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There is now a substantial body of evidence to suggest that 
the chances of developing a number of diseases in adult life 
are influenced by the rate of fetal and early infant growth of 
the individual; the ‘fetal and infant origins of adult disease’ 
hypothesis (Barker, 1994). The majority of evidence 
supporting this hypothesis comes from studies in the 
developed nations of the world and focuses on the 
relationship between small size at birth and later suscept- 
ibility to chronic degenerative diseases. Within the frame- 
work of the hypothesis associations have been shown to 
exist for diseases such as stroke, chronic obstructive lung 
disease, CHD and its risk factors, hypertension, non- 
insulin-dependent diabetes mellitus, abnormalities in lipid 
metabolism and blood coagulation (Barker et al. 1991, 
1993, Barker, 1996). 

From a recent study in The Gambia (Moore et al. 1997), 
novel evidence has emerged that nutritional programming 
during fetal life may have permanent effects on immuno- 
competence. The aim of the present review is to further 
examine the implications that the fetal and infant origins of 
disease hypothesis has in developing countries and to 
extend the idea of disease programming beyond the chronic 
diseases of affluence to those involving susceptibility to 
infectious diseases. 

The developing country scenario 

Excess of low birth weights 

It is estimated that there are twenty-five million babies 
annually born below the World Health Organization low- 
birth-weight cut-off of 2.5 kg, and that over 90% of these 
are in developing countries (World Health Organization, 
1984). There is a variety of factors which can influence 
small size at birth, including certain maternal infections, 
short birth intervals, excessive energy expenditure after 
mid-pregnancy and pre-eclampsia. However, statistical 
analysis of these factors show that it is a poor maternal 
diet that is of key importance. The best way to illustrate this 
is to reverse the presumed nutritional deficit by supple- 
menting women who would otherwise face diets chroni- 
cally marginal in nutrients during pregnancy. Ceesay et al. 

(1997) provide the most recent evidence for the effectiveness 
of maternal dietary supplementation in a study from the 
West Gang region of The Gambia. In this 5-year prospective 
trial, 2287 women of childbearing age were randomized by 
village into control or intervention groups; the intervention 
group receiving a daily biscuit supplement (providing 
4250 kJ (1020 kcal) and 22 g protein) during the second half 
of pregnancy. There was a highly significant positive effect of 
the supplement on the average birth weight, a highly 
significant effect on reducing the prevalence of low-birth- 
weight infants, and on perinatal mortality. 

The ‘thrifty phenotype’ 

Approximately 65% of the population in the less-developed 
countries of the world live in rural areas (United Nations 
Department of International Economic and Social Affairs, 
1989). However, there is a rapid and increasing rural-urban 
transition and associated changes in lifestyle. In combina- 
tion with the excess of low-birth-weight infants, it is clear 
that the fetal and infant origins of disease hypothesis is of 
particular importance in developing countries, since it 
predicts that the worst health risks will affect people who 
suffered early undernutrition and progress to have adequate 
or excess nutritional intake in adulthood. This is the basis 
of the ‘thrifty phenotype’ concept (Hales & Barker, 1992). 
The key feature of this concept is that fetal undernutrition 
creates a metabolic response designed for situations where 
nutrition is marginal and that this in-built response may 
then be inappropriate when faced with a transition to a 
nutritional excess; the consequences of which may manifest 
as disease. 

The fetal and infant origins of disease hypothesis has 
been explored in a handful of studies in developing 
countries (Table 1). These studies, mainly based in urban 
areas, support both the main hypothesis and the concept of 
the thrifty phenotype. However, it is the infectious and 
parasitic diseases that predominate as causes of mortality in 
developing countries with deaths from the chronic diseases 
of affluence being of a lesser importance (Fig. 1). The 
possibility that nutritional programming may also affect the 
immune system is an area that has so far received little 
attention. 

