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Abstract
Prematurity and perinatal stress, such as intrauterine growth restriction (IUGR) and chorioamnionitis, are pathological processes
creating an impaired intrauterine environment. These intrauterine factors are associated with the development of proteinuria,
hypertension, and chronic kidney disease (CKD) later in life. Initially, this was thought to be secondary to oligonephropathy,
subsequent glomerular hypertrophy, and hyperfiltration, leading to glomerulosclerosis, a further decrease in nephron number,
and finally CKD. Nowadays, there is increasing evidence that prematurity and perinatal stress affect not only nephron endow-
ment but also the maturation of podocytes and vasculogenesis. IUGR is associated with podocyte damage and an aggravated
course of nephrotic syndrome. Moreover, preterm birth and IUGR are known to cause upregulation of the postnatal renin-
angiotensin system, resulting in hypertension. Chorioamnionitis causes damage to the glomeruli, thereby predisposing to the
development of glomerulosclerosis. This review aims to summarize current knowledge on the influence of prematurity, IUGR,
and chorioamnionitis on the development of different glomerular structures. After summarizing human and experimental data on
low nephron number in general, a specific focus on the current understanding of podocyte and glomerular capillary formation in
relation to prematurity and different causes of perinatal stress is presented.

Keywords Oligonephropathy . Podocytopathy . Prematurity . Intrauterine growth restriction . Chorioamnionitis

Introduction

Developments in perinatal and postnatal care have increased
the survival of neonates at the expense of increased morbidity

later in life, with report of neurologic and pulmonary compli-
cations in up to 50% of extreme preterm or extreme low birth
weight neonates. Kidney development continues until 34–
36 weeks of gestation and may be hampered by preterm birth
and/or perinatal stress, such as intrauterine growth restriction
(IUGR) and chorioamnionitis. These constraints on kidney
development are associated with hypertension, proteinuria,
focal segmental glomerulosclerosis (FSGS), and chronic kid-
ney disease (CKD) later in life. Low birth weight (LBW) is
associated with a 70% increased risk and prematurity (<
28 weeks gestation) with a threefold increase in risk of CKD
[1, 2]. Therefore, the increased survival of these children due
to ameliorated postnatal care may lead to long-term compli-
cations and increased demands on (renal) health care.

The pathophysiological mechanisms underlying the devel-
opment of proteinuria, hypertension, and CKD in the context
of perinatal stress or preterm birth are not fully elucidated.
Much research has been conducted into the field of reduced
nephron endowment and the glomerular hyperfiltration theory
as described by Brenner and colleagues in 1981, which ex-
plains how a reduced nephron number could lead to glomer-
ular sclerosis and kidney failure [3]. However, this does not
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fully explain the different clinical presentations mentioned
above and does not explain the increased risk of CKD later
in life after late preterm or early term birth [2].

This raises the question of whether different pathophysiolog-
ical pathways are affected by different causes of perinatal stress
and the effect of their timing during gestation. There is growing
evidence that in addition to the glomerular number, development
of other structures such as podocytes and the vascular system are
also affected. This review aims to summarize current knowledge
on the influence of prematurity, IUGR, and chorioamnionitis on
the development of different glomerular structures (Fig. 1). After
summarizing human and experimental data on low nephron
number, a specific focus on the current understanding of
podocyte and glomerular capillary formation in relation to pre-
term birth and different causes of perinatal stress is presented.

Renal consequences of prematurity
and perinatal stress

Evidence is accumulating that prematurity and perinatal stress
significantly increase the risk of postnatal kidney pathologies
[4]. A meta-analysis by White et al. included 18 studies with
more than 2.2 million individuals and showed that LBW was
associated with a 70% greater risk of developing CKD and
60% increased risk of CKD stage 5 (CKD 5) compared with
normal birth weight [5]. Such an increased risk was confirmed

in a recent analysis by Das et al. [6]. However, LBW is a
heterogeneous group in which only a subgroup has been ex-
posed to the pathological process of IUGR [7]. The patholog-
ical processes, such as IUGR and chorioamnionitis, that fre-
quently coincide with LBW are considered to further increase
the risk of CKD in LBW neonates. The risk of developing
CKD during childhood and adolescence is also correlatedwith
the gestational age at birth. Data from a Swedish registry of
over 4 million cases recently showed that children born ex-
tremely preterm (< 28 weeks gestation) have a three times
higher risk of developing CKD before the age of 44 years.
Hazard ratios (HR) for early prematurity (28–33 weeks gesta-
tion) and late prematurity (34–36 weeks gestation) were 2.2
and 1.8, respectively. Interestingly, early term birth (37–
38 weeks gestation) also had a slightly increased risk (HR
1.3) of CKD [2]. Evidence regarding the effect of gender on
the risk of CKD in prematurity and IUGR and its underlying
pathophysiological mechanisms is growing but currently in-
conclusive [2, 8–10].

