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Abstract

Maternal dietary protein restriction during pregnancy is associated with low fetal birth weight and leads to renal morphological 
and physiological changes. Different mechanisms can contribute to this phenotype: exposure to fetal glucocorticoid, altera-
tions in the components of the renin-angiotensin system, apoptosis, and DNA methylation. A low-protein diet during gestation 
decreases the activity of placental 11ß-hydroxysteroid dehydrogenase, exposing the fetus to glucocorticoids and resetting the 
hypothalamic-pituitary-adrenal axis in the offspring. The abnormal function/expression of type 1 (AT1R) or type 2 (AT2R) AngII 
receptors during any period of life may be the consequence or cause of renal adaptation. AT1R is up-regulated, compared with 
control, on the first day after birth of offspring born to low-protein diet mothers, but this protein appears to be down-regulated 
by 12 days of age and thereafter. In these offspring, AT2R expression differs from control at 1 day of age, but is also down-
regulated thereafter, with low nephron numbers at all ages: from the fetal period, at the end of nephron formation, and during 
adulthood. However, during adulthood, the glomerular filtration rate is not altered, due to glomerulus and podocyte hypertrophy. 
Kidney tubule transporters are regulated by physiological mechanisms; Na+/K+-ATPase is inhibited by AngII and, in this model, 
the down-regulated AngII receptors fail to inhibit Na+/K+-ATPase, leading to increased Na+ reabsorption, contributing to the 
hypertensive status. We also considered the modulation of pro-apoptotic and anti-apoptotic factors during nephrogenesis, since 
organogenesis depends upon a tight balance between proliferation, differentiation and cell death.
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The role of the kidney in the pathogenesis of hyperten-
sion has long been established, although recent studies 
challenge renal hegemony and suggest an important role 
for vascular cells as well (1,2). In recent years, this view 
has expanded and now includes the concept that chronic 
hypertension and kidney dysfunction are also related to 
events that occur during the prenatal period. This relation-
ship between fetal programming of disease and the kidney 
suggests that several mechanisms can predispose to hyper-
tension during adulthood through impaired nephrogenesis. A 
recent overview considered the role of fetal programming in 
the development of adult kidney disease and hypertension 
(3). The purpose of the present review is to describe some 
of the mechanisms that can affect the kidney, with special 
focus on the renin-angiotensin system (RAS). The kidney 
is an organ that is centrally related to the development of 
hypertension through its function of renal sodium handling 

and intravascular fluid volume homeostasis. Importantly, 
following cross transplants, if the donor is hypertensive, the 
recipient becomes hypertensive too, since factors intrinsic 
to the kidney itself affect blood pressure (4,5). In 1968, 
Zeman (6) first reported that rat offspring of mothers that 
were severely protein-restricted (6% casein-diet) through-
out pregnancy had kidneys that contained fewer glomeruli 
than offspring of mothers on a normal diet (24% casein). 
Nephrogenesis requires a fine balance of many factors that 
can be disturbed by intrauterine growth restriction (IUGR), 
leading to a low nephron endowment (7).

The aim of this review is also to present further evidence 
supporting an association between maternal low-protein 
ingestion and the increased prevalence of hypertension, 
as well as progression towards kidney dysfunction in adult 
life. Various potential mechanisms for this association are 
discussed, specifically the low nephron number hypothesis 
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and related cellular and molecular mechanisms that have 
been proposed. Some factors involved in nephrogenesis, 
such as glucocorticoid exposure, regulation of components 
of the RAS, apoptosis, and p53 gene methylation, have been 
investigated in different low birth weight (LBW) models and 
will be considered in this review.

Maternal-fetal environment and adult disease

The size that the fetus can attain depends on the ma-
ternal-fetal nutrient supply and the space that the maternal 
environment can provide (8). Low maternal socioeconomic 
level and poor maternal nutritional status will reduce the 
nutrient supply to the developing fetus. Similarly, factors 
that frustrate the passage of nutrients through the placenta, 
such as smoking and hypertension, are associated with 
an increased risk for the development of the fetal origins 
of adult diseases. Nearly two decades ago, Barker (9) 
presented the theory that the maternal environment could 
induce adult diseases, based on observed epidemiologic 
associations between LBW and increased risk for ischemic 
heart disease, type 2 diabetes, and hypertension (10). The 
first associations found were between LBW and later life hy-
pertension and cardiovascular disease (10-12). High blood 
pressure occurs at a higher incidence in children and adults 
who were of LBW (12). A systematic review of 80 studies 
that described the relationship of blood pressure with birth 
weight reported that systolic BP is lower by approximately 
2 mmHg for every 1-kg increase in birth weight (13). Among 
Pima Indians, patients who had diabetes and a history of 
maternal undernutrition also displayed an increased risk to 
develop diabetic nephropathy (14). Moreover, poor maternal 
nutrition is associated with more rapid progression of other 
kidney diseases, such as IgA nephropathy, membranous 
nephropathy, and minimal-change disease, suggesting that 
the kidneys of these infants are more vulnerable to future 
insults (15). Nevertheless, the strength of the association 
between the maternal-fetal environment and subsequent 
hypertension remains widely debated. Moreover, some 
investigators claim that the suggested association is the 
result of inappropriate adjustments for confounding factors 
(16). For example, Huxley et al. (13) found a trend towards 
a weaker association between LBW and hypertension 
in larger compared with smaller studies (16). However, 
it seems that, although the relation is not invariant, the 
bulk of evidence suggests an important direct or indirect 
interaction between birth weight and subsequent hyperten-
sion (17). These observations have led to the formulation 
of an important conceptual construct that pertains to the 
fetal origins of adult disease. This theory states that, dur-
ing development, body organs pass through a period of 
plasticity and sensitivity to the environment, which leaves 
a durable imprint that affects subsequent health. Subop-
timal intrauterine conditions may result in impaired fetal 
growth and the production of phenotypes that are better 

