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Introduction

The term "developmental programming" means the con-
cept that many adult conditions or disease can have ori-
gins traced back to fetal and early postnatal life. Namely,
developmental programming is the response by the develo-
ping mammalian organism to a specific challenge during
a critical fetal time that alters the route of organ and tissue
development with resulting persistent effects on the pheno-
type. Mammals pass more biological milestones before birth
than any other time later in their lives. Each individual's
phenotype is influenced by the developmental environ-
ment as much as by their genes [1].

The developmental origin of the disease hypothesis was
first proposed by Barker and Osmond in The Lancet in
1986 [2]. This study was followed later by some human
epidemiological and numerous animal investigations invol-
ving fetal undernutrition and/or low birth weight (LBW)
and associated epigenetic influences in the development
of common chronic diseases, such as hypertension, kidney
disease, cardiovascular disease, liver disease, diabetes, and
other metabolic abnormalities [3].

The two major topics of interest to nephrologists-hyper-
tension and chronic kidney disease (CKD), commonly exist
together and in everyday nephrological practice it is well
known that the influence of one upon the other is diffi-
cult to elucidate. Moreover, hypertension is the number-
two cause of end-stage renal disease (ESRD) after diabetes
in the United States and Western countries. It is also a co-
morbid condition in approximately 61-66% of patients
with an estimated glomerular filtration rate (eGFR) < 60
ml/min/1.73 m 2 [4].

In a historical article Brenner and Chertow [5] hypothe-
sized that retardation of renal development, as occurs in
individuals of low birth weight (LBW), gives rise to increa-
sed postnatal risks for systemic and glomerular hyper-
tension, as well as an enhanced risk of expression of re-
nal disease.

The mechanisms involved in developmental programming
and hypertension include nutrition, oxidative stress and
inflammation, glucocorticoids, transgenerational program-
mming and epigenetic changes.

This review article will try to converge the mechanisms
involved in developmental programming for the nephro-
logist population through animal studies.
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Animal models

With the aim of finding out how fetal insults result in hy-

pertension and chronic kidney disease, investigators have

used animal models, primarily experiments performed in

rats and sheep that mimic the adverse events occuring in

some pregnant women, such as maternal malnutrition, pre-

natal administration of glucocorticoids and uteroplacen-

tal insufficiency [6,7]. The most interesting experiments

concerned:

a) possible pathways of maternal malnutrition and gluco-
corticoids leading to prenatal programming;

b) timing of adverse effects;

c) sex differences in response to an adverse maternal event;

d) nephron number, renal sodium transport, RAS and re-
nal nerves in mechanisms causing hypertension and  kid-
ney disease by fetal programming;

e) effect of the postnatal environment on glomerular num-
ber and blood pressure.

a. Possible pathways of maternal malnutrition and gluco-
corticoids leading to prenatal programming

The fetus is protected from the relatively high concentra-
tion of maternal glucocorticoids by placental 11f3-hydro-
xysteroid dehydrogenase type 2 (11p-hsd -2) that converts
physiological maternal glucocorticoids to inactive metabo-
lites. Rats fed a low-protein diet during pregnancy had lower
placental 11B-hsd-2 activity [8-10]. Also dexamethasone can
cause similar insults as dietary protein deprivation, because
it is able to cross the placenta intact and is a poor substrate
for 11f-hsd-2. In humans, placental 11B-hsd-2 activity was
shown not to change substantively during gestation but was
significantly reduced in placentas of small-for-gestational-
age infants [11]. In an elegant experiment Langley-Evans
[12] showed that exposure to a maternal low-protein diet in
utero programmed hypertension in the offspring and the
data are consistent with the hypothesis that corticosteroids
of maternal origin play a role in this programming effect.

b. Timing of adverse effects
Depending on the timing and severity, each of these insults

is associated with small-for-gestational weight infants. Ho-
wever, Moritz et al. [13] recently pointed out that prenatal
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insults can result in programming a reduced nephron num-
ber and renal dysfunction in later life independent of LBW.
From this point of view the question of the timing of the
prenatal insult arises, which can determine programmed
changes that affect the kidney. Woods et al. [14] found a
reduction in glomerular number and elevated blood pre-
ssure in adult male offspring of pregnant rats that were fed
a low-protein diet in the second half but not in the first half
of pregnancy. They concluded that the window of sensiti-
vity of adult blood pressure to prenatal protein restrict-
tion falls within the period of nephrogenesis in the rat. On
the other hand glucocorticoids are often administered to
pregnant women to accelerate fetal lung maturation and
studies in vitro have shown that dexamethasone inhibited
branching morphogenesis and reduced glomerular number
when added to media of day 14.5 and day 15.5 embryonic
rat metanephrons [15]. In an elegant animal experiment
Ortiz et al. [16], showed that prenatal dexamethasone resul-
ted in hypertension and a reduction in nephron number in
adult offspring of pregnant rats when administered daily on
days 15 and 16 or 17 and 18 of gestation but not before or
after this time.