In the presence of comorbidities, perinatal stress and pre-
maturity impose an additional risk of developing CKD. In an
adult population of patients with hypertension and/or diabetes,
Fan et al. showed that patients with LBW were 56% more
likely to develop CKD than those with a normal birth weight
[11]. The average age of the patients with CKD was
33.9 years, while the average age in those without CKD was
37.6 years. In patients with IgA nephropathy, Ruggajo found a

Fig. 1 Correlations of intrauterine
growth restriction (IUGR),
prematurity, and chorioamnionitis
with elements of glomerular
development and postnatal
consequences. Continuous line
indicates a proven correlation;
dotted line indicates a
hypothesized correlation. RAS
renin-angiotensin system, CKD
chronic kidney disease
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significantly higher risk of developing CKD 5 in LBW (HR
2.0) and small for gestational age (SGA) (HR 2.2) patients
[12]. Orskov reports on a population of patients with autoso-
mal dominant polycystic kidney disease (ADPKD) in which
birth weight correlated with the age of onset of CKD 5 [13].
Their regression analysis showed that with every kilogram
decrease in birth weight, the age of onset of CKD 5 decreased
by 5 years in women and 3.9 years in men. Gjerde et al.
recently published registry data of patients up to the age of
50 years showing increased HR for CKD 5 in correlation with
LBW (HR 1.61), SGA (HR 1.44), and prematurity (HR 1.54)
[10]. The HR increased to 2.26, 1.70, and 2.32 for LBW,
SGA, and prematurity, respectively, in the presence of con-
genital urinary tract malformations or hereditary kidney dis-
ease. Moreover, Gjerde et al. showed that a combination of
LBW, SGA, and prematurity further increased the HR to 2.96
when all three are present [10]. The same pattern of progres-
sive risk increase when combining LBW and prematurity was
found in a Norwegian registry study by Ruggajo et al. [14].
Overall, the aforementioned studies confirm not only the in-
dividual effect of LBW, IUGR, and prematurity on CKD and
CKD 5, but also their cumulative effects on the development
of reduced kidney function.

Microalbuminuria is an early marker of glomerular
hyperfiltration, and several studies report on the correlation
with birth weight and prematurity. A meta-analysis by White
et al. reports an 80% increased risk of developing
microalbuminuria with LBW [5]. Keijzer-Veen et al. reported
on a group of extreme premature patients and found that those
with IUGR had a 2.4 times higher risk of microalbuminuria at
the age of 19 years compared with those with birth weights
appropriate for gestational age [15]. The correlation between
prematurity alone and microalbuminuria is less convincing.
Vashishta et al. report no difference in urinary albumin loss
at the age of 30 months between prematurity (< 30 weeks) and
term birth [16].

Prematurity and perinatal stress are associated with hy-
pertension both in childhood and in adulthood. In children
at the age of 30 months and born preterm (< 30 weeks),
30.9% were found to have hypertension compared with
3.9% in term born children [16]. At the age of 14 years,
South et al. reported hypertension in 4% of preterm born
children and 0% in those born term [17]. A follow-up study
by Keijzer-Veen presented blood pressure data on children
born preterm (< 32 weeks) or with IUGR at the age of
19 years [18]. Among the preterm born children, 45.9%
had prehypertension and 10.5% hypertension stage 1 or
2. In the group of IUGR, 37.6% had prehypertension and
8.8% hypertension stage 1 or 2 [18]. Mu performed a meta-
analysis confirming that LBW increased the risk of devel-
oping hypertension by 20% [19]. Edvardsson has present-
ed an extensive review on the inverse correlation between
birth weight and blood pressure [20].

