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Abstract 
 

It is clear that early stages of mammalian development represent a period of high 
sensitivity to the nutritional environment. Variation in the quality or quantity of nutrients 
consumed during pregnancy can exert permanent and powerful effects upon the 
developing fetus. While epidemiological studies have driven interest in the associations 
between early life exposure to nutritional insult and disease later in life, the study of 
programming in relation to disease processes has been significantly advanced through the 
development of animal models, which have focused upon the long-term effects of under- 
-feeding specific nutrients in pregnancy. Studies of animals subject to undernutrition in 
utero generally exhibit changes in the structure of key organs such as the kidney and 
pancreas. These effects are consistent with the concept that programming influences 
remodel the development of organs. The causal pathways which extend from tissue 
remodelling to disease processes are relatively well-characterised. In contrast, the 
processes which drive disordered organ development are poorly understood. This chapter 
describes the findings of animal studies which have informed our understanding of both 
the immediate response to insult, and the pathways to pathology. 
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Introduction 
 
The developing embryo or fetus is sensitive to factors in the maternal environment, 

particularly during rapid phases of growth. Adverse environmental cues can disturb the 
processes of cell proliferation and differentiation, leading to changes in the normal 
developmental pathways for mature organs and tissues and hence influencing long-term 
metabolism, physiology, health and well-being [1, 2]. This programming of health and 
disease is seen following psychological or physiological stresses to the mother and imbalance 
of the normal endocrine signalling between mother and fetus. However, variation in maternal 
nutritional status is believed to be the main programming factor impacting upon human 
pregnancy and fetal development [3, 4]. 

Data obtained from historical cohorts of men and women from developed and developing 
countries suggests an association exists between early life factors and risk of cardiovascular 
disease and type-2 diabetes in adulthood [5-8]. These cohorts have largely reported changes 
in infant anthropometry at birth and, although the findings of the cohort studies remain the 
subject of rigorous debate and challenge [9], it is often assumed that characteristics such as 
low birthweight, thinness at birth, or variation in abdominal or head circumference are the 
product of undernutrition during specific phases of development [3]. This interpretation of 
such findings is not wholly justified as lower weight at birth may arise due to the presence of 
a number of adverse factors other than nutrition [10]. It is also impossible in many cases to 
tell whether the growth of a baby within the normal range of birth weight has been 
constrained by environmental factors, or has achieved the full genetic potential of the 
individual. 

Despite these concerns there isa growing literature that directly considers associations 
between maternal nutritional status during pregnancy and markers of health and disease in the 
resulting offspring. Follow-up studies of the offspring from the Second World War Dutch 
famine show that individuals who were exposed to maternal undernutritionin utero were at 
greater risk of obesity, hypertension and glucose intolerance, than individuals born before or 
after the famine [11-14]. A retrospective study of men from Scotland showed that blood 
pressure in adulthood was related to maternal intakes of animal protein and inversely related 
to maternal carbohydrate intake [15]. Godfrey et al. reported that blood pressures in young 
boys were related to their mothers degree of body fatness and haemoglobin concentrations 
during pregnancy [16]. Moreover, catch-up growth in childhood (generally associated with 
constrained growth in fetal life) has been associated with a number of disease states in older 
adults [17, 17]. 

 
 

Animal Models of Nutritional Programming 
 
Given the difficulties associated with showing robust associations between maternal 

nutritional status and programming of disease in humans, there is a need for carefully 
controlled studies that can establish the biological plausibility of nutritional programming as a 
risk factor for disease. A broad array of animal models of both under- and over-nutrition in 
pregnancy has been developed [19]. These allow direct and invasive evaluation of the 
capacity for dietary factors to programme disease, with full control over the dietary 
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manipulations, genetic factors and other confounders which impact upon human cohort 
studies. 

Animal studies provide the opportunity for experimental investigation of programming in 
a way which is not possible in humans. This is essential to avoid the problems of confounding 
and bias that clearly arise in human retrospective cohort studies. Initial research using animal 
models to explore the concept of programming attempted to simply replicate the findings 
from epidemiology and used interventions that would induce lower birth weight. Such 
approaches included restriction of maternal food intake [20] and ligation of the uterine artery 
[21] to limit fetal nutrient supply. Placental reduction has also been used as a vehicle to 
accomplish this outcome [22]. The administration of synthetic glucocorticoids during 
pregnancy also induces fetal growth retardation and has been used to explore programming 
phenomena [23]. More subtle experimental approaches have focused upon manipulation of 
specific components of the maternal diet. Such work has included interventions to limit 
micronutrient (iron, zinc, sodium and calcium) intake of the mother [24-27], but the vast 
majority of studies have explored the programming effects of maternal protein restriction [28-
30]. In addition to limiting the maternal diet to impose a state of undernutrition, an increasing 
body of research has focused upon maternal overnutrition and obesity [31-34], as these are 
considered to be more important issues for contemporary populations, particularly in the 
economically developed nations. 

The majority of animal models of nutritional programming have utilised small animal 
species (rat, mouse, guinea pig) in order to exploit their short gestation periods, relatively 
short lifespans and well annotated genomes (particularly in the case of mice and rats). There 
have been some attempts to consider programming in non-mammalian species (such as 
Drosophila), which are widely favoured in ageing research. Where research is focused more 
on the fetal period, on obtaining larger samples for assay, or to directly assess fetal and 
placental physiology, larger animals such as the sheep have been more favoured. A small 
number of studies have reported the impact of variation in maternal nutritional status upon the 
development of non-human primates [35]. 

