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An emerging hypothesis from the recent literature explain how
specific adverse factors related with growth retardation as well
as of low birth weight (LBW) might influence renal development
during fetal life and then the insurgence of hypertension and
renal disease in adulthood. In this article, after introducing a
brief overview of human nephrogenesis, the most important
factors influencing nephron number at birth will be reviewed,
focusing on the “in utero” experiences that lead to an increased
risk of developing hypertension and/or kidney disease in adult.
Since nephrogenesis in preterm human newborns does not stop
at birth, but it continues for 4-6 weeks postnatally, a better
knowledge of the mechanisms able to accelerate nephrogenesis
in the perinatal period, could represent a powerful tool in the
hands of neonatologists. We suggest to define this approach to

a possible therapy of a deficient nephrogenesis at birth“physio-
logical renal regenerating medicine” Our goal in preterm infants;
especially VLBW, could be to prolong the nephrogenesis not only
for 6 weeks after birth but until 36 weeks of post conceptual age,
allowing newborn kidneys to restore their nephron endowment,
escaping susceptibility to hypertension and to renal disease
later in life.
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Introduction

A fascinating hypothesis has recently emerged from the literature
suggesting that specific adverse exposures during fetal life, which
cause growth retardation as well as low birth weight (LBW), may
also influence renal development, and even play a role in the
development of renal disease in adulthood [1]. Since an estimated
16% of births worldwide are LBW, including small for gestational
age (SGA) neonates, the subsequent development of these chil-
dren is critically important, for the future of the children them-
selves and also for the future of the countries they will inherit [2].

Assignificantly reduced number of nephrons at birth in preterms
and in SGA newborns may be a risk factor for development of

kidney disease in adulthood and, in particular, for development
of hypertension later in life [3].

Since conflicting results have been published in recent years
concerning the hypothesis of the fetal origin of adult kidney
disease [4], this study was aimed at reviewing the most impor-
tant data on the possible correlation between reduced nephron
number, LBW and kidney disease in adult life [5].

Brief overview of nephrogenesis in humans

Three excretory organs appear during human development, the
pronephros, the mesonephros and the metanephros (Figure 1).
The pronephros develops at 21-22 days of gestation, from the
coelom with which it maintains a direct communication. The
pronephros may be considered one single large rudimentary
glomerulus, composed by a cavity, the nephrocoel, encircling a
unique filtration unit, the glomus, which projects into the neph-
rocoel. From the wall of nephrocoel a solid bud emerges and
undergoes cavitation giving rise to multiple ducts which join the
nephrocoel to the pronephric duct, the future Wolfhan duct, and
to the cloaca [6]. The pronephros undergoes regression around
the 25th gestational day in humans, simultaneously with the
appearance of the second excretory organ in human develop-
ment, the mesonephros [7].

The mesonephros originates from the mesonephric
mesenchyme which, under induction of the Wolffian duct,
undergoes the process of mesenchymal-epithelial transition,
giving rise to renal vesicles, the first mesonephric epithelial
structure, which differentiates into a mature nephron. The
mesonephros consists of multiple mature nephrons, about 40 in
humans, composed of glomeruli with proximal and distal tubules,
which fuse with the Wolffian duct, in the absence of loops of
Henle [7]. Complete nephrons of the mesonephros produce
small amounts of urine. By 33 days of gestation, the mesonephros
reaches its maximum degree of development, and at the same
time, starts its regression which in females is complete, whereas in
males mesonephric tubules give rise to the efferent tubules of the
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Figure 1. Excretory organs during human development: the pronephros, the
mesonephros and the metanephros.

testis. Mesonephric remnants continue to exist till the last weeks
of gestation, overlapping the developing metanephros.