Oligonephropathy

During normal development, nephrons are formed until
36 weeks of gestation, after which no new nephrons develop.
At term birth, each kidney holds approximately 900,000 neph-
rons but a wide range in numbers has been described [21].
After the age of 60 years, there is a gradual loss of 6000–
6500 functional nephrons each year [22]. The corresponding
decrease in glomerular filtration rate (GFR) is proportionally
smaller due to the compensatory mechanism of hyperfiltration
by the remaining nephrons. Brenner and colleagues first de-
scribed this hypothesis of glomerular hyperfiltration [3].
Compared with the natural decline in nephron number, a re-
duced nephron endowment, e.g., due to a solitary kidney or
hypoplasia of the kidney, leads to compensatory
hyperfiltration early in life. Glomerular hyperfiltration creates
a higher capillary perfusion pressure leading to glomerular
hypertension and glomerular hypertrophy with an expansion
of the glomerular basal membrane (GBM). To cover the in-
creased GBM surface, the length of podocyte foot processes
increases and cell bodies stretch and thin. Since podocytes are
unable to proliferate and transformation of glomerular parietal
epithelial cells into podocytes is limited, hypertrophy of the
existing podocytes is the only way they can adapt to the in-
crease in GBM surface [23]. However the podocytes’ capacity
to increase in size is lower than that of the GBM, which results
in suboptimal coverage of the GBMwith subsequent albumin-
uria. Together with the increased ultrafiltrate flow causing
shear stress directly on the podocytes resulting in podocyte
detachment, this leads to extensive denudation of the GBM,
adherence of the capillary wall to Bowman’s capsule, glomer-
ular sclerosis, and consequent loss of that nephron and its
function. Progressive loss of functional nephrons eventually
leads to CKD [23].

Prematurity

Themagnitude of reduction in nephron numbers upon preterm
birth is dependent on the timing of delivery. Nephron forma-
tion starts at 15 weeks of gestation, with an exponential in-
crease in nephrons in the third trimester, leading to a plateau
around 36 weeks of gestation [24]. Before that time of cessa-
tion of nephrogenesis, nephron number is strongly correlated
with gestational age [24] and therefore preterm birth results in
a reduced nephron endowment. Rodriguez confirmed this the-
ory in a human population [25]. Stelloh and colleagues also
confirmed this correlation in a preterm mouse model [26].

There are several human studies showing that
glomerulogenesis can continue after preterm birth [27].
Nephrons form in a centrifugal manner with the nephrogenic
zone at the cortex acting as the location of nephron formation.
After preterm birth, the radial glomerular generations, and
maturational stages of glomeruli increase, and the
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nephrogenic zone decreases [28]. Glomerulogenesis after
birth differs from intrauterine development as the maturation
of glomeruli is accelerated, and more abnormal glomeruli are
formed [25, 28]. To exclude potential confounding factors
often encountered in human studies, animal models can be
used. Gubhaju used a preterm baboon model (equivalent to
27 weeks of gestation in humans) to study the effect on
nephrogenesis both at birth and 21 days postnatally. As in
the human data, they showed that glomerulogenesis continues
after birth with an increase of abnormal glomeruli from 1.3%
at birth to 18.3% at 21 days [29]. Even though there is still
some ongoing glomerulogenesis after birth, preterm born ne-
onates do not reach the same number of nephrons as term
neonates [29].

Acco rd i ng to t he hype r f i l t r a t i on th eo ry , i n
oligonephropathy, a reduced nephron number leads to
hyperfiltration of the remaining glomeruli, resulting in glo-
merular hypertrophy with secondary damage to the GBM
and podocytes, leading to proteinuria, glomerular sclerosis,
and eventually kidney failure. Both Sutherland and
Rodriguez found an increased renal corpuscle cross-sectional
area in the first couple of months after birth as a morphological
indication of glomerular hypertrophy [25, 28]. Brennen et al.
visualized the nephrogenesis after preterm birth by ultrasound
measurement of the total renal parenchymal thickness (TRP)
[30]. In preterm neonates < 32 weeks of gestation, the TRP
increases after birth, though it never reaches the thickness
found in term controls. On the other hand, the parenchymal
thickness to kidney volume ratio is increased. Authors there-
fore conclude that the reduced TRP is a radiological measure-
ment of the impaired nephrogenesis after preterm birth, and
the increased parenchymal thickness to kidney volume ratio is
a visualization of glomerular hyperfiltration [30].

Intrauterine growth restriction

IUGR is strongly correlated with reduced nephron endow-
ment [31, 32]. However, IUGR is a heterogeneous group of
patients due to the diverse etiologies, such as nutrient re-
striction, reduced uteroplacental blood flow and maternal
preeclampsia [33]. Moreover, the lack of a clear definition
of IUGR complicates research in this area. Often birth
weight is used as a coarse marker for IUGR. However,
LBW can be caused by IUGR, as well as prematurity or
both, and early gestational IUGR with catch up growth does
not necessarily result in LBW [7]. Even though differenti-
ating the effect of each individual factor is difficult, re-
search consistently shows that IUGR leads to reduced
nephron number and kidney volume. Manalich provided
human data comparing kidneys of full-term IUGR neonates
(GA ≥ 36 weeks) with kidneys of full-term normal birth
weight neonates and showed that IUGR had a 20% reduc-
tion in nephron number, with enlarged glomeruli [34]. A

review by Schreuder et al. provides an overview of the
animal data on IUGR and nephron number [32]. IUGR in-
duced by either placenta embolization, surgical reduction
of placental blood flow, steroid use, or maternal deprivation
of nutreitens (either of total intake or of specific compo-
nents such as protein, vitamin A, sodium, or iron) all lead
to a reducation in nephron endowment [32].