Abbreviations: Ig, immunoglobulin; SGA, small-for-gestational age. 
Corresponding author: fax +44 (0)1223 415695 
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Table 1. Studies in developing countries supporting the fetal and infant origins of disease hypothesis 

Country Subjects Main outcome results Reference 

Jamaica Kingston 
610 children, 6-16 years 

Kingston 
77 children, 10-12 years 

379 children, 4 years 
Mysore, South India 
517 adults, 38-60 years 

675 children, 1-9 years 

India Pune 

The Gambia West Kiang 

Blood pressure in childhood inversely related to 
birth weight 

Glycaemic control and serum cholesterol related to 
short birth length 

Poor maternal nutritional status related to higher 
blood pressure in offspring 

Plasma glucose and insulin levels (30 min after an 
oral glucose load) inversely related to birth weight 

Small size at birth associated with raised 
prevalence of CHD 

Blood pressure related to season of birth: 
< 8 years, highest in those born in dry season: 
> 8 years, highest in those born in wet season 

Forrester et a/. (1996) 

Godfrey et a/. (19946) 

Yajnik et a/. (1995) 

Stein et a/. (1996) 

Margetts et a/. (1 991) 

Circulatory 

Cancers 

Respiratory 

Perinatal 

Maternal 

Other 

0 10 20 30 40 50 
Percentage of total no. of deaths 

Fig. 1. Causes of death in the developed (U) and developing (m) 
world, 1996. (Adapted from World Health Organization, 1997.) 

Nutritional programming 

In order to investigate the effects of maternal nutrition on 
future programming, either cross-sectional studies investi- 
gating effects between small-for-gestational age (SGA) 
infants and appropriate-for-gestational age infants, or cohort 
studies in which an entire population of pregnant women has 
been subjected to nutritional deprivation, such as during the 
Dutch Hunger Winter of 1944-45 (Stein et al. 1975), can be 
employed. In rural Gambia, we have had the opportunity to 
study a similar situation, in which the effects of an annual 
food shortage during a hungry season are compounded by the 
simultaneous need to work hard to produce the next year’s 
crops (Cole, 1993; Prentice & Cole, 1994). Pregnant and 
lactating women are not exempt from the resulting increase 
in energy expenditure during the hungry season and, thus, 
coupled with the fall in energy intake there is a depletion of 
maternal body fat stores (Fig. 2). 

The profound seasonality in this rural area of The 
Gambia, and the cyclical effect of weight loss and regain 
(Fig. 3), has been demonstrated since documentation began 
in 1949 (Billewicz & McGregor, 1981) and continues to 
date. As a result, there is also a profound annual hungry- 
season effect on birth weight (Fig. 4), with a peak-to-trough 
difference of approximately 200-300 g. This model of 
seasonality provides us with a continuous means to explore 
the consequences of poor maternal diet on fetal growth and 
future programming. 

Month 

J F M A M J J A S O N D  
Month 

25 r (c) Body fat 

Month 

Fig. 2. Changes in (a) energy expenditure, (b) energy intake and 
(c) body fat stores by month of the year. (Adapted from Prentice, 
1984; Prentice & Cole, 1994.) 

Since 1949, detailed records of births and deaths have 
been collected in the rural subsistence-farming villages of 
Keneba, Kantong Kunda and Manduar. This provides a 
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Fig. 3. Annual cycles of weight loss and regain in Gambian women. (Reproduced from Cole, 1993, with permission.) 
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Fig. 4. Mean birth weight by month of birth. Data from women in West Kiang region of The Gambia. 

dataset of 3102 individuals aged 0-45 years with known 
month of birth and current fate (alive 2025, known date of 
death 1077). This population was used to test the 
hypothesis that hungry-season birth predicts future survival 
by acting as a proxy indicator for early-life exposure to 
nutritional and infectious stresses. ANOVA revealed highly 
significant month-of-birth effects, with highest mortality in 
the hungry-season births (Moore et al. 1997). Fig. 5 shows 
a highly significant deviation in Kaplan-Meier survival 
plots (see Moore et al. 1997) for people born in the harvest 
(January-June) and hungry (July-December) seasons. The 
results indicate that prenatal or early postnatal events have 
programmed the future health of rural Gambians in a 
manner that is first manifest around puberty and is 
amplified with increasing age. Classification of the forty- 
eight deaths occurring in the over 15 year olds revealed that 
mortality was clearly dominated by infectious and preg- 
nancy-related deaths. None of the deaths were related to the 
chronic diseases of affluence. 