Nephrogenesis in the rat occurs during the last third of ges-
tation and continues for a few days after delivery. It is
obvious that the period of active nephrogenesis is the point
when the kidney is most susceptible to injury, resulting in a
reduction in nephron number and programming for hyper-
tension in the adult offspring.

c. Sex differences in response to an adverse maternal event

In an animal study prenatal insults were found to affect
males and females differently. In the previous mentioned
study where dexamethasone was administered on days 14
and 15 of gestation, Oritz et al. [16] concluded that both
male and female rats develop increased blood pressure
with severe prenatal insults. However, milder maternal
insults either affect only males or have only a transient
effect on blood pressure in females. Other studies also
showed that in response to moderate protein restriction
during gestation in the rat, a reduction in nephron number
associated with hypertension is observed only in male oft-
spring [17] and that only male offspring exhibit vascular
dysfunction in response to fetal hypoxia [18]. Therefore,
the relative protection of females and the vulnerability of
males to prenatal insults is probably associated with estro-
gen and testosterone.

d. Nephron number, renal sodium transport, RAS and re-
nal nerves in the mechanism of hypertension and kidney
disease by fetal programming

It is well known that the kidney is extremely sensitive to
the effects of an adverse environment during critical windows
of early development. In humans LBW is directly associa-
ted with oligonephronia [19] and the famous Brenner hy-
pothesis [5,20,21] concerned infants with a small number
of nephrons at birth who developed an impaired ability to
excrete sodium leading to systemic and glomerular hyper-
tension and eventually to glomerular sclerosis and impaired

renal function. This has been demonstrated in most animal
models of prenatal programming [16,22-24.,] and also in
clinical studies [19,25]. Nephron loss occuring in response
to fetal insult is probably due to alterations in the expre-
ssion of genes and growth factors critical for proper neph-
rogenesis [26]. Furthermore, as already pointed out, timing
of the insult during development is critical for nephron ba-
lance. However in some animal models there is a no asso-
ciation between a reduction in nephron number and the
development of hypertension [27]. Moreover, some of
them demonstrate that compensatory hyperfiltration occurs
in response to the reduction in nephron number leading to
preservation of glomerular filtration rate [28]. Thus, a re-
duction in nephron number may not be a key mechanism
in the developmental programming of hypertension but may
be critical for the increased susceptibility to renal injury
and disease observed in response to fetal insult [29].

On the other hand there is significant evidence that pre-
natal insults program increases in renal tubular sodium
transport. In the animal models of Betratam et al. [9] adult
rats whose dams were fed a low-protein diet or administe-
red prenatal glucocorticoids had an increase in renal Na/
K-ATPase mRNA loads. In another experiment Manning
et al. [30] demonstrated increases in renal bumetanide-sen-
sitive cotransporter (BSC2) and thiazide-sensitive cotran-
sporter (TSC) but not the the apical proximal tubule Na/H
exchanger-3 (NHE3), or any of the epithelial sodium cha-
nnel (ENaC) subunits in offspring of females that had re-
ceived restricted dietary protein compared with controls.
Sodium transport via ENaC in the distal convoluted tubule
and collecting tubule is regulated by aldosterone. Gluco-
corticoids bind to the mineralocorticoid receptor with equal
affinity to aldosterone but are prevented from having an
effect because 11B-hsd 2 in the distal nephron converts cor-
tisol to cortisone in humans and corticosterone to inac-
tive 11-dehydrocorticosterone in the rat. Renal mRNA ex-
pression of 11B-hsd 2 was lower in adult rat kidneys that
had undergone a prenatal insult than in controls [9]. The-
refore, while whole kidney ENaC protein loads may not
differ between controls and rats with prenatal insults, there
still may be increased surface ENaC expression leading
to higher rates of sodium absorption. Thus, critical altera-
tions in the morphology and pathophysiology of the kidney
occur in response to fetal insult. Developmental program-
mming of renal structure and function leads to marked chan-
ges in the renal pressure-natriuresis relationship resulting
in salt-sensitive hypertension associated with diminished
resistance to renal injury and disease. However, the mec-
hanism by which the fetal environment programs sensi-
tivity and an increased susceptibility to renal injury re-
mains unknown and may involve either intrinsic or extrin-
sic renal mechanisms or both [7].