Timing of IUGR during organogenesis is associated
with risk profiles later in life, as shown by Roseboom
and colleagues using the Dutch Famine Cohort [35].
Pregnant mothers experienced a period of severe acute
food scarcity in the winter of 1944–1945. Follow-up data
of the children subsequently born offer a unique insight
into the effects of maternal starvation during a specific
period of gestation. They proved that nutrient restriction
during early gestation was linked to an atherogenic lipid
profile and increased risk of coronary heart disease, while
late gestational nutrient restriction was linked to glucose
intolerance in adulthood [35]. Regarding the effect of
timing of IUGR on nephron endowment, studies show
that it influences the magnitude of nephron reduction.
Early gestation IUGR in a rat model by unilateral umbil-
ical vessel ligation has shown 21% reduction in nephron
endowment [36]. In a sheep model where pregnant ewes
were fed a 50% nutrient restricted diet, 11% nephron re-
duction was seen [37]. On the other hand, late gestation
IUGR has proven to result in a higher reduction of neph-
rons. Postmortem analysis by Hinchliffe et al. demonstrat-
ed a 65% lower nephron number [38]. An animal model
using rats that were subjected to a nutrient restriction in
the last phase of nephrogenesis showed a 35% reduction
in nephrons [39]. It can be argued that the magnitude of
nephron reduction is not solely based on timing but also
depends on etiology. However, to date, there is insuffi-
cient evidence to support this theory.

Glomerular maturation in neonates born after IUGR
with ongoing nephrogenesis may be altered more severe-
ly, compared with prematurity alone. Rodriguez reported
human autopsy data of neonates after preterm birth with
birth weight < 1000 g. Overall, the authors concluded
there is no postnatal ongoing glomerular maturation be-
yond 40 days after birth as ongoing subcortical
nephrogenesis and S-shaped glomeruli were only found
in the preterm group autopsied within 40 days after birth
[25]. However, while this cessation of postnatal
nephrogenesis after 40 days could be attributed to post-
natal age, this could also be explained by the difference
in intrauterine growth, as the neonates surviving over
40 days were predominantly SGA. On a pathophysiolog-
ical level, this could mean that IUGR reduces the kid-
neys’ capability for postnatal nephrogenesis and could
therefore lead to an even more significant reduction in
functional nephron number.
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Chorioamnionitis

Chorioamnionitis is a bacterial intrauterine infection charac-
terized by acute granulocyte infiltration in the fetal-maternal
or fetal tissues. Chorioamnionitis is the most frequent cause of
preterm delivery. Up to 50% of preterm birth is associated
with chorioamnionitis [40], with reported incidences up to
94% in births between 21 and 24 weeks gestation [41].
Importantly, perinatal infection/inflammation, even if bacteria
are not isolated, may lead to the fetal inflammatory response
syndrome (FIRS) [42]. Chorioamnionitis and FIRS disrupt
normal organ development by reducing growth and matura-
tion as is shown in brain, lung and gut research [43–45]. It is
therefore likely that inflammation also has a disruptive effect
on the developing kidney.

Research data on the effect of intrauterine inflammation on
nephron development is currently only available from pre-
clinical models, in which intra-amniotic (IA) lipopolysaccha-
ride (LPS) delivery induces chorioamnionitis and FIRS. The
first published study regarding nephron development shows
that a single IA high-dose injection of LPS given at the equiv-
alent of 33 weeks human gestation leads to a 23% reduction in
nephron number and increased renal corpuscle volume in
lambs [46]. On the other hand, chronic LPS administration
at a lower dose between the equivalents of 30 to 36 weeks
human gestation did not lead to a reduction in nephron num-
ber [47]. Therefore, these combined findings suggest that the
extent of infection and its timing (acute vs. chronic) determine
the impact of chorioamnionitis on kidney development.
However, the mechanisms by which nephron development
is affected, for example, whether it affects the normal devel-
opmental cascade of nephrons in the nephrogenic zone or
whether local or systemic inflammation with or without hy-
poperfusion of the kidney directly damages the maturing
nephrons, remain elusive.

Podocytopathy

Podocytes form an important part of the capillary filter in the
glomerulus and are important in selective resistance to pas-
sage of larger molecules [48]. The cell-cell adhesions create
small pores, slit diaphragms, which form a mechanical resis-
tance. The negative charge of the cells (partly) prevents small
negatively charged molecules, like albumin, passing though
the filter. Simultaneous with glomerular development,
podocytes develop, and both podocyte maturation and
podocyte number are important factors when regarding this
filtration function.