Around day 30, the caudal region of the duct of Wolff gives
rise to the ureteric bud, which proliferates and emerges from the
Wolffian duct, invading the surrounding metanephric mesen-
chyme and giving rise to the third excretory organ in humans: the
metanephros [8]. The branching ureteric bud invade the undif-
ferentiated metanephric mesenchyme, which undergoes the same
process of mesenchymal-epithelial transition previously experi-
enced in the mesonephros. Undifferentiated metanephric mesen-
chymal cells condensate in the cap mesenchyme, which develops
into the renal vesicle, the first mesenchyme-derived epithelial
structure. The renal vesicle gives rise to the comma body, which
gives rise to the S-shaped body, which originates the glomerulus,
proximal and distal tubules, and Henle loops. The distal tubule
eventually fuses with the collecting ducts, the only epithelial
structure of the mature kidney which originates from the ureteric
tree. The region of the ureteric bud external to the metanephric
mesenchyme gives rise to the ureter [8].

Why do three excretory organs develop during human fetal
life? And what is the association between them? Given that
embryology does not give answers to any finalistic question, we
may try to give an answer regarding the similarities and the differ-
ences between these sequential structures. The pronephros looks
like a first tentative of the human embryo to develop an excre-
tory unit. It is composed of one large glomerulus and by poorly
differentiated tubuli which fuse with the mesonephric duct, a
structure that, under different forms, will be the anchor-structure
for all three excretory organs. The mesonephros appears to be a
more complex organ, in which multiple nephrons are assembled
together, organized in a orderly way, and producing urine which
is excreted into the Wolfian duct. In the mesonephros, the
building techniques, represented by the process of mesenchymal
to epithelial transition, is first tried out. The same building tech-
nique will be subsequently utilized by the metanephros in the
construction of the mature human kidney. The original oval
bricks, represented by the metanephric mesenchymal cells, under
the coordination of the ureteric bud tips, are transformed into
square bricks, the epithelial progenitors of glomerular and tubular
cells, which, joining together, give rise to an epithelial structure,
the renal vesicle, that will differentiate into mature nephrons.
The same building technique will be subsequently utilized by the
metanephros in the construction of the mature human kidney.
It thus appears that pronephros, mesonephros and metanephros
are three sequential projects, in which a initial unique simulation
of one excretory unit followed by a second simulation involving

the definition of the building techniques and the construction
of a series of more differentiated filtration units, followed by the
metanephros as the final project, whose success depends on the
building techniques tried out in the previous two projects.

Factors influencing nephron number at birth

There is a wide range in nephron number in human beings with
apparently normal kidneys, ranging at least fourfold, from 331,000
up to 1,424,000, with a mean value of 617,000 [9]. More recent
studies in human adult kidneys showed the total glomerular
number ranging almost ninefold, from 210,000 up to 1,825,000,
with a mean value of 784,909 [10,11]. In recent years, a strong
link is emerging between intrauterine development and kidney
disease occurring in adulthood, thus reinforcing the theory of
a developmental origin of adult health and disease, including
nephropaties [12]. The type and quantity of nutrition received by
the fetus in the womb, drugs and infections the embryo and the
fetus were exposed to, mother’s health or stress during pregnancy,
maternal hypertension, maternal undernutrition, placental insuf-
ficiency and other pathological conditions causing fetal hypoxia
to the fetus, are all factors that can influence renal development
and may predispose to renal disease in later life [13]. The assump-
tion of the relationship between kidney development and suscep-
tibility to undergo renal failure in adulthood is at the basis of the
hypothesis that we could trace adult kidney behavior to the 9
months before birth [14]. According with the fetal programming
hypothesis, the 9 months of gestation probably constitute the most
important period of our life, permanently influencing the number
of developed nephrons at birth, number that will be stable during
all our life, and that will represent our strength against all neph-
rotoxic injuries when present in high number, or our weakness
when our kidney will be characterized by a low nephron number
(Figure 2). Obviously, nephrons must be functioning. Considering
three subjects carrying kidneys with 200,000 nephrons, with
900,000 and with 2,500,000 nephrons respectively, the clinical
significance of a noxa destroying 100,000 nephrons could be
completely different in these subjects [14]. Decades of animal
experiments show that events that occur in the earliest steps of
development, before and after birth, set lifelong health trajecto-
ries. These events alter health trajectories to raise (or lower) risk
of our society’s most common chronic diseases, including chronic
renal failure.