Despite the great diversity in the species and maternal insults which have been used in 
these animal studies, there is a strikingly conserved phenotype that is programmed in the 
offspring associated with maternal under- and overnutrition. Animals exposed to nutritional 
or endocrine insult in utero are not necessarily of lower weight at birth. Maternal protein 
restriction in the rat, for example, does not consistently retard fetal growth and in fact may be 
associated with accelerated growth at earlier stages of gestation [36]. Studies of the Dutch 
famine also suggest that undernutrition is not necessarily associated with impaired fetal 
growth in humans [37].The metabolic and physiological impacts of maternal insult, however, 
consistently include elevated blood pressure, disturbed glucose homeostasis, insulin 
resistance, obesity and altered feeding behaviours and chronic kidney disease [19]. 

Glucose intolerance is observed in the offspring of rats and mice fed protein restricted 
diets [38], treated with antenatal glucocorticoids [39], or rendered obese through high fat 
feeding [40]. Similarly maternal food restriction in rats and sheep is associated with impaired 
clearance of a glucose load [41, 42]. There are several reports that suggest nutritional 
programming is associated with improved insulin sensitivity and more rapid clearance of 
glucose in younger offspring [38, 43]. The appearance of an insulin resistant phenotype is 
associated with ageing and there appear to be sex-differences in the development of this 



Simon C. Langley-Evans, Angelina Swali and Sarah McMullen 256 

phenotype as female offspring of undernourished rats maintain normal glucose homeostasis 
for longer than males [44-46]. 

A key finding of the Dutch Hunger Winter follow up studies was that exposure to 
maternal undernutrition impacted upon adiposity in adult life [11, 47]. These findings are 
mirrored by rodent studies which show greater adiposity in offspring of animals exposed to 
maternal protein restriction, high fat feeding and maternal obesity [48-50]. Vickers and 
colleagues showed that following severe maternal food restriction, the offspring became 
profoundly obese, particularly when offered a hypercaloric diet from weaning [51]. It is 
suggested that greater weight gain is in part related to altered feeding behaviour. Maternal 
protein restriction alters the behavioural satiety sequence in rats, possibly as a result of altered 
hypothalamic expression of serotonin receptors [52, 53]. When allowed to self-select foods, 
rats programmed by protein restriction are more likely to consume fat-rich sources [54], while 
offspring of rats fed a range of highly palatable human foods in pregnancy, show a propensity 
to select a similar hypercaloric diet [55]. 

The most frequently reported long-term outcome of maternal nutritional manipulation, or 
experiments which impose alternative insults, such as antenatal glucocorticoid administration 
or uterine ligation, is elevated blood pressure. This has been noted with undernutrition 
(restriction of food intake, protein intake, micronutrient intake) [24, 28] and maternal 
overnutrition (high fat feeding, maternal obesity) [31, 32]. Langley-Evans and colleagues 
have reported that elevated blood pressure, programmed by protein restriction in the rat, 
develops early in life and can be observed in offspring from weaning [28, 29]. This is also 
noted following maternal dexamethasone treatment in the same species [23]. The 
programmed hypertension associated with iron deficiency is present in young adult rats, but 
appears to be preceded by a brief period of lower pressure [24]. A similar effect has been 
noted in young sheep following maternal food restriction [56]. In contrast, hypertension 
following maternal food restriction or overfeeding in rats and mice has a delayed onset, 
appearing between 6 and 12 months [20, 31]. In many animal studies there is evidence of sex 
differences in programming of blood pressure. For example, in offspring of ewes fed a diet 
lacking in methyl donors during the periconceptual period, high blood pressure was 
programmed in male but not female offspring [57]. Intriguingly, elevated blood pressure has 
been identified as a programmed characteristic that can be transmitted to a subsequent 
generation without further insult [58, 59]. 

In addition to an increased risk of hypertension, undernutrition may also determine risk of 
atherosclerosis. This observation parallels epidemiological studies showing that mortality due 
to coronary heart disease may be programmed by early life events. Rodents are not naturally 
susceptible to atherosclerosis, but a variety of transgenic mouse models allow the study of 
how both spontaneous and diet-induced plaques develop. Using the ApoE*3 Leiden mouse, 
Yates et al. demonstrated that the formation of atherosclerotic lesions in response to a high 
cholesterol diet was significantly increased in offspring of dams fed a low protein diet [60]. 
These observations complement the findings of Napoli and colleagues, who have shown that 
atherosclerotic lesions are present in developing human fetuses and that these lesions are 
associated with maternal hypercholesterolaemia [61-63]. 

A relationship between weight at birth and risk of chronic kidney disease has been 
reported in humans [64]. It is clear that in studies of rats, mice and sheep, the number of 
nephrons in the kidney (an important marker of the functional capacity of the organ) is highly 
sensitive to maternal nutrition [56, 65-66]. Undernutrition during key phases of nephrogenesis 
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reduces nephron number by up to 40%. There is evidence that protein restriction is associated 
with earlier age-related decline in renal function, with suggestions that oxidative processes 
may contribute to tissue injury [67]. Lower nephron number may be an important contributor 
to hypertension in models of nutritional programming. 

In contrast to postnatal caloric restriction, which is associated with slower ageing and 
longer lifespan [68], prenatal undernutrition shortens lifespan in rats and mice. Protein 
restriction in rat pregnancy was associated with earlier mortality in female offspring, while in 
males, maternal protein restriction was one of a cluster of early life factors which predict 
longevity [69, 70]. It is argued that oxidative damage to telomeres may be a key driver of this 
programming of ageing [71]. 