Podocyte development starts in the comma-shaped stage of
glomerular development with mesenchymal cells differentiat-
ing into primitive podocytes [49]. In the S-shaped stage, the
podocyte layer is made up of simple columnar-shaped

podocytes connected with tight and adherence junctions. In
the following capillary loop stage, primitive glomerular cap-
illaries invaginate into the epithelial layer formed by the
podocytes and GBM increasing the surface covered by the
podocytes. In this stage, podocytes start to form primitive foot
processes. In the subsequent maturing glomerular stage, foot
processes continue to form and interdigitate with neighboring
podocytes. It is not until the end of this stage and into the
mature stage that tight and adherence junctions are replaced
by slit diaphragms [49].

As podocytes are highly differentiated cells with limited
capacity for replacement, their number per glomerulus is
mainly determined during development. Kikuchi showed that
the podocyte number increases until the capillary loop stage,
after which the number remains static until full development
[50]. However, with ongoing podocyte development, their
volume increases and because of glomerular volume increase,
the podocyte density decreases. Throughout life, the podocyte
number gradually decreases. This process is accelerated in
diseases where podocyte injury leads to increased podocyte
loss, such as diabetic nephropathy, and eventually results in
glomerulosclerosis [48].

IUGR and prematurity and its impact on podocyte
development

The effect of IUGR on podocytes in an animal model of pro-
tein restriction has been studied by Menendez-Castro and
Chen [51, 52]. In both models, IUGR leads to a significant
increase in blood pressure and proteinuria. On a cellular level,
IUGR reduced podocyte maturation, as based on reduced ex-
pression of nephrin and synaptopodin, and increased podocyte
damage, as shown by an increase in desmin and foot process
effacement. Neither of these two studies quantified the num-
ber of podocytes [51, 52]. There is no data regarding the effect
of chorioamnionitis on podocyte development.

In human cohort studies of patients with nephrotic syn-
drome, IUGR and prematurity have been found to be a risk
factor for the development and aggravated course of nephrotic
syndrome (NS). Several studies have shown that LBW and
IUGR are associated with a steroid-dependent and steroid-
resistant course of nephrotic syndrome [53, 54]. Compared
with normal birth weight, patients with LBW more often re-
quire immunosuppressive agents, have more relapses, and re-
quire a higher cumulative dose of steroids [55]. A study by
Ikezumi et al. in patients with NS showed that those with
LBW were more likely to have FSGS on biopsy and had a
33% reduction in podocyte number [56]. Also, glomeruli were
enlarged and glomerular density was lower in biopsies with
FSGS of children with LBW [57]. However, since the birth
weights were appropriate for gestational age, this effect is
thought to be due to prematurity.
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Additional to the effect IUGR has on the course of NS,
there is evidence that it also aggravates the course of other
glomerular diseases that potent ia l ly progress to
glomerulosclerosis. Plank et al. studied two animal models
of IUGR, by uterine artery ligation and maternal protein re-
striction, and induced glomerulonephritis [58, 59]. In both
models, IUGR was associated with a higher degree of
glomerulosclerosis expressed by the increased deposition of
collagen I and IV in the glomeruli. Whether this increased
susceptibility to develop glomerulosclerosis is also present
after preterm birth or chorioamnionitis, is currently still
unknown.

Vascular development

Glomerular vasculogenesis is regulated through the renin-
angiotensin system (RAS) and vascular endothelial growth
factor (VEGF) cascade. Vascular development within the glo-
merulus starts in the S-shaped phase with podocytes excreting
VEGF-A leading to the infiltration of endothelial cells, which
subsequently excrete PDGF-β causing the migration of
mesangial cells into the glomerulus. Mesangial cells are es-
sential for the vascular loop formation and therefore increase
the glomerular surface area [60]. On the other hand, the RAS,
mainly via angiotensin II and the AT1 receptor (AT1R), both
has a direct growth-enhancing effect and stimulates other
growth factors in the developing kidney [61]. Inhibition of
RAS during nephrogenesis is known to result in tubular dys-
genesis, a reduced nephron endowment, and impaired capil-
lary lumen formation and is strongly correlated to adult hy-
pertension [61]. The interplay between RAS and the VEGF
cascade in nephrogenesis is not yet fully understood.

The renal microvascular development encompasses not on-
ly glomerular vasculogenesis but also the development of
peritubular capillaries. The development of these peritubular
capillaries is also regulated by VEGF and RAS [61]. Studies
have shown that peritubular capillary rarefaction is associated
with the development of CKD [62] and an association with
perinatal stress could be hypothesized. However, to date, lit-
erature on the effect of perinatal stress on peritubular capil-
laries is scarce. Therefore, this section of the review will be
restricted to the impact of prematurity, IUGR, and
chorioamnionitis on glomerular vasculogenesis.

