EFSA: European Food Safety Authority; QC: quality control

1 Introduction

As well as scientific advisers, it is important for a large EC project like The Early
Nutrition Programming Project (EARNEST) to have a panel of advisers to help
spread the news about the project to the wider world and to help to suggest exploit-
able outcomes. We were therefore delighted to appoint such a group of experts
(see Acknowledgments) and hold the first meeting of our Dissemination and
Exploitation Consensus Panel (DECP) in Cambridge, UK in 2006 and the second
in Prague in 2007.
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2 First Meeting of DECP

The panel became acquainted with the EARNEST project and met the main players
who gave short summaries of their themes and outlined what were the possible
exploitable outcomes from them. The Panel also discussed the ways in which they
believed they could best help the project and what their role would be.

3 Second Meeting of DECP

The Panel discussed future dissemination opportunities and identified possible key
routes to health professionals:

e The importance of getting onto the curriculum of different disciplines thus
influencing the early education of young professionals

* The importance of training young scientists to act as unbiased translators of
science for different target audiences

* The importance of getting Continuing Professional Development accreditation
for our seminars and meetings

The need for Europe-wide dissemination activities was also discussed and the possi-
bility of organising satellite meetings to national congresses was suggested as a way
of penetrating at a deeper level in each country. “Direct to consumer” dissemination
was identified as being important to create a market “pull”. This might be fronted by
a well-known celebrity/communicator who would increase interest in the subject.

Also at this meeting, Prof Berthold Koletzko gave a presentation on the
Childhood Obesity Programme (CHOP) (see pages 15 — 29 for more details).
This is one of the trials which is being followed up within the EARNEST project.
Essentially, the trial showed that infants fed a formula which had a lower protein
level from birth until 12m of age were more similar, at 24 m, in weight for length
to a reference group of breast fed infants than infants who had been fed a formula
with higher protein levels.

The CHOP results were used as a case study to discuss exploitable opportunities which
could then be a model to discuss further results emerging from the larger EARNEST
project. The results were scrutinised using two different discussion frameworks:

(1) A Framework to discuss which exploitable outcomes from the CHOP project
can be used by which stakeholder groups. The results of our discussions are
summarised in Table 1 and show a very wide range of outcomes and possible
use by stakeholder groups — as diverse as health professionals and health insur-
ance companies.

(ii) Global Future Forecasting — The participants discussed a PESTLE analysis
(political, economic, social, technological, legal and environmental) to give an
indication of the drivers and trends which are likely to increase the importance
of the CHOP results. These are summarised in Table 2. They are classified
according to whether the drivers/trends will impact on the exploitable outcomes
of the CHOP results in a positive, neutral or negative manner.
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4 Conclusions

Our DECP has already proved of immense value to the EARNEST project and we
look forward to receiving even more advice from them as further results emerge
from the project.
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