But how can events occurring in utero lead to an increased
risk of developing kidney disease later in life? Epigenetic is prob-
ably the right answer. Considering kidney development and its
relation to adult renal disease, it has been hypothesized that an
insult taking place in a specific time window during development
may cause a permanent alteration in kidney architecture and
function, affecting nephron number, glomerular volume, tubular
cell function, vascular permeability, interstitial cell function and
so on [15]. Among the factors which could interfere with nepro-
genesis during fetal life, drug treatment of the mother should be
considered: mothers of newborns with acute renal failure have
been shown to have received more drugs during pregnancy
and delivery [16]. Among drugs which probably have major
embryo-fetal toxic effects, nonsteroidal anti-inflammatory drugs
(NSAIDs) can cross the placenta, reach the fetal circulation, and
cause a spectrum of changes in the kidneys of the offspring [17].

In humans, nephrogenesis is complete by week 34-36 of
gestation. As a consequence, at term babies normally do not
show signs of active nephrogenesis at birth. In LBW newborns,
and particularly in preterms, nephrogenesis has been shown to
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Figure 2. Factors that modify the delicate equilibrium between apoptosis and
mitosis, determining nephron number at birth and postnatal nephrogenesis
in preterm infants.

continue for some few time after birth, ending within about 6
weeks of postnatal life. This implies that our ability to restore low
nephron number at birth by compensatory nephrogenesis after
birth is very limited. As a consequence, all preterm infants, and
LBW newborns, will have a low nephron number for the rest of
their life, as compared to at term newborns. The recent finding,
by our group, of a marked interindividual variability in nephron
number among newborns with the same gestational age at birth,
induce to consider other factors, other than gestational age, which
might influence nephrogenesis and nephron number at birth [18].
It thus appears that a low nephron number at birth, so-called
oligonephronia, is the principal factor linking epigenetic modula-
tion of kidney development during gestation to the susceptibility
to hypertension and chronic kidney injury in adult life. The exact
mechanisms leading to oligonephronia and, eventually, to renal
insufficiency in childhood and adulthood are not completely
clarified yet. The hypothesis of a fetal origin of postnatal kidney
disease is turning pregnancy into a scientific frontier, making the
womb a very promising target for prevention, and raising hopes
of overcoming chronic kidney disease through prophylactic
interventions during gestation and in the perinatal period.

Possible mechanisms linking impaired
neonatal nephrogenesis, low birth weight
and adult kidney disease

The idea that nutrition may act during a critical window early
in development to permanently affect or “program” long term
health, first emerged with the work of McCoy in 1933 [19]. The
hypothesis that nephron endowment at birth could be inversely
related to the risk for developing essential hypertension in later
life, was advanced in 1988 [20]. The Brenner hypothesis was
based on the finding that nephron number in the normal popula-
tion ranges from 300,000 up to 1,000,000 or more, suggesting that
a congenitally low nephron number could represent a risk factor
for hypertension. The Brenner hypothesis that nephron number
may be programmed during gestation induced many researchers
to investigate the factors that might influence kidney development
during intrauterine life. LBW infants found to have fewer neph-
rons, i.e. congenital oligonephronia, providing a fitting and over-
looked explanation for the eventual development of hypertension
[21]. Further studies demonstrated a strong correlation between
LBW and glomerular number, confirming that a decreased
nephron numer could represent a risk factor for the develop-
ment of renal hypertension and other kidney diseases [22]. The
role of the intrauterine nutritional status in nephrogenesis was