Vasculogenesis in prematurity

Sutherland and Staub both used preterm sheep models with
sheep born at 130 days of gestation (comparable to 35 weeks
gestation in humans) [63, 64]. Both studies found normal
glomerular numbers, which can be explained by the gestation-
al age by which nephrogenesis is complete. They did however
find differences in vascular development. Sutherland

described preterm animals to have a reduced glomerular cap-
illary length, surface area, and total kidney filtration surface
area [63]. Staub compared the effect of 3 and 21 days of
mechanical ventilation [64]. After preterm birth, glomerular
capillarization increased. However, mechanical ventilation in-
hibits this expected growth and therefore decreases the glo-
merular capillary development even further [64]. In a baboon
model of prematurity, Guhbaju found an increase in abnormal
glomeruli, defined by a cystic Bowman’s space and shrunken
glomerular tuft [29]. The abnormal glomeruli were located in
the outer kidney cortex and exhibited reduced CD-31 immu-
nostaining, indicating disrupted development of vascular
structures in the glomerular tuft, but expressed the same
amount of VEGF as morphologically normal glomeruli. The
authors therefore argue that the disrupted vascular develop-
ment in prematurity is not caused by an absence of glomerular
VEGF in the normal signaling pathway [29].

IUGR affects RAS during vascular development

The correlation between IUGR and glomerulovascular devel-
opment has been studied in animal models. Baserga is the only
one to report on the VEGF cascade and found a downregula-
tion of VEGF in the kidney during nephrogenesis in a rat
model with growth restriction secondary to uteroplacental in-
sufficiency [65]. At 21 days after birth, there was no difference
in mean glomerular area, the only marker reporting on the
quantity of vascular development. With progressing age, the
mean glomerular area enlarged and the male rats had an in-
creased urinary protein/creatinine ratio, which is described to
be consistent with hyperfiltration [65]. The effect of IUGR on
RAS seems to be related to the timing during gestation.
Maternal protein restriction in rats, a species in which
nephrogenesis continues until 7–10 days after birth and there-
fore represents early gestation IUGR, leads to downregulation
of intrarenal RAS [66]. However, in an ovine model late ges-
tation IUGR showed no difference in systemic or intrarenal
RAS between the IUGR and normal birth weight group [67].
Therefore, the effect of IUGR on vascular development seems
to predominate in early gestation. However, there is no data
specifically correlating the downregulation of RAS to glomer-
ular vascular development.

Chorioamnionitis and glomerular capillaries

Compared with the aforementioned studies on prematurity and
IUGR and their effect on glomerular vasculogenesis, research
involving chorioamnionitis has focused on the postnatal effect
on RAS and the subsequent development of hypertension—
one of the known long-term consequences of perinatal stress.
Ding et al. and Hao et al. showed in rodent models that
chorioamnionitis increased the intrarenal expression of renin
and angiotensin II in the weeks after birth without elevated
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levels of plasma renin activity or angiotensin II [68, 69].
Hypertension developed simultaneously with the rise in
intrarenal RAS. This development of hypertension with in-
creased intrarenal RAS and with low plasma renin is consistent
with the salt-sensitivity hypertension model of Franco et al. in
which hypertension is based on the inappropriate reabsorption
of salt and water [70]. The effect of chorioamnionitis on RAS
could therefore (partially) explain the development of hyper-
tension associated with perinatal stress.

Another effect of chorioamnionitis on the glomerular capil-
laries is the correlation between chorioamnionitis and
glomerulovascular damage rendering the glomeruli increasingly
susceptible for glomerulosclerosis [71]. Kidneys exposed to LPS
during development show more apoptosis at birth, mainly orig-
inating from glomerular endothelial cells [69]. Guo et al. showed
that in adulthood, the glomeruli show increase in mesangial ma-
trix, deposition of collagen 1 and 3 and upregulation of α-SMA
in the interstitium [71]. Thesemarkers are consistent with fibrosis
development and can explain the glomerulosclerosis seen in
some glomeruli in this model after 68 weeks. The authors did
not investigate glomerular numbers and hypothesize that the in-
creased susceptibility to glomerular damage later in life is due to
increased angiotensin II, which has chemo-attractant properties
for macrophages and lymphocytes [71].