matched to the inadequate intrauterine environment. These 
adaptive processes are aimed to increase the likelihood 
of survival in utero and after birth, with expected continua-
tion of borderline or inadequate environmental conditions. 
However, this response may result in adverse long-term 
consequences later in life, especially when the postnatal 
environment affords more favorable growth conditions than 
those experienced in utero. One of the most studied aspects 
with regard to Barker’s theory (9) has been the fetal origin 
of adult diabetes. Numerous reports have demonstrated 
an association between poor maternal nutritional status 
and subsequent development of pancreatic endocrine 
insufficiency and diabetes in experimental animals and 
humans (18,19). However, a detailed consideration of the 
relationship between maternal low protein ingestion and 
diabetes is beyond the scope of this review.

Experimental studies have been conducted using differ-
ent models of IUGR. Among others, maternal low-protein 
diet (20), 50% food restriction (21) and glucocorticoid expo-
sure (22) are the focus of many studies because they reflect 
the situation of people who live in poverty. Both of them 
result in LBW leading the fetus to develop adult diseases, 
like diabetes, heart disease and hypertension. 

Glucocorticoid exposure in utero

In 1993, Benediktsson et al. (22) showed that rats 
exposed to excess glucocorticoid in utero developed 
adult hypertension. Since that study, the early exposure 
of the fetus to glucocorticoids has been used as a model 
of fetal programming in different species (23-25). Fetal 
protection from maternal glucocorticoid is normally affected 
by placental 11ß-hydroxysteroid dehydrogenate type 2 
(11ß-HSD2), which converts cortisol and corticosterone to 
inactive products (cortisone, 11-dehydrocorticosterone). 
The activity of 11ß-HSD2 correlates positively with birth 
weight and negatively with placental weight in rats (22), 
suggesting an important role for this enzyme in regulating 
fetal growth and development.

Glucocorticoids are widely used in the management of 
women at risk of preterm delivery to accelerate pulmonary 
maturation. Antenatal glucocorticoids are associated with 
a reduction in birth weight in human studies (26). Preterm 
children treated postnatally with glucocorticoid display 
elevated blood pressure at an early age (27). Dexametha-
sone (DEX) is a synthetic glucocorticoid non-metabolized 
by 11ß-HSD2 that readily crosses the placental barrier and 
has been used to study the effects of fetal glucocorticoid 
exposure. Another model that mimics the effects of a ma-
ternal low-protein diet is the treatment during pregnancy 
with carbenoxolone, an 11ß-HSD2 inhibitor (28).

Feeding a low-protein diet to pregnant rat dams reduces 
the activity of placental 11ß-HSD2 by 33%, programming hy-
pertension in the adult offspring (29). A major consequence 
of maternal protein restriction appears to be a resetting of the 
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hypothalamic-pituitary-adrenal axis function in the offspring 
(24). Gestational low-protein-exposed rats exhibit increased 
sensitivity to low-normal concentrations of corticosterone 
and have increased numbers of glucocorticoid receptors in 
the adrenals. In an elegant study with adrenalectomized rats, 
Gardner et al. (30) demonstrated that, in a model of maternal 
low-protein diet, adrenalectomy reduces high blood pres-
sure when compared with control animals. Corticosteroid 
replacement restores the high blood pressure in these rats, 
an indication of a glucocorticoid-dependent phenomenon 
(30). When cortisol was administered to pregnant sheep, 
the offspring showed similar changes in the expression of 
type 1 angiotensin II receptor (AT1R) compared to controls, 
suggesting that alterations in the renal RAS may be a 
mechanism by which early prenatal glucocorticoid exposure 
causes fetal programming (31).

The hypertension programmed by glucocorticoid ex-
posure is linked to pathological changes in kidneys, such 
as increased sodium transport, alterations in the RAS and 
low nephron number. Studies with DEX have revealed that 
the severity of these phenotypes depends on the timing 
and duration of glucocorticoid exposure (32). The critical 
“window” of development during which kidneys are more 
susceptible to DEX exposure is the very early stage of renal 
development, where the ureteric bud invades the meta-
nephric mesenchyme and begins to branch (33). Singh et 
al. (32) demonstrated that rat metanephric DEX exposure in 
vitro for 2 days during early nephrogenesis inhibits ureteric 
branching morphogenesis and nephrogenesis, suggesting 
that a reduction in ureteric branching morphogenesis may 
be a key mechanism through which DEX reduces nephron 
endowment.

Another study has shown that prenatal DEX is associ-
ated with an increase in Na+/H+ exchange activity in proximal 
tubules, as well as in the brush-border membrane NHE3 
protein (34). Furthermore, a recent study demonstrated that, 
in offspring exposed in utero to DEX, renal denervation at 
6 weeks of age resulted in a decrease in NHE3, NKCC2 
and NCC protein abundance to levels observed in vehicle-
treated sham rats (35).