© 2012 Informa UK, Ltd.
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subsequently analyzed, suggesting that prenatal undernutrition
may programe kidney development, having a major impact upon
nephron number at birth as well as upon renal structure in later
life [23]. Experimental studies carried out in sheep showed that
late gestational placental insufficiency could lead, other than to
growth restriction, to persistent reduction in arterial pressure,
from birth to adulthood, resulting in systemic hypotension [24].
In other experimental studies, it has been shown that maternal
limitations in nutrient supply and exposure of pregnant animals
to elevated levels of hormones or toxins can lead to permanent
deficit in nephron number, resulting in elevated blood pressure
[25]. Epidemiological studies on several human populations
have linked socioeconomic status with a suboptimal intrauterine
environment, resulting in a nutrient-restricted fetus and a LBW
infant who, later in life, will show an increased susceptibility to
several diseases, including hypertension [26]. A possible link
between LBW and development of renal disease in adulthood has
been identified in the different glomerular size in LBW newborns.
In humans with LBW, glomeruli have been found to be larger,
a compensatory consequence of a reduction in total filtration
surface area related to the reduced nephron number. Since the
increased glomerular size is consistent with hyperfiltration, this
could represent the link between nephron number and kidney
disease. In fact, hyperfiltration represents a glomerular func-
tional stress, able to accelerate glomerular senescence and loss of
renal function, lowering in LBW infants renal reserve to adapt to
dietary excesses or to compensate for kidney injury [27].

The mechanisms linking LBW and hypertension have been,
subsequently, shown to be multifactorial, involving alterations
in the normal regulatory systems involved in the long-term
control of arterial pressure, and resulting in the fetal program-
ming of hypertension [28]. In recent years, other studies have
been carried out on the role played by fetal programming on
susceptibility to develop hypertension and kidney diseases in
adulthood: these studies were mainly focused on the causes of the
reduced nephron number in LBW newborns. Several hypotheses
have been put forward, including changes in DNA methylation,
increased apoptosis in the developing kidney, alterations in the
renin-angiotensin system activity [29], and fetal glucocorticoid
exposure [30]. In particular, maternal protein restriction has
been shown to suppress the newborn renin-angiotensin system
and program adult hypertension in rats [31]. Taken together, the
epidemiological studies carried out in different human popula-
tions, clearly demonstrate that the causal pathways linking LBW
to the increased susceptibility to be affected by renal diseases
in adult life seem to be complex and may include combined
environmental and genetic mechanisms, working in sequence
in various periods of life [4]. Two autopsy studies have clearly
shown a lower nephron number in hypertensive subjects, associ-
ated with an enlargement of glomeruli indicating a hyperfiltra-
tion: the association of these factors could represent the cause of
both high blood pressure and nephrosclerosis [32]. A major role
to the whole perinatal nutritional status, including the postnatal
nutritional environment, in the programming of adult hyperten-
sion has been recently demonstrated by a study in rats, in which
a nephron deficit, prenatally induced by placental insufficiency,
has been restored by correcting growth restriction during lacta-
tion [33]. The ability of an optimal lactation environment to
restore nephron deficit and prevent hypertension in rats may be
easily explained by the timing of nephrogenesis in this animal
species, in which nephron production does not stop at birth,
but goes on during all the lactation period, allowing kidneys to
restore nephron endowment to the normal range. Unfortunately,
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this ability could not be transferred to humans, nephrogenesis
in human kidneys being characterized by an arrest before birth,
normally around the 36th week of gestation. Breast feeding is the
most efficient way to provide optimal nutrition. There is ongoing
need to better understand the contribution of human milk in
promoting renal health and development in preterm infants
after birth. The question “how we do nourish this baby” in a 26
weeker even for the neonatal kidney must take into account that
every maternal milk, whenever possible, should be tested and that
metabolic requirements of the newborn are similar to those of the
fetus. The goal should be to avoid “not enough” or “too much”
nutrients, but, in clinical practice, this is not so easy to define.

The hypothesis of the association between intrauterine growth
restriction and hypertension later in life has been criticized by
other authors, who claimed that only circumstantial evidence is
available to support the low nephron number/hyperfiltration/
glomerular injury/systemic hypertension hypothesis, in the
absence of a method to estimate glomerular number in living
human beings. This method would allow to study conclusively
the association between nephron endowment and blood pressure
in humans [34].

The increased risk for developing chronic kidney disease and
hypertension in adulthood, following an adverse fetal environ-
ment, is probably multifactorial, and includes gender differences.
A role for sex hormones has been recently strongly suggested,
leading to a lower incidence of hypertension in females compared
with males [35]. According to the sex difference hypothesis, sex
hormones might modulate activity of blood pressure regula-
tory systems, protecting females from systemic hypertension:
this study provides critical support for the inverse relation-
ship between birth weight and blood pressure, and introduces
sex differences among the multiple factors involved in the fetal
programming of hypertension.