It is possible that early infectious insults may explain 
these results, since it is known that exposure to early 
infections, particularly measles, can have a permanent 
effect on the immune system (Aaby et al. 1990, 1993). 
However, a long-term consequence of nutritional program- 
ming on the immune system seems a more likely 
explanation for this current observation. 

Evidence for programming of the immune system 

Protein-energy malnutrition and immune jknction 

Immunological competence and nutritional status are two 
of the most important determinants of mortality and 
morbidity. They are not independent indices and the nature 
of their relationship is central to many health problems 
(Morgan, 1997). It is widely recognized that the immune 
system cannot function optimally if malnutrition is present, 
and the consequences that protein-energy malnutrition has 



244 

v) 
60 

50 

40 

S .  E. Moore 

--.. ..-.... _.. .._. __. .__, 
f 

- -  --..... .. ... . .A. ... a.. . ._ -.-..> . .. - 
..._. .. .. 

.. .. 
. . . . . .._ . 

- 8.. 

. ...._ 

I I I 1 I 1 

1OOr 

Age (years) 

Fig. 5. Kaplan-Meier survival plots for rural Gambians divided by season of birth. (-), Harvest season; (---), hungry season. (Reproduced from 
Moore ef a/. 1997, with permission.) 

on immediate immunocompetence have been extensively 
reviewed. Lymphoid tissues have a high rate of cell 
proliferation and a rapid turnover of proteins, making the 
immune system extremely vulnerable to the damaging 
effects of nutritional deficiencies (Chandra, 1993). In 
protein-energy malnutrition in man and laboratory animals, 
lymphoid tissue atrophy is a prominent feature, and can be 
observed through a decrease in weight and size of the 
thymus and a loss of lymphoid cells in the spleen and 
lymph nodes (Chandra, 1991~). Most of the host defence 
mechanisms are breached with delayed cutaneous hyper- 
sensitivity to both recall and new antigens (Chandra, 1993). 
In addition, there is a decrease in cell-mediated immunity 
seen through a reduction in mature fully-differentiated 
T-lymphocytes (particularly CD4+ helper cells) and 
a decrease in serum thymic factor (Chandra, 1993). 
Natural killer cell activity is significantly reduced 
(Chandra, 1992). 

Evidence for long-term programming 

Whilst studies in protein-energy malnutrition demonstrate 
the immediate effects of malnutrition on immune function, 
in the present context it is more important to examine what 
evidence exists to link the potential effects of nutritional 
programming on the immune system in the developing 
fetus. For over 180 years the relationship between 
malnutrition and thymic atrophy has been observed (Beisel, 
1992) and from this grew the term ‘nutritional thymect- 
omy’ to indicate the permanent involution of the thymus in 
response to malnutrition. This observation was actually 
made before it was established that the thymus had a key 
role to play in the immune system and the term has since 
virtually become forgotten. 

In terms of general embryology, the ontogenetic 
differentiation steps in the development of the immune 
system are largely genetically regulated, but it is known 
that some environmental factors, such as nutrition and 

infection, can influence this process (Chandra, 199 lb). 
Several components of the immune system mature early in 
fetal life (Whitelaw & Parkin, 1988; Haeney, 1994) and, 
therefore, may be vulnerable to future programming as a 
consequence of maternal nutritional deprivation. Further- 
more, it has long been recognized that abnormalities 
produced by intrauterine malnutrition are more severe 
and long lasting than those resulting from malnutrition after 
birth (Chandra, 1974). However, the extent to which these 
abnormalities persist, and the consequences they have on 
long-term health, is seemingly unknown. 