Renin-angiotensin system

The role of the RAS in the control of blood pressure 
and homeostasis balance is well recognized. The RAS was 
accepted to have a role in kidney development, with a role 
in vasculogenesis, branching morphogenesis and develop-
ment of hypertension in the adult, as the result of a reduction 
in nephron number during nephrogenesis (7,36). 

All the components of the RAS are expressed in the em-
bryonic kidney and, in rats, the expression can be detected 
from 12 to 17 days of gestation, being higher in fetuses and 
newborn rats than in adult rats (36). Pharmacological or 
genetic alterations in the RAS during kidney development 
induce gross abnormalities, such as a hypoplastic papilla. 

Treatment of rats during active nephrogenesis with an AT1 
antagonist or with an angiotensin-converting enzyme (ACE) 
inhibitor leads to decreased nephron number (37), delayed 
nephron maturation and altered renal water handling (38). 
Human kidneys of fetuses from mothers that received an 
AT1 antagonist during gestation show poorly developed 
tubules, a reduced number of proximal tubules, poorly 
developed vasa recta and a hyperplastic juxtaglomerular 
apparatus (39).

Many studies have shown that perturbed maternal 
nutritional status alters renal renin protein and mRNA lev-
els, as well as renal angiotensin II (AngII) concentration 
(40) and changes renal expression of AngII receptors and 
mitogen-activated protein kinase (MAPK) in the pups (41), 
resulting in higher blood pressure and structural changes in 
the kidney of adult offspring. Conflicting results regarding 
RAS among the groups are explained by different levels 
of protein in the diet, different periods of treatment during 
gestation, different rat strain and, mainly, by the different 
methods adopted, such as whole kidney Western blot, 
cortex Western blot, or whole kidney RT-PCR.

Specific studies with maternal protein restriction during 
gestation have shown different modulations of RAS com-
ponents. Sahajpal and Ashton (42) showed that offspring 
of mothers that received a low-protein diet during the entire 
gestational period presented, at 4 weeks of age, fewer 
glomeruli per g kidney weight and the AT1R protein level 
was 24% greater in low-protein pups when compared with 
normally nourished pups. In another study, the same group 
showed that AT1R and AT2R was greater in the cortex (62 
and 35%, respectively) in low-protein pups at 4 weeks of 
age and renal renin activity and tissue AngII concentra-
tions were not lower in these animals (43). Vehaskari et 
al. (44) compared the levels of RAS protein and mRNA at 
1 day and 28 days of age and found that, at 1 day, AT1R 
and AT2R proteins were decreased, but that AT2R mRNA 
was increased. The same variation found by Sahajpal and 
Ashton (42) was verified at 28 days, when AT1R and AT2R 
proteins were increased, but AT1Rb and AT2R mRNA did 
not differ, suggesting that the ontogeny of the intrarenal 
RAS is altered throughout the perinatal and early postnatal 
period (44). 

Our group recently found that AT2R protein is down- 
regulated in kidneys of 16-week-old rats born to females 
that received a low-protein diet (9%) throughout gestation. 
These animals presented a total absence of AT2R in the 
glomeruli and this receptor was localized preferentially as-
sociated with intercalated cells of the distal and collecting 
segments. AT1R and its JAK-2/SOCS3 pathway proteins 
are also down-regulated in these experimental animals, as 
shown by Western blot and immunohistochemistry (20). It 
is important to note that Sahajpal and Ashton (42) and Ve-
haskari et al. (44) used 4-week-old rats, whereas we used 
adult male rats. At 4 weeks of age, rats are normotensive, 
but become progressively more hypertensive at 6 to 8 weeks 
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of age (42-44). For this reason, the cited groups studied 
the role of RAS in the pathogenesis of hypertension and 
our group focused on the effects of hypertension on renal 
RAS, obtaining opposite results for AT1R.

We also found that podocytes appear to be larger and 
crushed in low-protein rats (Figure 1), suggesting that 
changes in renal functions favor excess hydroelectrolyte 
re-absorption by the kidney, and as such might potentiate the 
programming of adult hypertension. These morphological 
changes could be attributed to an adaptation to the reduced 
nephron number and, consequently, to glomerular hyper-
filtration and overflow in low-protein offspring, and could 
account for the breakdown in optimal glomerular filtration 
barrier function. To confirm this hypothesis, ultrastructural 
analysis by electron microscopy is necessary.

In another study, whole kidneys from 12-day-old 
animals were prepared for Western blot and revealed 
that AT1R and AT2R are down-regulated in gestational 
low-protein-exposed animals (Figure 2) and that the same 
offspring present a low nephron number when compared 
with offspring of mothers that received normal diets during 
gestation (Table 1). Data demonstrating fewer glomeruli 
in these animals confirm reports from other groups that 
have obtained similar findings in different age groups and 
models (45,46).