In the rat, the early postnatal period has been confirmed to
represent a critical time period for continued nephron develop-
ment and for predisposing to hypertension in adulthood: growth
restriction after birth was shown to reduce nephron number and
increase blood pressure [36]. Even in this study, sex differences
were considered, restriction of early postnatal growth increasing
blood pressure in male rats. The effects of gestational age at birth
on renal development and kidney growth has been studied in
243 SGA infants. In full-term and near-term infants, the relative
kidney length was similar to or even higher than that of a control
group of appropriate for gestational age infants; on the contrary,
in smaller preterm babies, with less than 36 weeks of gestational
age at birth, the relative kidney length was impaired up to the
second year of life [5]. This study introduces a new element in
the multifactorial pathogenesis of fetal programming of adult
hypertension: gestational age at birth. On the basis of these data,
we may speculate that, in spite of a reduced body weight at birth,
near-term SGA babies had enough time to produce a nephron
number sufficient for kidney function, and able to protect
them against hypertension. On the other hand, in small babies
born before the 36th week of gestation, the negative effects on
nephrogenesis due to growth restriction should be added to the
premature stop in nephrogenesis after birth, resulting in a severe
reduction of the nephron number and in an increased suscepti-
bility to develop hypertension. The assumption that a LBW is one,
but certainly not the only, predictor of nephron endowment has
been confirmed by animal models in which the mother is exposed
to elevated glucocorticoids: the offspring shows a 20-40% reduc-
tion in nephron endowment, in the absence of relevant changes
in the body weight at birth [37]. These data suggest that nephron

number at birth may be associated with, but also dissociated from
birth weight, and lays stress on the complexity of the develop-
mental programming of kidney disease and hypertension in
adulthood, that surely recognizes multiple factors and might mot
be restricted to birth weight. The association of genetic factors
with several environmental conditions has been indicated as
the very likely condition at the basis of a modified embryonic-
fetal development, subsequently constituting a health burden in
later life [38]. In the same study, the role of postnatal factors are
underlined, including the use of angiotensin-converting enzyme
inhibitors in children with reduced nephron number and with
glomerular hypertrophic changes. Debate exists around the
potential independent role of postnatal growth acceleration in
newborns showing fetal growth retardation at birth, and renal,
cardiovascular and metabolic diseases in later life [1]. Specific
attention has been paid to the timing of acceleration in growth
and its potential association with adverse outcomes in later life:
in particular, some growth trajectories might be associated with
insurgence of renal disease in adulthood [39]. On the basis of
these studies, specific vulnerable periods during prenatal and
postnatal development could be identified, revealing time frames
for early interventions able to prevent the development of kidney
disease and hypertension in later life. Maternal nutrition has been
recognized, in recent studies, as one of the most important factors
that could interfere with nephrogenesis in humans, resulting
in nephron underdosing followed by maladaptive glomerular
changes, i.e. glomerular hyperfiltration and glomerular enlarge-
ment. Since the most rapid phase of human nephrogenesis occurs
between the 20th and the 36th week of gestation, maternal malnu-
trition in this period has been identified as a major risk factor
for determining a low nephron number and for development
of arterial hypertension in later life [40]. The role of postnatal
nutrition has been confirmed by recent studies as a relevant risk
factor with a significant influence on long-term renal health in
humans [27]. Singhiel A has proposed, for cardiovascular disease,
that postnatal growth acceleration could explain in part adverse
programming effects in infants born SGA (who show “catch up”
growth immediately after birth) and long-term benefits in babied
breast-fed (who are relatively undernourished and have slower
growth in comparison with those formula-fed [41]. According
with these data, postnatal growth and nutrition are emerging
are important and potentially modifiable factors, and a optimal
therapeutic target for the prevention of higher blood pressure or
reduced renal function later in life.