The remarkable similarities of the phenotypes expressed by small and large animal 
species following a diverse range of maternal insults is of major importance in terms of 
understanding the processes which underpin early life programming. The fact that blood 
pressure and impaired glucose homeostasis are universal outcomes in animal experiments, 
suggests that a relatively small number of common mechanisms mediate the programmed 
response to maternal dietary stresses. 

 
 

Primary Mechanisms of Programming 
 
From a mechanistic perspective there are two key issues that need to be explored. Of 

primary interest is the nature of the mechanism or mechanisms which initiate the fetal 
adaptations to maternal insult. These are the cellular and molecular processes which result in 
permanent, irreversible physiological and metabolic changes. Secondly, there is a need to 
understand how early programming results in pathologies which become apparent long after 
the initial insult or challenge. The latter is perhaps most easily addressed through well-
designed animal experiments and considerable effort has been devoted to considering the 
route from the primary insult to the eventual pathology. However, such work has often 
ignored the primary programming mechanism and as a result the fetal adaptations that follow 
maternal nutritional stress are poorly defined. 

 
 

Epigenetic Hypothesis 

 
A simplistic view of the association between maternal undernutrition and later disease 

might feature the statement that a deficiency of nutrients impacts directly upon the growth of 
organs during rapid phases of cell proliferation and development. Observations from a 
number of animal experiments demonstrate that this is not the case. In sheep and in rats, 
restriction of maternal nutrition during the pre-implantation phase can result in long-term 
cardiovascular consequences [57, 72, 73]. Manipulation of nutritional status at this stage 
precedes the period when a fetal nutrient supply is established by a considerable period of 
time.This implies that some other signal must be passed between mother and fetus, perhaps 
conveying some endocrine or metabolic indicator of sub-optimal nutritional status. 

It is clear that whatever the nature of this signal, it is capable of leaving a long-term 
memory of the nutritional insult within the embryonic/fetal cells. Feeding ewes a diet that was 
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deficient in methyl donors during the periconceptual period resulted in male offspring that 
were heavier and fatter, elicited altered immune responses to antigenic challenge, were 
insulin-resistant, and had elevated blood pressure [57]. In rats, there is clear evidence that 
hypertension and renal insufficiency programmed by a maternal low protein diet can be 
transmitted to subsequent generations via either the maternal or paternal line [58]. Primary 
cell cultures derived from neonatal cardiomyocytes also exhibit altered glucose uptake and 
responses to dexamethasone if derived from rats exposed to a low protein diet in utero [74]. 

The existence of the cellular memory of early life events that is implied by the above 
observations is often attributed to programmed changes in DNA methylation and histone 
acetylation. DNA methylation is a potent suppressor of gene expression, either through 
blocking access of transcriptional machinery to the chromatin structure surrounding specific 
gene promoters, or through interference with the binding of transcription factors to DNA, 
while acetylation of histones promotes gene expression [75]. In general, methylation of 
promoter regions of genes is associated with a closed chromatin formation and inactive gene 
expression. Thus even subtle disturbances of the methylation pattern may be associated with 
persisting alterations in gene expression, which may have important developmental 
consequences.DNA strands are normally extensively modified by methylation on cytosine 
residues.Shortly after fertilization the majority of methylated DNA in the genome is de-
methylated.As the embryo grows and differentiates, de-novo re-methylation of DNA takes 
place in a stage and tissue-specific manner. 

Epigenetic marks are believed to be stably inherited and this may therefore allow 
phenotypic traits, acquired as a result of nutritional programming, to be passed on to 
subsequent offspring [58], or to cells which are dividing in culture [74]. Changes to such 
marks in response to periods of undernutrition may provide important mechanisms through 
which expression of genes and proteins are perturbed by nutritional signals, beyond the period 
when the signal is withdrawn. Bogdarinaet al., showed that maternal protein restriction in the 
rat resulted in hypomethylation of the adrenal angiotensin receptor 1 blocker (AT1b), with an 
associated increase in gene expression [76].SimilarlyLillycropet al., reported differential 
methylation of the glucocorticoid receptor (GR) and peroxisome proliferator activated 
receptor (PPAR)α following protein restriction [77-79]. These findings parallel observations 
in humansborn following exposure to the Dutch famine. A statistically significant 4 – 5% 
reduction in methylation of five potentially methylatableCpG sites in the Insulin-like growth 
factor 2 (IGF2)gene was found in subjects whose mothers were malnourished in the first 
trimester of pregnancy [80]. 

 
 

Glucocorticoid Hypothesis 

 
The common responses to often vastly different nutritional insults during pregnancy are 

suggestive of a common mechanistic pathway which may be unrelated to supply of specific 
nutrients or energy to the fetus. One proposal is that variation in nutritional status modifies 
the endocrine cross-talk between mother and fetus across the placenta. In this context, a role 
for glucocorticoids of maternal origin in programming has been suggested. 