Figure 3 presents an overview of our results regarding 
kidney offspring status during the fetal period, postnatal and 
adult life after maternal protein restriction during gestation, 
taking into account the RAS, nephron number and renal 
function. This Figure depicts results from different experi-
ments, in which dams were fed a 6% casein diet and were 
compared with dams fed a 17% casein diet (normoproteic). It 

may be observed that, in spite of a reduced nephron number 
from the fetal period onwards, the adult low-protein offspring 
presented a similar glomerular filtration rate (GFR) to that 
observed in normal-protein rats, which may be explained by 
the larger filtration area and larger glomerular tuft volume 
in parallel to podocyte hypertrophy. Another factor that can 
contribute to the similar GFR is that AT2R is down-regulated 
in the efferent arteriole, which leads to vasoconstriction, 
thus increasing the interglomerular pressure.

Other groups obtained similar GFR results when they 
studied young rats (42,47), but when renal function was 
analyzed during old age, low-protein rats presented a sig-
nificant decrease in GFR, which means that the age-related 
decline in GFR was manifested earlier in low-protein rats 
than in controls (47).

The hypothesis that the fetal kidney is programmed to 
inappropriately retain Na+ in later life has been corroborated 
by different studies (48,49). Alwasel and Ashton (50), in a 
study of renal function and Na+ transporters in 4-week-old 
male rats born to low-protein diet dams, found that GFR 
was unchanged, suggesting that single nephron GFR may 
be increased. In addition, these investigators reported that 
Na+ transporter protein was unchanged, while the Na+/K+-
ATPase-α1 subunit was absent in the kidney of low-protein 
rats. Interestingly, in a Western blot study, we found that, 
at the end of nephrogenesis, the ß1 subunit of the Na+/K+-
ATPase protein was also down-regulated in male low-protein 
rats, but that at 16 weeks of age the protein was increased 
in these animals when compared with the normal group 
(Figure 4). This result corroborates the suggestion of do 
Carmo Pinho et al. (47) that the transcriptional up-regulation 
of Na+ transport could give origin to hypertension in this 

Figure 1. Effects of maternal protein restriction on podocyte morphology. A, Glomeruli from a rat born to a dam fed a 
normal-protein diet. B, Glomeruli from a rat born to a dam fed a low-protein (LP) diet. Immunoperoxidase assay was 
performed against AT1R antibody (brown - arrow). The arrowheads show podocytes in A and B but that appears to be 
enlarged in the kidney of an LP rat (B). 
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model. AngII AT2R is an effective inhibitor of Na+/
K+-ATPase (51) and it is possible that the down-
regulated RAS found in 16-week-old low-protein 
males (20) might lead to a lack of inhibition of Na+/
K+-ATPase, explaining results obtained by Western 
blotting, and the low sodium excretion rate, since 
Na+/K+-ATPase participates in Na+ reabsorption in 
the basolateral membrane (Figure 4). However, it is 
also possible that the high Na+/K+-ATPase expres-
sion does not indicate that all the excess protein is 
on the basolateral surface. Fekete et al. (52) dem-
onstrated that AngII promotes Na+/K+-ATPase-α1 
subunit translocation from the cytoskeletal fraction 
into the cytosol under experimental circumstances 
and we must take this into account.

Previous experiments demonstrated the involve-
ment of AngII in the regulation of Na+ transporters; 
however, the influence of fetal programming on the 
physiological function of these transporters is still 
unclear. Dagan et al. (34) demonstrated that fetal pro-
gramming by DEX in rats increases proximal tubule 
transport in part by stimulating Na+/H+ exchanger 
activity and Tiwari et al. (53) recently showed that 
gender and age result in differential regulation of NaCl 
antiporter and ENaC in AngII-infused mice.

The RAS balance is disrupted in kidneys from 
offspring of low-protein-fed mothers during different 
ages, and AngII receptors are expressed in all seg-
ments of the nephron, contributing to the increased 
sodium re-absorption in proximal tubules and to the 
final sodium excretion rate (20). 

Figure 2. Effects of maternal protein restriction on expression of kidney 
renin-angiotensin system-associated proteins, at 12 days of age. The fig-
ure shows the results obtained in whole-tissue extracts that were immu-
noblotted for AT1R and AT2R, as a percentage of protein content, in the 
NP and LP kidneys. Scanning densitometry results are reported relative 
to NP, with a value of 100% being assigned to the NP rats. Columns and 
bars represent the mean ± SEM. AT1R and AT2R = type 1 and type 2 
angiotensin II receptors; NP = normal protein; LP = low protein. *P < 0.05, 
NP vs LP (Student t-test).

Figure 3. Schematic figure showing an overview of the interaction of the renin-angiotensin system (RAS) and the kidney from the fetal 
period to adult life. Ages are specified on the line. AT1R = type 1 angiotensin II receptor; AT2R = type 2 angiotensin II receptor; GFR 
= glomerular filtration rate; LP = low protein; NP = normal protein. 

Table 1. Weight, number of glomeruli, cortical volume, and mean glom-
erular volume, at 12 days of age of rat pup kidneys born to mothers fed 
a 17% protein diet (normal diet, NP) and a 6% protein diet (low-protein 
diet, LP).