Future perspectives

Human nephrogenesis is highly complex, and involves many cell
types often transforming one into the other. Unraveling its mech-
anisms necessitates collaboration between multiple specialists,
including gynecologists, neonatologists, biologists, nephrologists,
biochemists, embryologists, pathologists, informatic engineers,
and transmission and scanning electron microscopists. Four
projects are currently under way in our group: scanning elec-
tron microscopy of the developing human kidney; development
of a new method for an easy and reproducible nephron count;
comparison of the morphological sequence of nephrogenesis
in different animal species; immunostaining of fetal kidney in
different phases of development.

Scanning electron microscopy

The sequence of events leading to the differentiation of podocyte
precursors into mature podocytes in the developing kidney has

The Journal of Maternal-Fetal and Neonatal Medicine
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not been completely defined yet. We applied the osmium macera-
tion method previously described by Riva A [42] to the study
of fetal and newborn kidneys. Our preliminary data at scan-
ning electron microscopy after osmium maceration, show the
imature glomerulus as a 50 micron in diameter globoid structure,
completely covered by roundish nuclei of podocyte precursors.
At higher power, on the surface of immature glomeruli, it was
possible to study the morphological sequence of differentiation
of podocyte precursors. The differentiation of podocytes is char-
acterized by nucleus flattening and cytoplasmic extensions origi-
nated by the cell body, embracing the underlying capillary tuft. In
a second step, multiple branching digitiform processes originate
from the cytoplasmic extensions of podocytes, giving rise to foot
processes (Figure 3).

Determination of the total nephron number

This appears to be so important in the programming of adult
health and renal disease. Unfortunately, no simple method is
available for a correct estimation of nephron number based on the
observation of an histological kidney sample. Even if it is widely
accepted that the total number of nephrons in a kidney represents
an important index of renal structure and health, a universally
accepted method to determine the number of nephrons is still
lacking. Several studies tried to address the problem with different
methodological approaches (stereological counting methods and
dissector methods) but the main problem still remains the high
interindividual variability in nephron counting performed on a
single tissue section. We do expect that the application of modern

“Physiological” renal regenerating medicine 45

image processing and machine learning tools for automatic detec-
tion, segmentation, shape and textural characterization of histo-
logic images could be of great help to address this important and
difficult issue. Furthermore, we are developing novel computer
aided algorithms for obtaining the total kidney nephron number,
on the basis of the count of glomeruli observed in one kidney
section, in order to complement the opinion of the pathologist.

Understanding the sequential steps of nephrogenesis

These steps have been generally considered similar in all
mammals. Recently, our group has shown that nephrogenesis in
pigs is marked different from humans. In particular, a previously
unrecognized developmental structure, the composite tubulo-
glomerular nodule, has been identified in the developing porcine
kidney [43]. On the basis of this new finding, the morphological
sequence of nephrogenesis is under study in our group, with the
aim of detecting alternative ways to glomerulogenesis and tubu-
logenesis to the human way of renal development.

Immunostaining and fetal kidney

Studies on immunoreactivity for different markers putatively
involved in the process of mesenchymal to epithelial transition
leading to nephron development, started two years ago with the
finding that thymosin beta 10, a small peptide involved in many
cellular functions, is highly expressed in fetal kidney during
nephrogenesis [44]. In that study, thymosin beta 10 was mainly
detected in the comma- and S-shaped bodies, the two struc-
tures originating from the renal vesicle giving rise to glomeruli,

&

Figure 3. Scanning electron microscopy. (A) A panoramic view of the renal cortical, close to the capsule, showing distal and proximal convolute tubules and
blood vessels. In the center there is a renal corpuscle with the glomerulus in open view with roundly shaped podocytes reminding a cluster of grapes It is not
completely mature yet. The visceral layer is formed by podocytes and there is no evidence of well-formed blood vessels. (B) Detail of the podocyte layer. Few
short processes start to expand from the cell body. Some pedicelli intermingle with the closer ones. The podocytes start to follow the structure of the forming
blood vessels. (C) A higher view of the former renal corpuscle. Once removed the parietal layer, we can see the podocyte layer. Podocytes are closely packed and
poligonally-shaped. There is also initial evidence of narrow hollow spaces in between.