During normal pregnancy the expression of 11ß-hydroxysteroid dehydrogenase Type 2 
(11ßHSD2) in the placenta plays a critical role in maintaining a gradient of active 
glucocorticoids, with maternal corticosterone concentrations being up to 1000-fold higher 
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than fetal [81]. This is an essential function that allows the fetal hypothalamic-pituitary-
adrenal axis to develop independently of maternal influences. Experiments in which synthetic 
glucocorticoids (e.g. dexamethasone), which are poor substrates for 11ßHSD2, are 
administered to pregnant rodents result in offspring which develop hypertension [23, 82]. 
Similar effects are observed when 11ßHSD2 activity is inhibited in pregnancy using the 
liquorice derivative, carbenoxolone [83]. Studies of human and animal pregnancies have 
shown that low birthweight is associated with reduced activity of 11ßHSD2 in placenta [84]. 
In humans, maternal liquorice consumption in pregnancy is associated with detrimental 
cognitive outcomes in children [85]. 

The important link between maternal nutrition and fetal glucocorticoid exposure was 
established with the demonstration that placental activity and mRNA expression of 
11ßHSD2were down-regulated in pregnancies associated with undernutrition (both global 
undernutrition and protein restriction) [86, 87]. This has led to the suggestion that nutritional 
programming may be partly mediated by the associated disruption of the maternal-fetal 
glucocorticoid gradient. This may in itself disturb the normal developmental pattern of gene 
expression, since glucocorticoids are important regulators of gene expression which promote 
growth retardation and early tissue maturation (Figure 1).Another consequence may be 
disturbed hypothalamic-pituitary-adrenal axis maturation and function in the developing 
fetus. 

The association between glucocorticoid action and metabolic syndrome can be readily 
demonstrated through studies of both humans and animals which show hypothalamic-
pituitary-adrenal axis function is altered with metabolic disturbance. Individuals with 
Cushings disease (cortisol over-production) are characteristically insulin resistant, 
dyslipidaemic and develop central obesity [88]. Non-Cushings patients with central obesity 
exhibit evidence of hypothalamic-pituitary-adrenal axis over-activity and have been shown to 
over-express glucocorticoid receptors in visceral fat tissue [89]. In rodents, treatment with 
glucocorticoids induces obesity and many of the classical genetically obese strains (e.g. the 
leptin deficient ob/ob mouse or fa/fa rat) can be rendered lean through surgical adrenalectomy 
or glucocorticoid receptor antagonism [90, 91]. 

Offspring of rats fed a maternal low protein diet in pregnancy have been noted to have 
abnormal hypothalamic-pituitary-adrenal axis function. There is a lack of circadian rhythm in 
adrenocorticotropic hormone (ACTH) secretion, increased glucocorticoidreceptor expression 
in key target tissues and elevated activities of glucocorticoid-inducible enzymes in brain and 
liver [92]. 

Given the established link between glucocorticoid action and metabolic syndrome, these 
observations suggest that hypersensitivity to glucocorticoids could drive the physiological 
and metabolic phenotypes that are programmed by nutrition-related insults. Importantly, it 
has been demonstrated that the hypertension noted in adult offspring of low protein-fed rats is 
dependent on an intact hypothalamic-pituitary-adrenal axis, as adrenalectomy at weaning 
prevented development of hypertension, while adrenalectomy and corticosterone replacement 
restored this [93]. 

Similarly, rats which were subjected to over-nutrition in early life through reduction in 
litter size in the early suckling period, exhibited up-regulated glucocorticoid receptor 
expression, increased plasma corticosterone and over-expression of 11ßHSD1 in adipose 
tissue at 5 months of age [94]. The early diet can therefore clearly determine glucocorticoid 
sensitivity and metabolic function. 
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Figure 1. a) Placental 11ß-hydroxysteroid dehydrogenase (11ßHSD2) controls movement of glucocorticoids 
from maternal to fetal circulation. Exposure to glucocorticoids regulates gene expression in fetal tissues and 
as 11ßHSD2 is regulated by maternal nutritional status, this may represent a mechanism through which 
nutritional programming operates. b) Undernutrition is known to down-regulate 11ßHSD2 and this results in 
greater transfer of glucocorticoid from maternal to fetal circulation. 

The glucocorticoid receptormay be an important target for nutritional programming that 
could drive the development of the observed metabolic phenotypes. In rats exposed to 
maternal protein restriction in utero there is evidence of increased expression of GR in the 
liver (up to 3-fold) and this appears to be associated with reduced binding of DNA 
methyltransferase to the GR110 promoter, hypomethylation of this site, increased acetylation 
and methylation of Histone H3 lysine 9 (H3K9) and reduced binding of methyl CpG binding 
protein 2 (MeCP2) [78]. The evidence therefore suggests that the pregnancy diet establishes 
epigenetic markers which favour increased expression of GR and hence glucocorticoid 
hypersensitivity. It is also possible that glucocorticoids play a role in setting epigenetic marks. 
In support of this concept, it has been demonstrated that while the feeding of the maternal low 
protein diet leads to hypomethylation and over-expression of the adrenal angiotensin II and 
AT1b receptors in the resulting offspring, both effects can be reversed by pharmacological 
adrenalectomy of the low protein-fed mother [76]. 

 
 

Gene Expression and Tissue Remodeling 

 
The above processes, or other signals that maternal nutritional status is less than optimal, 

will inevitably alter the expression of a wide range of genes. To date, there has been little 
research aimed at identifying which genes and processes are most affected during key phases 
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of growth and maturation. It is a major challenge to identify these primary targets for 
programming stimuli as, firstly, there has not been an effective characterisation of exactly 
when programming is initiated, and secondly because the period during which expression is 
altered need only be transient. For example a relatively short period in which genes which 
favour cell proliferation are suppressed would result in an organ that is morphologically 
compromised. Similarly, a brief activation of genes could promote greater commitment of 
progenitor cells to a particular lineage. 