 Rat weight 
(g)

No. of 
glomeruli

Absolute cortical 
volume (mm3)

Mean glomerular 
volume (µm3)

NP 26.96 ± 0.78 9382 ± 1171* 256.29 ± 63.7 160.70 ± 16.7*
LP 25.80 ± 0.88 4980 ± 880 314.56 ± 26.07 414.71 ± 35

Data are reported as means ± SEM. *P ≤ 0.05 vs LP (Student t-test).
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Our low urinary sodium excretion data may also 
be explained by previous findings showing that 
excess fetal glucocorticoid, such as observed in 
maternal undernutrition status programs, reduced 
the expression of placental, central nervous sys-
tem and renal 11ß-HSD2 (see section above). As 
discussed above, the renal 11ß-HSD2 normally 
serves to prevent illicit access of glucocorticoids 
to the renal mineralocorticoid receptors, thereby 
maintaining mineralocorticoid receptors specific-
ity for aldosterone, and, accordingly, humans with 
11ß-HSD2 deficiency exhibit hypertension (54). A 
programmed reduction in renal 11ß-HSD2 would 
be expected to increase the ability of glucocor-
ticoids to activate in many different tissues both 
glucocorticoid receptors and mineralocorticoid 
receptors, resulting in increased transcription of 
both, with a consequent increase in blood pressure. This 
increase in glucocorticoid sensitivity may be exacerbated 
by overactivation of the hypothalamic-pituitary-adrenal 
axis, as several previous studies have shown that prenatal 
glucocorticoids elevate adult plasma corticosterone (55), 
apparently driven by increased expression of hypothalamic 
corticotrophin-releasing hormone (56). Consistent with the 
proposal that increased renal glucocorticoid sensitivity un-
derlies programmed hypertension, expression of the renal 
glucocorticoid-responsive genes, Na+/K+-ATPase-α1, or (as 
shown in the aforementioned and other studies) the Na+/
K+-ATPase-ß1 subunit, ACE and renin were all elevated 
in 16-week-old offspring of low-protein mothers. These 
programmed changes would be expected to increase renal 
sodium retention and thereby elevate plasma volume and, 
thus, blood pressure. A similar mechanism seems to underlie 
hypertension in a rat maternal low-protein programming 
model in which adult offspring have higher renal expres-
sion of Na+/K+-ATPase-ß1 and/or also -α1 (50); however, 
the Na+/K+-ATPase expression were not confirmed by the 
present data in 16-week-old offspring (20). 

It is not possible to rule out other mechanisms involved 
in the inappropriate retention of sodium. The maternal 
protein restriction model for IUGR in rats resulted in the up-
regulation of two critical Na+ transporters. The Na+/K+-2Cl 
and the Na-Cl co-transporters, but not the Na+/H+ nor the 
Na+ channel, were significantly increased in the rats with 
IUGR (48). These alterations led to a lower rate of urinary 
sodium excretion, associated with sodium retention and 
hypertension.

Apoptosis

Nephrogenesis is a complex process involving cell in-
tegration, cell growth and apoptosis. The rapid remodeling 
of structures requires massive apoptosis. Bcl-2 is an anti-
apoptosis protein that attenuates the effect of cytochrome 
c release from the mitochondria and counters the effects of 

the pro-apoptosis protein, Bax. Bcl-2 and Bax contribute to 
the signaling pathways that activate caspase-3, an enzyme 
that is necessary for the condensation of chromatin and 
fragmentation of DNA that characterize apoptosis (57). 
Bax and Bcl-2 are known to be expressed during normal 
kidney development, and their expression is known to be 
deregulated under certain conditions associated with per-
turbed nephrogenesis and apoptosis (58). 

Using real-time PCR in E13.0 metanephroi, Welham et 
al. (59) observed a step-wise increase in the expression of 
both Bax and Bcl-2 in the low-protein group. The increase 
was greater for the pro-apoptotic gene, Bax, versus the 
anti-apoptotic gene, Bcl-2, perhaps suggesting that a low-
protein diet shifts the balance of expression to up-regulate 
the death of metanephric precursor cells. In a prior study 
(58), the same group showed that low-protein diets reduce 
the final numbers of glomeruli, in association with the in-
creased deletion of precursors at the start of metanephric 
development, and present a significant increase in the 
numbers of apoptotic nuclei per unit area at E13, almost 
totally restricted to the renal mesenchyme.

In a model of uteroplacental insufficiency and the 
subsequent IUGR, a study observed increased renal p53 
hypomethylation in association with increased p53 and Bax 
mRNA protein, as well as decreased Bcl-2 mRNA, which 
leads to increased caspase-3 activity (57). Alterations in 
DNA methylation and histone acetylation in IUGR rats (60) 
suggest a molecular mechanism by which a low-protein 
diet and IUGR induce fetal renal apoptosis, with a result-
ing permanent loss of glomeruli. It would be interesting to 
better understand how the maternal environment alters the 
methylation status and the transcriptional rate of genes 
such as Bcl-2 and Bax.

Our group’s recent findings have shown that, in a small 
study, metanephroi extracted from undernourished rats 
and grown in culture for 48 h have fewer ureteric branches 
when compared with normal metanephric development in 
culture (Mesquita FF, Arena D, Ewen-McCullen L, Gontijo 
JA, Bertram J, Boer PA, Armitage J, unpublished data). 