The renin-angiotensin system plays a fundamental role in
nephrogenesis [31,32], in body fluid balance through sys-
temic and intrarenal action of angiotensin and is also an
importmant regulator of arterial pressure [33,34]. Pregnant
women treated with an ACE inhibitor during the first trimes-
ter are at increased risk of having children with central
nervous system and cardiovascular disorders [35], while
ACE administered after the first trimester resulted in se-
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vere renal damage leading to anuria and oligohydramnios
[36]. In an animal model where rats received an AT bloc-
ker during the time when nephrogenesis was still occurring,
had a reduced nephron number as well as a lower glome-
rular filtration rate, impaired renal concentrating ability
and increased blood pressure compared with controls [37].
In another animal study maternal dietary protein depriva-
tion resulted in offspring with lower renal renin mRNA,
renal AT1-receptor protein, mMRNA abundance and renal
angiotensin II levels, but higher AT2-receptor mRNA levels
[38-40]. Nevertheless, there are conflicting data concerning
the association of plasma levels of angiotensin II with blood
pressure. Thus, it could be concluded that prenatal insults
probably result in renal injury by disturbing the renin-an-
giotensin system, but it is unlikely that RAS plays the pri-
mary role in generating or mediating the hypertension seen
in neonates or adults that were small for gestational age.
Changes in renal sympathetic nerve activation have constant
effects on natriuresis leading to long term alterations in blood
pressure [41] but whether the sympathetic nervous system
contributes to hypertension in LBW is controversial [42].
However, Johansson et al. [43] showed that elevations in
circulating levels of catecholamines were greater in LBW
children relative to their normal birth weight counterparts.
Some animal studies demonstrated that chronic hypoxia du-
ring fetal development programmed by placental insuffi-
ciency [44,45] or fetal exposure to glucocorticoids [46] leads
to sympathetic hyperinnervation. Increased sympathetic flow
may be followed by upregulation of renal sodium transpor-
ters, increased sodium reabsorption, and hypertension [46].
Furthermore, in the experimental model of hypertension
programmed by gestational malnutrition of Playdes et al.
[47], expression of angiotensin II receptors was elevated
in the low-protein offspring in regions of the brain critical
for cardiovascular regulation. They pointed out a critical
role for central angiotensin II in the etiology of programmed
hypertension. Consequently, the pathogenesis of progra-
mmed hypertension may involve central activation of the
RAS that leads to an increase in renal sympathetic nerve
activity which in turn up-regulates sodium reabsorption re-
sulting in hypertension.

Several animal studies [16,49,50] have demonstrated that a
prenatal insult in rats results in pups that develop progre-
ssive renal injury over time. Thus, Oritz et al. [16] found
that, subsequent to administration of dexamethasone on
days 15 and 16 of gestation, the offspring exhibited renal
interstitial fibrosis, tubular atrophy, and glomerular sclero-
sis at 8 months of age.

e. Effect of the postnatal environment on glomerular
number and blood pressure

As mentioned before nephrogenesis continues in humans
until 34-36 weeks gestation, so premature human neonates
born before this time still have new nephrons forming after
birth. Also in rats, nephrogenesis continues for a few days
after delivery. The postnatal environment can have a nega-
tive impact on renal development and may program chan-
ges in blood pressure. Recent evidence shows that postna-
tal nutrition and drugs can modulate prenatal program-

mming of hypertension as well as the number of glome-
ruli. Schreuder et al. [51] demonstrated that postnatal food
restriction in the rat is associated with growth retardation,
with a 25% reduction in nephron number and a concomi-
tant increase in glomerular volume compared with controls.
On the other hand Yzydorczyk et al. [52] verified that
neonatal oxygen exposure in rats leads to cardiovascular
and renal alterations in adulthood. These findings have re-
levance to premature human neonates kept in a neonatal
intensive care unit where, even under the best circumstan-
ces, neonates are not in an environment comparable to the
intrauterine one. It also interesting that perinatal caloric
excess can be harmful as well. Boubred et al. [53] showed
that rats fed excess milk gained more weight and both ma-
les and females had significantly more glomeruli than the
control offspring. Nonetheless, male offspring that were over-
fed had higher blood pressure at 2 months, proteinuria at
12 months and glomerulosclerosis at 22 months of age.
Regarding preventive measurements, the experimental stu-
dy of Manning et al. [54] is very important. They demon-
strated that administration of either a low-salt diet or an
ACE inhibitor to offspring of mothers fed a low-protein
diet at the time of weaning for 3 weeks prevented the deve-
lopment of hypertension. Blood pressure remained at con-
trol levels even though the low-salt diet and enalapril were
discontinued weeks before the final measurement. Thus,
there are critical times during postnatal development where
one can potentially intervene and prevent hypertension. Whe-
ther this is true in humans has not yet been determined.
Lastly, all mentioned animal studies have revealed that pre-
natal programming of hypertension and renal injury is not
definitive and can be adjust by postnatal environment.

Conclusions

In conclusion, in the last decade the structural and physio-
logical alterations involved in the complex mechanisms
of fetal programming were almost elucidated through nu-
merous animal studies and some of them are pointed in
this article. However, associations between hypertension
and kidney injury in adults and events that occur in the ear-
ly fetal milieu are need to be definitive approved in humans.
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