Many organs in humans have completed their development by the time of birth and in 
rodents, although the developmental window extends a short way into postnatal life, much of 
tissue growth and maturation is complete by parturition. If insults impact upon cell 
proliferation or differentiation during periods of rapid growth, then it would be expected that 
organs will mature at a smaller size and with a reduced functional capacity (Figure 2). There 
are numerous examples of this available from experimental models that are associated with 
programming of high blood pressure or glucose intolerance.In the pancreas of rats exposed to 
low protein diets in utero there are fewer islets, smaller islets and reduced vascularisation of 
the islets that are present [95]. 

The same maternal insult is also associated with altered size and neuronal densities in 
hypothalamic centres that regulate food intake [96], with reduced vascularisation of the brain 
cortex [97], alterations to the bone growth plate [98] and differences in muscle fibre types 
[99]. 

Tissue remodelling is perhaps best demonstrated by consideration of the numbers of 
nephrons present in the kidney. Nephron number appears to be highly sensitive to variation in 
the quality and quantity of nutrients in the maternal diet. Rat offspring from dams fed low 
protein diets exhibit reductions in nephron number that are of the order of 20-30% [65]. 

 

 

Figure 2. Tissue remodelling is a consequence of processes which regulate gene expression in the embryo or 
fetal tissues. Altered patterns of gene expression during critical phases of cell proliferation or differentiation 
will have irreversible consequences for developing structures. Organs with fewer cells, or a reduced number 
of specialised cell types will have a reduced functional capacity. 
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Lower nephron number appears to be a consequence of disruption of tissue 
differentiation, since organ size is generally reported to be normal despite the significant 
nephron deficit.Interestingly there are studies of humans which indicate that low birth weight 
is associated with lower nephron number, and that the presence of a reduced nephron 
complement is associated with hypertension [100].Remodelling of the kidney can therefore be 
regarded as a consequence of exposures that drive IUGR and as a driver of the cardiovascular 
disease that is observed subsequent to IUGR.Subsequent to the irreversible modification of 
organ structure through tissue remodelling, it is relatively simple to determine how 
physiological processes become disturbed. For example, changes to renal morphology, with a 
reduction in the number of functional nephrons would produce local increases in blood 
pressure to maintain renal function. This would eventually result in greater systemic pressure 
[101].The capacity of the maternal diet to remodel a tissue will be to some extent dependent 
upon the severity and timing of the maternal insult. Timing is clearly of importance as the 
insult will have maximum impact during the key phases of proliferation and differentiation. 
Thus in the case of the kidney it is apparent that in the sheep the critical period for 
remodelling is relatively early in pregnancy [102], while in rat the greatest impact of 
undernutrition upon nephron number is seen with maternal insults that occur in late gestation 
[65]. These periods correspond to nephrogenesis in these species. As rodents are altricial the 
vulnerable developmental periods may lie in the postnatal period. For example, studies in 
which adjustment of litter size is used to impose overnutrition during suckling show 
remodelling of brain regions involved in appetite regulation [103]. Neuronal densities and the 
volume of specific hypothalamic regions are also modified by exposure to maternal protein 
restriction during pregnancy and lactation [96]. 

 
 

Development of Programmed Pathology 
 
The complexity of interaction with lifestyle and environmental factors makes 

understanding the contribution of developmental factors to the progression of chronic disease 
in human populations very challenging. Considerable attention has been paid to characterising 
the downstream phenotype of maternal nutrient manipulation in animal models, where the 
postnatal environment is tightly controlled, in an attempt to understand the progression of the 
programmed pathology. However, the cross sectional nature of many of these studies makes it 
difficult to ascertain whether the events observed make a primary contribution to the onset of 
disease or occur secondary to its development. Both are important, as improved 
understanding the processes involved in the initiation and progression of disease will aid the 
design of appropriate preventative and therapeutic interventions. It is therefore important that 
a life course approach is taken to understanding the development of programmed pathology. 
An additional complication is that there appears to be a spectrum of programmed events that 
have the potential to contribute to the increased disease risk, which aren’t necessarily all in a 

single causal pathway. For example, nutritional and pharmacological treatments during 
pregnancy have been shown to impact upon renal structure and function, the vascular system, 
the sympathetic nervous system and cardiac function, all of which may be involved in 
mediating the elevated blood pressure observed. The pathways to programmed pathology may 
therefore be multiple. 
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Renal Structure and Function 

 
It has long been known that there is considerable variation in nephron number within the 

adult population, with ranges of 3 or 4-fold in smaller cohorts and up to 13-fold across 
multiple populations [104]. A comparable level of variation has also been observed in young 
infants [105], indicating that it reflects nephron endowment rather than variation in nephron 
loss with ageing. As discussed above, a reduction in nephron number is one of the most 
consistently observed outcomes of maternal undernutrition during pregnancy in animal 
models [65] and is also associated with low birth weight in human populations [100]. Brenner 
and Chertow originally hypothesised that a low nephron number at birth would be associated 
with an accelerated age-related decline in renal function and an earlier onset of renal disease 
[101]. Compensatory increases in glomerular capillary pressure in response to reduced 
nephron number can be sufficient to increase single nephron glomerular filtration rate 
(SNGFR) and maintain whole body glomerular filtration rate (GFR). However, this increases 
the risk of damage, and a vicious cycle of progressive renal injury and declining renal 
function may ensue. In support of this hypothesis, glomerulosclerosis, reduced GFR and 
albuminuria have been observed in programmed offspring in association with a reduced 
nephron complement [106-108]. Arguments against this theory include reference to adult 
renal transplant donors, who are able to maintain their blood pressure within the normal range 
for up to 25 years, despite halving their nephron complement [109]. Additionally, nephron 
number and blood pressure have been dissociated in animal models of developmental 
programming. For example, the offspring of low protein fed rats that were supplemented with 
glycine or alanine exhibit elevated blood pressure in comparison to controls, despite 
normalisation of nephron number [110]. A reduction in nephron number is therefore neither 
obligatory nor necessarily sufficient for the programming of blood pressure, and it is instead 
proposed that individuals with low nephron number are more susceptible to a ‘second hit’ in 