Figure 4. Effect of maternal protein restriction on kidney gene expression 
at 12 days of age (A) and 16 weeks of age (B). The figure shows the re-
sults obtained in whole-tissue extracts that were immunoblotted for Na+/
K+-ATPase in the NP and LP kidneys. Columns and bars represent the 
mean ± SEM. NP = normal protein; LP = low protein. *P < 0.05, NP vs LP 
(Student t-test).
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Perspectives and Conclusion

There is an increasing amount of evidence from human 
studies and experimental animal models demonstrating 
that perturbations of the intrauterine environment are one 
of the main causes of the morphological and physiological 
changes that occur in different organs, following undernutri-
tion in utero. In this brief review, we have concentrated on 
one organ, the kidney, and shown that adult hypertension, 
programmed by maternal exposure to a low-protein diet, 
is linked to marked changes in the renal expression of the 
glucocorticoid receptor, 11ß-HSD2, and components of the 
RAS. The function of the kidney depends on the hormonal 
cascade, physiological mechanisms and morphological 
patterns that work in synchrony; as such, any alterations 
in this balance can cause the development of disease 
during adult life. We also show that renal development, 

particularly nephron number, can be influenced by a number 
of environmental factors, and especially by exposure to a 
low-protein diet during critical periods, which are surpris-
ingly early in fetal life. It is suggested, but remains to be 
proven, that whenever nephron number is suboptimal, there 
are maladaptive adjustments to gene expression and long-
term kidney function that may lead to the development of 
cardiovascular disease. It is unlikely that renal malfunction 
alone is responsible for the development of hypertension. 
We suggest that central (brain) regulation of blood pressure 
may also be altered. This is an important area for future 
investigation.

Acknowledgments

The authors are grateful to FAPESP (#05/54362-4), 
CAPES and CNPq.

References

 1. Crowley SD, Gurley SB, Oliverio MI, Pazmino AK, Griffiths R, 
Flannery PJ, et al. Distinct roles for the kidney and systemic 
tissues in blood pressure regulation by the renin-angiotensin 
system. J Clin Invest 2005; 115: 1092-1099.

 2. Mendelsohn ME. In hypertension, the kidney is not always 
the heart of the matter. J Clin Invest 2005; 115: 840-844.

 3. Zandi-Nejad K, Luyckx VA, Brenner BM. Adult hypertension 
and kidney disease: the role of fetal programming. Hyperten-
sion 2006; 47: 502-508.

 4. Rettig R, Folberth C, Stauss H, Kopf D, Waldherr R, Un-
ger T. Role of the kidney in primary hypertension: a renal 
transplantation study in rats. Am J Physiol 1990; 258: F606-
F611.

 5. Guidi E, Menghetti D, Milani S, Montagnino G, Palazzi P, 
Bianchi G. Hypertension may be transplanted with the kid-
ney in humans: a long-term historical prospective follow-up 
of recipients grafted with kidneys coming from donors with 
or without hypertension in their families. J Am Soc Nephrol 
1996; 7: 1131-1138.

 6. Zeman FJ. Effects of maternal protein restriction on the 
kidney of the newborn young of rats. J Nutr 1968; 94: 111-
116.

 7. Schreuder M, Delemarre-van de Waal H, van Wijk A. Con-
sequences of intrauterine growth restriction for the kidney. 
Kidney Blood Press Res 2006; 29: 108-125.

 8. McCance RA. Food, growth, and time. Lancet 1962; 2: 671-
676.

 9. Barker DJ. The fetal and infant origins of adult disease. BMJ 
1990; 301: 1111.

10. Barker DJ, Osmond C. Low birth weight and hypertension. 
BMJ 1988; 297: 134-135.

11. Wadsworth ME, Cripps HA, Midwinter RE, Colley JR. Blood 
pressure in a national birth cohort at the age of 36 related to 
social and familial factors, smoking, and body mass. Br Med 
J (Clin Res Ed) 1985; 291: 1534-1538.

12. Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. 
Growth in utero, blood pressure in childhood and adult life, 
and mortality from cardiovascular disease. BMJ 1989; 298: 

564-567.
13. Huxley RR, Shiell AW, Law CM. The role of size at birth 

and postnatal catch-up growth in determining systolic blood 
pressure: a systematic review of the literature. J Hypertens 
2000; 18: 815-831.

14. Nelson RG, Morgenstern H, Bennett PH. Birth weight and 
renal disease in Pima Indians with type 2 diabetes mellitus. 
Am J Epidemiol 1998; 148: 650-656.

15. Zidar N, Avgustin CM, Kenda RB, Ferluga D. Unfavorable 
course of minimal change nephrotic syndrome in children 
with intrauterine growth retardation. Kidney Int 1998; 54: 
1320-1323.

16. Huxley R, Neil A, Collins R. Unravelling the fetal origins 
hypothesis: is there really an inverse association between 
birthweight and subsequent blood pressure? Lancet 2002; 
360: 659-665.

17. Barker DJ, Bagby SP. Developmental antecedents of cardio-
vascular disease: a historical perspective. J Am Soc Nephrol 
2005; 16: 2537-2544.

18. Curhan GC, Willett WC, Rimm EB, Spiegelman D, Ascherio 
AL, Stampfer MJ. Birth weight and adult hypertension, dia-
betes mellitus, and obesity in US men. Circulation 1996; 94: 
3246-3250.

19. Dahri S, Reusens B, Remacle C, Hoet JJ. Nutritional influ-
ences on pancreatic development and potential links with 
non-insulin-dependent diabetes. Proc Nutr Soc 1995; 54: 
345-356.