© 2012 Informa UK, Ltd.
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proximal and distal tubuli. Further studies evidenced immu-
nostaining for MUCI, a marker of epithelial differentiation, in a
subset of nodular aggregates of cap mesenchymal cells, probably
marking those nodules committed to undergo mesenchymal-
epithelial transition [45]. In another study from our group,
CD10 was found to be highly expressed in the undifferentiated
metanephric mesenchyme, as well as in the glomerular epithe-
lium and in proximal tubular cells [46]. The strong expression of
CD10 in all stages of kidney development supports the hypothesis
that CD10 could play a significant role in human nephrogenesis.
Immunoreactivity for Wilms tumor 1 (WT1) was studied in fetal
kidneys of different gestational age [47]. This zinc finger protein
was detected in areas of active nephrogenesis and, in particular,
WT1 appeared strongly expressed in developing and mature
podocytes. These data indicate a role for WT1 in the initial phases
of nephrogenesis, and in differentiation and maturation of podo-
cytes. These data suggest a role for WT1 in the initial phases of
nephrogenesis, and in differentiation and maturation of podo-
cytes. Further studies are clearly needed to better characterize the
cells of the developing kidney in order to gain more insight in the
complex process of nephrogenesis in humans.

Transmission electron microscopy and
immunoelectronmicroscopy

The ultrastructural features of developing progenitor cells
have not been well characterized yet, both in humans and in
experimental animals. The specific challenge of this research is
to characterize by means at ultrastructural level, the morpho-
logical and immunohistochemical changes occurring during
kidney development in metanephric mesenchymal cells during
the different steps of the process of mesenchymal-epithelial
transition. Moreover, the underlying molecular mechanisms

and the intracellular changes occurring during the differen-
tiation of glomerular and tubular cells will be characterized
(Figure 4). To date, more electron microscopic work has been
done on the kidney from adults than from newborns where the
kidney differentiation events are not completely understood and
remain to be ascertained. The proposed study employs high reso-
lution transmission electron microscopy (TEM) combined with
immunocytochemical methods in order to analyse the develop-
mental expression of several translation products involved in the
molecular mechanisms that regulate nephrogenesis. Samples of
renal tissues from newborns of several animal species (mouse, rat)
will be collected, placed in fresh fixative solution and processed
by standard methods for embedding in resin. Thin sections will
be cut from selected areas, collected on grids and examined in a
TEM. For immunogold labeling thin sections will be immunola-
beled using well-characterized antibodies to specific biomarkers
and gold-labeled secondary antibodies and examined in a T EM.
Quantitative analyses will be performed and statistical analyses
of immunogold labeling densities will be done using appropriate
post-hoc tests. Applying immunoelectronmicroscopy, we will
also try to characterize the subcellular localization of the proteins
involved in nephrogenesis, paralleling the previously reported
immunohistochemical studies performed on paraffin sections.
The originality of this research consists in determining the
expression of specific signaling proteins during cytodifferentia-
tion, looking for specific interactions among the signaling path-
ways and identifying protein constituents that can be monitored
as potential “markers” during nephron differentiation process.

Renal cell culture

In vitro experiments will be utilized in order to study the effects of
multiple substances on cell proliferation and differentiation. Even

Figure 4. Ultrastructure of 4 days old rat kidney. (A) Electron microscopic overview of the glomerulus. Parietal epithelial cells (PEC), Visceral epithelial
cells (VEC), Red blood cells (RBC). Filtration (Bowman’s) space (FS). (B) Portions of renal tubules. The presence of evident vacuoles (arrowheads) in the
apical portions of the cells may represent resorbed material due the abnormal permeability of the newborn glomeruli. Lumen (L). Bars= 2 pm. (C) Detail of
glomerulus capillary wall. Note the presence of delicate connections between foot processes (arrows) of the visceral epithelial cells (VEC). Red blood cells (RBC).
(D) Portions of renal tubules showing irregular apical microvilli and numerous mitochondria in the basilar compartments.
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Figure 5. Cell line of human kidney carcinoma.

if cell lines do not necessarily correspond exactly to a distinct
segment of nephron, they may retained some of the in vivo char-
acteristics. For this reason, they have been used as a model in
renal biology research. Different types of renal cells lines derived
from human embryonal kidney, from human kidney carcinoma
(Figure 5) and from tubular kidney will be used in order to
study mechanisms involved in renal cell growth. In particular,
substances able to modulate cell proliferation and apoptosis will
be investigated in these kidney cell lines. Immunohistochemistry,
electron immunohistochemistry and molecular biology results
obtained in vitro will be paralleled with those obtained in vivo
studies.