Small-for-gestational age infants 

Studies in SGA infants, specifically those showing the 
effects of disproportionate fetal growth, are of great 
importance as a potential means to explore the long-term 
consequence of intrauterine growth retardation. Newborn 
infants have suboptimal immune responses and are 
susceptible to infections. When growth retardation and 
nutritional deficiency complicate the picture, as in SGA 
infants, impairment of immuno-competence is more 
marked and longer lasting (Chandra, 1993). SGA infants 
show atrophy of the thymus, an impairment of cell- 
mediated immunity and hypoimmunoglobulinaemia, speci- 
fically of immunoglobulin (Ig) G. 

Godfrey et al. (1994a), in a retrospective study of a 
cohort of subjects born in Preston, UK, found an 
association between disproportionate fetal growth and a 
raised IgE level in adult life. Whilst seemingly paradoxical 
to the observations of hypoimmunoglobulinaemia in the 
SGA infant, it was suggested that this response was in fact 
mediated through a reduction in the TH-1 lymphocyte 
population as a result of the impaired thymic maturation 
during a critical period late in fetal development. This 
could allow for a dominant TH-2 response with the 
subsequent increase in the secretion of IgE. 
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Premature infants 

Premature infants face a nutritionally challenging and critical 
first few months of life, and their long-term .immune- 
competence may be disturbed as a result. 

Premature infants show hypogammaglobulinaernia, with 
levels of IgG in cord blood decreasing in proportion to the 
degree of immaturity (Haeney, 1994). Infants with a very 
low birth weight may remain hypogammaglobulinaemic for 
up to 9 months of age (Haeney, 1994), but few studies have 
explored this further. Infants born at 28 weeks gestation 
have complement levels that are only 10-30% of adult 
values and significantly less than their full-term counter- 
parts (Haeney, 1994). The preterm infant, therefore, is more 
highly compromised, since complement is an important 
component of opsonic activity (Hill, 1985). Neutrophil 
counts are significantly lower in infants of 23-27 weeks 
gestation as compared with the full-term infant (Whitelaw 
& Parkin, 1988), but long-term studies are again absent. 

In many of the studies supporting the fetal and infant 
origins of disease hypothesis, it is the placenta that has been 
implicated as having a key role to play in programming. 
Observations made in the premature infant, therefore, may 
have their limitations. 

The animal model 

Animal models can be manipulated to explore the 
immediate, longer-term and even the inter-generational 
effects of maternal dietary deprivation on the immune 
system. 

Extensive work has focused on the consequence of single 
nutrient deficiencies on immune function and the short- 
term effects that these have on the offspring are readily 
demonstrable (Table 2). However, even with animal 
models there is a definite shortage in the literature of 
long-term follow-up studies, particularly those focusing on 
more than just a single nutrient deficiency. 

Importantly, animal models have been used to demon- 
strate that nutritional deprivation during pregnancy does 
not only effect the immuno-competence in the immediate 
offspring, but in addition an inter-generational effect can be 
observed in the second and third generations, even when 
fed on a normal control diet (Chandra, 1975; Beach et al. 
1982). 

Conclusion 

New evidence has emerged that nutritional programming 
during intrauterine life may affect the development of the 
immune system. Although this finding has emerged in a 
rather unique setting which combines a natural situation 
with long-term demographic records, it is supported by 
other evidence of a strong interdependence of nutrition and 
immune function. The observation may be of worldwide 
significance to any growth-retarded fetus, and may have 
implications that go beyond the classic infectious diseases 
to cancers, auto-immune diseases, and others. Future 
studies will be required to replicate this finding in other 
populations, and to establish the precise mechanisms by 
which immunocompetence is impaired. 
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