20. Mesquita FF, Gontijo JA, Boer PA. Expression of renin-an-
giotensin system signalling compounds in maternal protein-
restricted rats: effect on renal sodium excretion and blood 
pressure. Nephrol Dial Transplant 2010; 25: 380-388.

21. Gil FZ, Lucas SR, Gomes GN, Cavanal MF, Coimbra TM. 
Effects of intrauterine food restriction and long-term dietary 
supplementation with L-arginine on age-related changes in 
renal function and structure of rats. Pediatr Res 2005; 57: 
724-731.

22. Benediktsson R, Lindsay RS, Noble J, Seckl JR, Edwards 
CR. Glucocorticoid exposure in utero: new model for adult 



Kidney from fetal to adult life 1017

www.bjournal.com.br Braz J Med Biol Res 43(11) 2010

hypertension. Lancet 1993; 341: 339-341.
23. Dodic M, May CN, Wintour EM, Coghlan JP. An early prena-

tal exposure to excess glucocorticoid leads to hypertensive 
offspring in sheep. Clin Sci 1998; 94: 149-155.

24. Lesage J, Blondeau B, Grino M, Breant B, Dupouy JP. 
Maternal undernutrition during late gestation induces fetal 
overexposure to glucocorticoids and intrauterine growth 
retardation, and disturbs the hypothalamo-pituitary adrenal 
axis in the newborn rat. Endocrinology 2001; 142: 1692-
1702.

25. Holmes MC, Abrahamsen CT, French KL, Paterson JM, Mul-
lins JJ, Seckl JR. The mother or the fetus? 11beta-hydrox-
ysteroid dehydrogenase type 2 null mice provide evidence 
for direct fetal programming of behavior by endogenous 
glucocorticoids. J Neurosci 2006; 26: 3840-3844.

26. Bloom SL, Sheffield JS, McIntire DD, Leveno KJ. Antenatal 
dexamethasone and decreased birth weight. Obstet Gyne-
col 2001; 97: 485-490.

27. Kari MA, Hallman M, Eronen M, Teramo K, Virtanen M, 
Koivisto M, et al. Prenatal dexamethasone treatment in 
conjunction with rescue therapy of human surfactant: a 
randomized placebo-controlled multicenter study. Pediatrics 
1994; 93: 730-736.

28. Lindsay RS, Lindsay RM, Edwards CR, Seckl JR. Inhibition 
of 11-beta-hydroxysteroid dehydrogenase in pregnant rats 
and the programming of blood pressure in the offspring. 
Hypertension 1996; 27: 1200-1204.

29. Langley-Evans SC, Phillips GJ, Benediktsson R, Gardner 
DS, Edwards CR, Jackson AA, et al. Protein intake in 
pregnancy, placental glucocorticoid metabolism and the 
programming of hypertension in the rat. Placenta 1996; 17: 
169-172.

30. Gardner DS, Jackson AA, Langley-Evans SC. Maintenance 
of maternal diet-induced hypertension in the rat is dependent 
on glucocorticoids. Hypertension 1997; 30: 1525-1530.

31. Moritz KM, Johnson K, Douglas-Denton R, Wintour EM, 
Dodic M. Maternal glucocorticoid treatment programs al-
terations in the renin-angiotensin system of the ovine fetal 
kidney. Endocrinology 2002; 143: 4455-4463.

32. Singh RR, Moritz KM, Bertram JF, Cullen-McEwen LA. 
Effects of dexamethasone exposure on rat metanephric de-
velopment: in vitro and in vivo studies. Am J Physiol Renal 
Physiol 2007; 293: F548-F554.

33. Wintour EM, Alcorn D, Butkus A, Congiu M, Earnest L, Pom-
polo S, et al. Ontogeny of hormonal and excretory function 
of the meso- and metanephros in the ovine fetus. Kidney Int 
1996; 50: 1624-1633.

34. Dagan A, Gattineni J, Cook V, Baum M. Prenatal program-
ming of rat proximal tubule Na+/H+ exchanger by dexam-
ethasone. Am J Physiol Regul Integr Comp Physiol 2007; 
292: R1230-R1235.

35. Dagan A, Kwon HM, Dwarakanath V, Baum M. Effect of renal 
denervation on prenatal programming of hypertension and 
renal tubular transporter abundance. Am J Physiol Renal 
Physiol 2008; 295: F29-F34.

36. Yosypiv IV, El-Dahr SS. Role of the renin-angiotensin system 
in the development of the ureteric bud and renal collecting 
system. Pediatr Nephrol 2005; 20: 1219-1229.

37. Woods LL, Rasch R. Perinatal ANG II programs adult blood 
pressure, glomerular number, and renal function in rats. Am 
J Physiol 1998; 275: R1593-R1599.

38. Friberg P, Sundelin B, Bohman SO, Bobik A, Nilsson H, 

Wickman A, et al. Renin-angiotensin system in neonatal 
rats: induction of a renal abnormality in response to ACE 
inhibition or angiotensin II antagonism. Kidney Int 1994; 45: 
485-492.

39. Daikha-Dahmane F, Levy-Beff E, Jugie M, Lenclen R. Foetal 
kidney maldevelopment in maternal use of angiotensin II 
type I receptor antagonists. Pediatr Nephrol 2006; 21: 729-
732.