postnatal life. In support of this, offspring of a uterine ligation model characterised by 
reduced nephron number and altered renal function in adult life exhibited an increased salt 
sensitivity in comparison to controls [108]. Decreased renal blood flow and GFR, an increase 
in blood pressure, and severe albuminuria were observed in response to salt loading in 
offspring exposed to uterine ligation during pregnancy, but not their control counterparts. In 
human populations, individuals born with unilateral renal agenesis have been shown to be 
more at greater risk of developing proteinuria, hypertension and renal insufficiency than the 
background population [111]. It must be noted that the progression of glomerular and renal 
damage is not necessarily irreversible. Administration of the immunosuppressive drug, 
mycophenolatemofetil, or the superoxide dismutase mimetic, tempol, for a 3 week period 
before the onset of hypertension were shown to prevent the oxidative damage in the kidneys 
of rats exposed to a maternal low protein diet [112]. 

Alterations in the expression or activity of gene pathways, for example as a result of 
epigenetic modification or secondary to changes in tissue structure, have the potential to 
adversely impact on regulatory processes and may explain the alterations in renal function 
outlined above. It is widely accepted that essential hypertension in human populations 
involves a physiological defect in renal sodium handling. Accordingly, increased expression 
or abundance of sodium transporters have been observed in response to both the maternal 
glucocorticoid and low protein models of developmental programming of hypertension, 
alongside increased proximal tubule reabsorption and medullary thick ascending limb 
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chloride transport [113-116]. It could be expected that such changes would occur secondary 
to the apparent increase in SNGFR described above, but evidence suggests that the changes 
may be primary or linked to increased sympathetic drive. For example, expression of Na-K-
Clcotransporter 2 is elevated in 1 day old rat pups exposed to a prenatal low protein diet 
[116]. Importantly, renal denervation in the dexamethasone model was shown to abolish both 
the increased expression of sodium transporters and the elevated blood pressures [114]. 

The activity of the renin-angiotensin system has received considerable interest, due to its 
major role in the regulation of renal function and arterial pressure, as well as the structural 
and functional development of the kidney. Taken as a whole, the data indicates a temporal 
response, with suppression of the system in neonatal life progressing to upregulationin early 
age. This overactivation includes increased expression of the type 1 angiotensin receptor 
(AT1R) [117, 118] and renal angiotensin converting enzyme [119, 120], and decreased 
expression of the type 2 angiotensin receptor (AT2R) [121]. In line with the shift in the 
balance of the angiotensin receptor towards an increased ratio of AT1R to AT2R, an increased 
pressor response to Angiotensin II has been observed in offspring of the low protein model 
[122]. Importantly, blockade of the RAS has been shown to attenuate hypertension in 
offspring exposed to a low protein diet or reduced uterine perfusion during pregnancy [120, 
123, 124], although it did not totally prevent increased mortality in the low protein model 
[124]. Increased AT1R expression has also been observed in the brains of rats exposed to a 
prenatal low protein diet, with intracerebroventricular administration of AT1R and ACE 
inhibitors reducing the blood pressure of low protein but not control offspring [125]. The 
increased pressor responses to AngII may therefore be partially centrally mediated. The 
classic pressor responses to AngII include vasoconstriction, aldosterone and vasopressin 
release, renal tubular sodium reabsorption and decreased renal blood flow [126]. However, 
despite widespread evidence of upregulation of this system in the programmed offspring, the 
direct functional consequences of postnatal RAS modulation in programming models have 
not been studied in detail. 

 
 

Vascular Structure and Function 

 
In human populations, low birth weight has been associated with early vascular 

dysfunction, including changes in arterial wall compliance, endothelium-dependent vaso-
dilation, and microvascular density. Several human studies have demonstrated that intra-
uterine growth restriction is association with impaired endothelium-dependent vasodilation 
[127, 128]. Importantly this association was observed in a study of healthy children [129], 
suggesting that the vascular consequences are primary in nature rather than a consequence of 
cardiovascular disease. Work in animal models has provided mechanistic insights into these 
observations. Several studies have demonstrated a relationship between birth weight and 
endothelium vascular relaxation to acetylcholine or bradykinin, both endothelium-dependent 
vasodilators [130-132]. Reduced endothelial vascular reactivity has also been observed in rat 
models of reduced uterine perfusion [133] and 50% global undernutrition during pregnancy 
[134]. The vascular dysfunction in developmental programming models has been associated 
with reduced availability of nitric oxide [133-137]. A role for increased oxidative stress has 
been implicated, and treatment with antioxidant vitamins C and E has been shown to improve 
vascular function [138]. 
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Alterations in vascular structure originating from the developmental period could also 
play a role in mediating earlier vascular dysfunction. For example, arterial stiffness in the 
large arteries of children, adolescents and young adults was shown to be correlated with birth 
weight [139, 140], and is has been proposed that the observations relate to remodelling of the 
extracellular matrix (ECM) and elastin content of the aortic and large artery walls. A 
significant remodelling of the aortic ECM has been observed in the offspring of dams 
exposed to 50% global nutrient restriction during late pregnancy, with the composition of 
aortic and mesenteric arteriole vessels consistent with stiffness by 2 months of age [141]. 
Similarly, in rats with experimental growth restriction, there is a reduction in the elastin 
content of the aortic wall [142]. 