Conclusion

The predisposition to develop CKD after preterm birth and/or
perinatal stress, such as IUGR and chorioamnionitis, has long
been acknowledged. Since Brenner’s hyperfiltration theory sup-
ported the correlation between oligonephropathy and protein-
uria, hypertension, and CKD, initial research mainly focused
on the correlation between prematurity, perinatal stress, and
oligonephropathy. However, ongoing research has shown that
the described predisposition for CKD involves pathways be-
yond oligonephropathy. Research has shown that IUGR is
strongly associated with the risk of proteinuria [5] and podocyte
development is negatively influenced by perinatal stress.
Though there is no data on the quantity of the podocytes per
glomerulus, there is evidence of reduced podocyte maturation
and podocyte damage after IUGR [51, 52]. Moreover, IUGR
negatively influences the course of NS [53, 54]. More recently,
research has been conducted correlating prematurity and perina-
tal stress with glomerular vasculogenesis and postnatal glomer-
ular damage. Though preterm birth is associated with reduced
glomerulovascular development, this is not yet proven for IUGR
or chorioamnionitis. However, it is known that the latter two risk
factors give rise to increased intrarenal RAS and subsequent
hypertension postnatally [65, 66]. Finally, in chorioamnionitis,
glomerular damage predisposes to glomerulosclerosis [71].

All three aforementioned factors individually increase the risk
of kidney disease later in life (Fig. 1), and these effects might be

even stronger when these risk factors act synergistically. Where
LBW, IUGR, and preterm birth increase the risk of CKD 5 by
50–70%, the combination of all three increases it threefold [10].
Therefore, all individuals born with at least one of these risk
factors should be followed up in order to screen for kidney in-
volvement in the early stages. This provides the opportunity to
start treatment for hypertension and albuminuria, for example,
with RAS inhibition, aiming to slow down the progression of
kidney function deterioration. Moreover, the expected aggravat-
ed course of NS justifies earlier escalation of immunosuppressive
treatment. As pointed out in this review, there are still gaps in
knowledge regarding the pathophysiology of kidney disease after
prematurity and perinatal stress. Further research is required to
address these gaps and provide more targeted treatment options
to reduce the long-term consequences on the kidney.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Luyckx VA, Bertram JF, Brenner BM, Fall C, Hoy WE, Ozanne
SE, Vikse BE (2013) Effect of fetal and child health on kidney
development and long-term risk of hypertension and kidney dis-
ease. Lancet 382:273–283

2. Crump C, Sundquist J, WinklebyMA, Sundquist K (2019) Preterm
birth and risk of chronic kidney disease from childhood into mid-
adulthood: national cohort study. BMJ 365:l1346

3. Hostetter TH, Olson JL, Rennke HG, VenkatachalamMA, Brenner
BM (1981) Hyperfiltration in remnant nephrons: a potentially ad-
verse response to renal ablation. Am J Phys 241:F85–F93

4. Khalsa DD, Beydoun HA, Carmody JB (2016) Prevalence of
chronic kidney disease risk factors among low birth weight adoles-
cents. Pediatr Nephrol 31:1509–1516

5. White SL, Perkovic V, Cass A, Chang CL, Poulter NR, Spector T,
Haysom L, Craig JC, Salmi IA, Chadban SJ, Huxley RR (2009) Is
low birth weight an antecedent of CKD in later life? A systematic
review of observational studies. Am J Kidney Dis 54:248–261

6. Das SK,MannanM, FaruqueAS, Ahmed T,McIntyre HD,AlMamun
A (2016) Effect of birth weight on adulthood renal function: a bias-
adjusted meta-analytic approach. Nephrology (Carlton) 21:547–565

7. Broere-Brown ZA, Schalekamp-Timmermans S, Jaddoe VWV,
Steegers EAP (2019) Deceleration of fetal growth rate as alternative

1679Pediatr Nephrol (2021) 36:1673–1681

http://creativecommons.org/licenses/by/4.0/


predictor for childhood outcomes: a birth cohort study. BMC
Pregnancy Childbirth 19:216

8. Ojeda NB, Grigore D, Yanes LL, Iliescu R, Robertson EB, Zhang
H, Alexander BT (2007) Testosterone contributes to marked eleva-
tions in mean arterial pressure in adult male intrauterine growth
restricted offspring. Am J Physiol Regul Integr Comp Physiol
292:R758–R763

9. Ojeda NB, Intapad S, Royals TP, Black JT, Dasinger JH, Tull FL,
Alexander BT (2011) Hypersensitivity to acute ANG II in female
growth-restricted offspring is exacerbated by ovariectomy. Am J
Physiol Regul Integr Comp Physiol 301:R1199–R1205

10. Gjerde A, Lillas BS, Marti HP, Reisaeter AV, Vikse BE (2020)
Intrauterine growth restriction, preterm birth and risk of end-stage
renal disease during the first 50 years of life. Nephrol Dial
Transplant. https://doi.org/10.1093/ndt/gfaa001