40. Woods LL, Ingelfinger JR, Nyengaard JR, Rasch R. Ma-
ternal protein restriction suppresses the newborn renin-
angiotensin system and programs adult hypertension in rats. 
Pediatr Res 2001; 49: 460-467.

41. Balbi AP, Francescato HD, Marin EC, Costa RS, Coimbra 
TM. Roles of mitogen-activated protein kinases and angio-
tensin II in renal development. Braz J Med Biol Res 2009; 
42: 38-43.

42. Sahajpal V, Ashton N. Renal function and angiotensin AT1 
receptor expression in young rats following intrauterine 
exposure to a maternal low-protein diet. Clin Sci 2003; 104: 
607-614.

43. Sahajpal V, Ashton N. Increased glomerular angiotensin 
II binding in rats exposed to a maternal low protein diet in 
utero. J Physiol 2005; 563: 193-201.

44. Vehaskari VM, Stewart T, Lafont D, Soyez C, Seth D, Man-
ning J. Kidney angiotensin and angiotensin receptor expres-
sion in prenatally programmed hypertension. Am J Physiol 
Renal Physiol 2004; 287: F262-F267.

45. Hoppe CC, Evans RG, Bertram JF, Moritz KM. Effects of 
dietary protein restriction on nephron number in the mouse. 
Am J Physiol Regul Integr Comp Physiol 2007; 292: R1768-
R1774.

46. Kriz W, LeHir M. Pathways to nephron loss starting from 
glomerular diseases - insights from animal models. Kidney 
Int 2005; 67: 404-419.

47. do Carmo Pinho FM, Nigro D, Fortes ZB, Tostes RC, Car-
valho MH, Lucas SR, et al. Intrauterine undernutrition - renal 
and vascular origin of hypertension. Cardiovasc Res 2003; 
60: 228-234.

48. Manning J, Beutler K, Knepper MA, Vehaskari VM. Up-
regulation of renal BSC1 and TSC in prenatally programmed 
hypertension. Am J Physiol Renal Physiol 2002; 283: F202-
F206.

49. Bertram C, Trowern AR, Copin N, Jackson AA, Whorwood 
CB. The maternal diet during pregnancy programs altered 
expression of the glucocorticoid receptor and type 2 11beta-
hydroxysteroid dehydrogenase: potential molecular mecha-
nisms underlying the programming of hypertension in utero. 
Endocrinology 2001; 142: 2841-2853.

50. Alwasel SH, Ashton N. Prenatal programming of renal so-
dium handling in the rat. Clin Sci 2009; 117: 75-84.

51. De Souza AM, Lopes AG, Pizzino CP, Fossari RN, Miguel 
NC, Cardozo FP, et al. Angiotensin II and angiotensin-(1-7) 
inhibit the inner cortex Na+-ATPase activity through AT2 
receptor. Regul Pept 2004; 120: 167-175.

52. Fekete A, Rosta K, Wagner L, Prokai A, Degrell P, Ruzicska 
E, et al. Na+,K+-ATPase is modulated by angiotensin II in 
diabetic rat kidney - another reason for diabetic nephropa-
thy? J Physiol 2008; 586: 5337-5348.

53. Tiwari S, Li L, Riazi S, Halagappa VK, Ecelbarger CM. Sex 
differences in adaptive downregulation of pre-macula densa 
sodium transporters with ANG II infusion in mice. Am J 
Physiol Renal Physiol 2010; 298: F187-F195.



1018 F.F. Mesquita et al.

www.bjournal.com.brBraz J Med Biol Res 43(11) 2010

54. Draper N, Stewart PM. 11Beta-hydroxysteroid dehydroge-
nase and the pre-receptor regulation of corticosteroid hor-
mone action. J Endocrinol 2005; 186: 251-271.

55. O’Regan D, Kenyon CJ, Seckl JR, Holmes MC. Gluco-
corticoid exposure in late gestation in the rat permanently 
programs gender-specific differences in adult cardiovascular 
and metabolic physiology. Am J Physiol Endocrinol Metab 
2004; 287: E863-E870.

56. Shoener JA, Baig R, Page KC. Prenatal exposure to dex-
amethasone alters hippocampal drive on hypothalamic-
pituitary-adrenal axis activity in adult male rats. Am J Physiol 
Regul Integr Comp Physiol 2006; 290: R1366-R1373.

57. Pham TD, MacLennan NK, Chiu CT, Laksana GS, Hsu JL, 
Lane RH. Uteroplacental insufficiency increases apoptosis 

and alters p53 gene methylation in the full-term IUGR rat 
kidney. Am J Physiol Regul Integr Comp Physiol 2003; 285: 
R962-R970.

58. Welham SJ, Wade A, Woolf AS. Protein restriction in preg-
nancy is associated with increased apoptosis of mesenchy-
mal cells at the start of rat metanephrogenesis. Kidney Int 
2002; 61: 1231-1242.

59. Welham SJ, Riley PR, Wade A, Hubank M, Woolf AS. Ma-
ternal diet programs embryonic kidney gene expression. 
Physiol Genomics 2005; 22: 48-56.

60. MacLennan NK, James SJ, Melnyk S, Piroozi A, Jernigan 
S, Hsu JL, et al. Uteroplacental insufficiency alters DNA 
methylation, one-carbon metabolism, and histone acetyla-
tion in IUGR rats. Physiol Genomics 2004; 18: 43-50.