An increase in arterial stiffness in association with decreased elastin content of umbilical 
arteries has also been observed in small-for-gestational infants [143]. Impairment of 
angiogenesis leading to reduced density of arterioles and capillaries may also be involved in 
the programming of hypertension. Low birth weight has been associated with abnormal 
retinal vascularisation and arteriolar narrowing [144, 145]. In rats, offspring of the low 
protein model exhibit reduced muscular capillary density [131] and offspring of a global 
undernutrition model exhibit decreased branching of mesenteric and renal medullary vessels 
[146]. 

 
 

Sympathetic Nervous System Activity 

 
The renal sympathetic nervous system plays an important role in the regulation of renal 

function, with nerve activity impacting upon renin secretion, sodium reabsorption, and 
vascular tone. Despite strong evidence that sympathetic nerve overactivity is involved in the 
pathogenesis of essential hypertension [147], this aspect of blood pressure control has 
received relatively little attention in the field of developmental programming. However, 
important pieces of evidence have been published which suggest a role for increased 
sympathetic nervous activity. Indicating increased sympathetic nerve outflow, elevated levels 
of circulating catecholamines have been reported in several models of fetal programming, 
including protein restriction in the rat [148] and placental insufficiency in the rat and sheep 
[149, 150]. The role of the renal nerves in the development of programmed hypertension has 
since been assessed in a series of denervation studies. In a rat uterine ligation model, renal 
denervation prevented the development of hypertension in offspring exposed to uteroplacental 
insufficiency, but did not affect the blood pressure of control animals [151]. Similarly, renal 
denervation normalised the blood pressure of offspring exposed to maternal dexamethasone 
treatment during pregnancy, without impacting on control offspring [114]. In this model, the 
abundance of sodium transporters was also normalised. The mechanisms by which 
sympathetic nervous activity regulates the expression of renal sodium transporters may be 
direct or indirect. Renal nerves are known to increase sodium reabsorption in the proximal 
tubule and thick ascending limb, but the stimulatory effect is thought to be dependent on the 
presence of circulating AngII [152], demonstrating an interaction between the renin-
angiotensin system and the renal nerve. The findings from these denervation experiments are 
supported by work demonstrating increased sympathetic nerve activity in female offspring of 
a uterine ligation model [153], although an increase in blood pressure was not observed in this 
study. Increased sympathetic outflow could result from the actions of AngII in regions of the 
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brain critical for cardiovascular regulation. Thus, the evidence of increased activation of RAS 
in central regions [125] may offer one explanation as to the involvement of the sympathetic 
nervous system. 

 
 

Cardiac Structure and Function 

 
Alterations in cardiac structure and function may also contribute to the progression of the 

programmed phenotype. In human populations, intra-uterine growth restricted fetuses have 
been shown to develop left ventricular hypertrophy. Protein restriction in sheep increases the 
weight of the heart and impacts upon the expression of genes involved in cardiac remodelling 
[154]. In contrast, a decreased heart weight and cardiomyocyte number was observed in 
neonatal rats exposed to a prenatal low protein diet [155], which has also been associated with 
increased cardiomyocyte apoptosis [156]. Maternal hypoxia and nutrient restriction have been 
shown to induce remodelling of the left ventricle, reflected in altered expression of structural 
proteins [157]. It has been proposed that excess cardiomyocyte attrition during development 
may predispose to cardiac hypertrophy and increase the risk of cardiac dysfunction in later 
life [158]. Prenatal protein restriction has been shown to predispose the adult heart to greater 
cardiac dysfunction following ischaemia-reperfusion injury [159, 160]. While baseline 
indices of cardiac function were similar between control and low protein exposed offspring, 
the recovery of cardiac function following ischaemic reperfusion was impaired. Similar 
effects have been observed in response to fetal hypoxia during pregnancy [157, 161]. In the 
low protein model, the effects were ameliorated by pre-treatment with N-acetylcysteine, a 
potent free radical scavenger, and were amplified by glutathione depletion, suggesting that 
cellular antioxidant status plays a role in the cardiac dysfunction observed [160]. The 
involvement of altered -adrenergic signalling pathways has also been implicated, following 
evidence of increased sensitivity to -agonist stimulation in male low protein offspring [162]. 
Similar effects have been observed in response to long term postnatal food restriction [163, 
164]. The evidence is not clear cut, however, with a blunted response has been observed in 
another model of prenatal protein restriction [165]. 