Molecular biology

Numerous factors expressed in a specific spatial and temporal
pattern during Nephrogenesis have been recently studied at
molecular level in humans as well as in animal models. In this
study, the pattern of expression at RNA level of different gene
involved in human nephrogenesis will be monitored in Real
Time. In particular, messenger RNA of Timosin Betta 4, Timosin
Betta 10, Muccin 1 and WT1 will be studied in human and in rat
samples obtained from fetuses, infants or newborns as well as in
cultured cells. RNA will be isolated using commercial Kits from
frozen samples and real time will be performed using specific kits
with syber green.

Conclusions

During the last years, numerous advances have been made in devel-
opmental nephrology. LBW has been associated with long-term
alterations in renal function and blood pressure. These alterations
can only be detected following these patients up to adulthood [48].
However, some concepts must be underlined. There is a crucial
period, postnatally, where nephrogenesis seems to continue in
preterm infants. This period is normally about 6 weeks, but it can
be shorter in case of acute kidney injury. For example, a newborn
born at 24 weeks of gestation could increase her/his nephron
number only until 30 weeks of postconceptional age.

In the neonatologic and nephrologic literature, great atten-
tion has been devoted to the factors lowering the number of
nephrons, altering the delicate equilibrium between apoptosis
(“brake”) and mitosis (“accelerator”), and limiting cell survival
during renal development [49]. Some of these factors are
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well known, such as: hypo-malnutrition, mismatching nutri-
tion with passage from an unfavorable environment to a “too
favorable” environment, deficit or excess of oxygen supply,
nephrotoxic drugs. However, in the opinion of the authors,
more attention should be focused on defining, evaluating and
promoting the factors stimulating mitosis and nephrogenesis
and inhibiting apoptosis (Figure 2). From many years we know
that apoptosis is regulated by agents both intrinsic, including
the protoncogene b-cell lymphoma/leukemia gene product-2
(bcl-2), and extrinsic, including epidermal growth factor (EGF)
[50]. A thorough understanding of the control of renal apop-
tosis during development and recovery of acute kidney injury
(i.e. ischemic) may lead to new therapies to prevent or amelio-
rate abnormalities of kidney formation, to enhance regenera-
tion following acute kidney injury, and to slow the progression
of renal failure [51].

In fact experimental data clearly indicate that a better knowl-
edge of the mechanisms able to accelerate nephrogenesis in the
perinatal period, could represent a powerful tool in the hands of
neonatologists: in rats, for example, an optimal lactation has been
shown to correct growth restriction due to uteroplacental insuf-
ficiency, restoring nephron deficit and, eventually, preventing
hypertension [33].

We suggest to define this approach to a possible therapy of a
deficient nephrogenesis at birth “physiological renal regenerating
medicine”. Our interest in front of a newborn baby with a low
nephron endowment cannot be limited to simply understand the
factors which restricted fetal growth and impaired kidney develop-
ment. That’s epigenetics, things written in pencil you can change,
differently from genetics, things written in pen you can’t change.
Our goal in preterm infants, especially VLBW could be to prolong
the nephrogenesis not only for 6 weeks after birth but until 36 weeks
of postconceptual age, allowing newborn kidneys to restore their
nephron endowment, escaping susceptibility to hypertension and
to renal disease later in life. Alternatively, an increase of nephron
number in the first 6 weeks of postnatal life should be programmed.
Further studies are needed to verify if this goal is utopia or a dream
come true. In particular intervention trials are needed to evaluate
the impact of changing a combination of pre- and post-natal factors
on renal health of newborns and children.
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