 
 

Longevity and Ageing 

 
In addition to the evidence relating to the development of hypertension and reno-

cardiovascular risk inprogramming models, there is a wealth of further evidence 
demonstrating the impact of developmental factors on the wider components of the metabolic 
syndrome, including insulin resistance and adiposity. The impact of this widespread 
programming of blood pressure and metabolic dysfunction is associated with a reduced 11 
month survival rate [124] and shorter lifespan [69, 70] in rats exposed to a low protein diet 
during pregnancy. Additionally, a reduced lifespan has been demonstrated in mice exposed to 
a prenatal low protein diet followed by postnatal catch up growth [30]. Given that many or 
the conditions associated with developmental programming are also associated with ageing, 
one potential underlying mechanism could be accelerated ageing at the cellular level. 
Considered a robust marker of cellular aging, telomere shortening has been assessed in tissues 



Lessons from Animal Models 267 

from mice exposed to a prenatal low protein diet followed by rapid catch up growth, who 
exhibit a considerably shorter lifespan in comparison to controls. Accelerated telomere 
shortening was observed in the aorta and pancreatic islets, in associations with alterations in 
the expression of a number of gene markers indicative of accelerated ageing [166, 167]. 
Telomeres are known to shorten in the presence of oxidative stress [168], therefore evidence 
of enhanced oxidative processes promoting apoptosis and loss of tissue function in low 
protein offspring [169] could act to promote a generalised effect in terms of cellular ageing. 

Few studies have characterised the progression of the programmed phenotype with 
ageing across the lifespan. However, long-term follow up of rats exposed to a low protein diet 
during pregnancy has provided the opportunity to assess metabolic features of the aged low 
protein-exposed animal. While little evidence of metabolic abnormalities were apparent at 9 
months of age, by 18 months of age low protein offspring had developed hepatic steatosis, 
insulin resistance, profound hypertriglyceridaemia and hypercholesterolaemia [170]. Rats 
exposed to a maternal low protein diet throughout the fetal and suckling periods developed 
insulin resistance in later adulthood and this was associated with insulin signalling defects 
[171, 172]. These observations suggest that protein restriction in early life is able to 
programme an insulin resistant phenotype which develops with ageing. 

The onset of the hepatic elements of this metabolic syndrome in aged rats subject to 
prenatal protein restriction may be partly explained by the altered patterns of expression of 
several key genes and transcription factors involved in the metabolism of lipids [170]. In rats 
aged 1 or 9 months, expression of PPARα was significantly increased in low protein 

offspring. This is indicative of enhanced lipid oxidation and, indeed, the downstream target of 
PPARα, medium chain acyl-CoA dehydrogenase, was also over-expressed in these animals. 
Expression of the insulin-sensitive regulator of lipogenesis, sterol regulatory element binding 
protein-1c (SREBP-1c) and its downstream targets fatty acid synthase (FAS) and acetyl-CoA 
carboxylase were strongly suppressed in low protein exposed animals at 1 and 9 months of 
age. Between 9 and 18 months of age, there was a switch in the expression of these genes, 
such that by 18 months expression of PPARα was lower in low protein exposed animals and 

PPARγ, SREBP-1c and the lipogenic pathways were over-expressed. At this stage the 
expression of IRS2 was also suppressed, indicating a defect of insulin signalling. The changes 
in the expression of these genes and transcription factors, alongside the developing metabolic 
phenotype, suggest that they may play an important role in establishing a metabolic profile 
that is likely to be detrimental with advancing age. 

 
 

Intergenerational Programming 

 
Perhaps the lesson from animal models which is of most concern to global public health, 

relates to the evidence that developmental programming could have effects which extend 
across several generations. Feeding mice a zinc deficient diet in pregnancy led to severe 
immunosuppression in the adult offspring and this effect was shown to persist into a third 
generation before being resolved [173]. Similarly, a study of second generation rats whose 
parents were exposed to a low protein diet in utero demonstrated that programmed high blood 
pressure can be transmitted to the next generation without further dietary manipulation [58]. 
Dexamethasone treatment in pregnancy produced effects on glucose homeostasis which 
persisted for two generations [59]. The mechanisms for intergenerational programming 
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remain poorly understood. Physiological or endocrinological disturbance during pregnancy as 
a result of the prenatal environment which the mother was exposed to when she herself was in 

utero may have programming effects on subsequent offspring. For example, the relative 
insulin resistance programmed by prenatal undernutrition may impact on glucose delivery to 
the fetus and thus patterns of growth and development. For example, modification of 
pancreatic function in rats in response to a maternal low protein diet has effects that persist 
for several generations [174]. However, the transmission of programmed effects through the 
paternal as well as the maternal line [58] indicates that the induction of heritable epigenetic 
traits is also involved. If intergenerational programming can be documented in humans, as 
well as in animals, then the implications of programming are perhaps greatest for countries 
undergoing economic and nutritional transition, where a mismatch between early life 
influences and exposure to Western influences during adult life would be expected to amplify 
the programming of metabolic disease. 

 
 

Conclusion 
 
Animal studies of early life programming are of major importance in complementing the 

findings of epidemiological and intervention studies in humans. Work that has been 
conducted in a number of laboratories over two decades has established reliable and 
reproducible model systems that have provided the foundations of our understanding of how 
early life programming occurs. Developing robust models of specific disease processes is a 
critical step forward, which will enable knowledge of the relationship between early diet and 
later disease to be applied to the health of human populations. Continuing research in these 
areas, with a focus on translation of knowledge, will ultimately provide a robust evidence 
base which will shape recommendations and dietary advice given to women of child-bearing 
age, development of novel disease screening and treatment strategies and the incorporation of 
early life programming issues into national and international health policies. Although the 
significance of such work is great, the translation of findings from animal studies into benefits 
for humans is yet to be manifested, and this should be a priority for researchers over the 
coming decade. 
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