11. Fan ZJ, Lackland DT, Lipsitz SR, Nicholas JS (2006) The associ-
ation of low birthweight and chronic renal failure among Medicaid
young adults with diabetes and/or hypertension. Public Health Rep
121:239–244

12. Ruggajo P, Svarstad E, Leh S, Marti HP, Reisaether AV, Vikse BE
(2016) Low birth weight and risk of progression to end stage renal
disease in IgA nephropathy–a retrospective registry-based cohort
study. PLoS One 11:e0153819

13. Orskov B, Christensen KB, Feldt-Rasmussen B, Strandgaard S
(2012) Low birth weight is associated with earlier onset of end-
stage renal disease in Danish patients with autosomal dominant
polycystic kidney disease. Kidney Int 81:919–924

14. Ruggajo P, Skrunes R, Svarstad E, Skjaerven R, Reisaether AV, Vikse
BE (2016) Familial factors, low birth weight, and development of
ESRD: a nationwide registry study. Am J Kidney Dis 67:601–608

15. Keijzer-Veen MG, Schrevel M, Finken MJ, Dekker FW, Nauta J,
Hille ET, Frolich M, van der Heijden BJ, Dutch POPS-19
Collaborative Study Group (2005) Microalbuminuria and lower
glomerular filtration rate at young adult age in subjects born very
premature and after intrauterine growth retardation. J Am Soc
Nephrol 16:2762–2768

16. Vashishta N, Surapaneni V, Chawla S, Kapur G, Natarajan G
(2017) Association among prematurity (<30 weeks' gestational
age), blood pressure, urinary albumin, calcium, and phosphate in
early childhood. Pediatr Nephrol 32:1243–1250

17. South AM, Nixon PA, Chappell MC, Diz DI, Russell GB, Jensen
ET, Shaltout HA, O’Shea TM, Washburn LK (2019) Renal func-
tion and blood pressure are altered in adolescents born preterm.
Pediatr Nephrol 34:137–144

18. Keijzer-VeenMG, FinkenMJ, Nauta J, Dekker FW, Hille ET, Frolich
M, Wit JM, van der Heijden AJ, Dutch POPS-19 Collaborative Study
Group (2005) Is blood pressure increased 19 years after intrauterine
growth restriction and preterm birth? A prospective follow-up study in
The Netherlands. Pediatrics 116:725–731

19. Mu M, Wang SF, Sheng J, Zhao Y, Li HZ, Hu CL, Tao FB (2012)
Birth weight and subsequent blood pressure: a meta-analysis. Arch
Cardiovasc Dis 105:99–113

20. Edvardsson VO, Steinthorsdottir SD, Eliasdottir SB, Indridason
OS, Palsson R (2012) Birth weight and childhood blood pressure.
Curr Hypertens Rep 14:596–602

21. Charlton JR, Springsteen CH, Carmody JB (2014) Nephron num-
ber and its determinants in early life: a primer. Pediatr Nephrol 29:
2299–2308

22. Denic A, Lieske JC, Chakkera HA, Poggio ED, Alexander MP,
Singh P, Kremers WK, Lerman LO, Rule AD (2017) The substan-
tial loss of nephrons in healthy human kidneys with aging. J Am
Soc Nephrol 28:313–320

23. Chagnac A, Zingerman B, Rozen-Zvi B, Herman-Edelstein M
(2019) Consequences of glomerular hyperfiltration: the role of
physical forces in the pathogenesis of chronic kidney disease in
diabetes and obesity. Nephron 143:38–42

24. Hinchliffe SA, Sargent PH, Howard CV, Chan YF, van Velzen D
(1991) Human intrauterine renal growth expressed in absolute num-
ber of glomeruli assessed by the disector method and Cavalieri
principle. Lab Investig 64:777–784

25. Rodriguez MM, Gomez AH, Abitbol CL, Chandar JJ, Duara S,
Zilleruelo GE (2004) Histomorphometric analysis of postnatal
glomerulogenesis in extremely preterm infants. Pediatr Dev
Pathol 7:17–25

26. Stelloh C, Allen KP, Mattson DL, Lerch-Gaggl A, Reddy S, El-
Meanawy A (2012) Prematurity in mice leads to reduction in neph-
ron number, hypertension, and proteinuria. Transl Res 159:80–89

27. Faa G, Gerosa C, Fanni D, Nemolato S, Locci A, Cabras T,
Marinelli V, Puddu M, Zaffanello M, Monga G, Fanos V (2010)
Marked interindividual variability in renal maturation of preterm
infants: lessons from autopsy. J Matern Fetal Neonatal Med
23(Suppl 3):129–133

28. Sutherland MR, Gubhaju L, Moore L, Kent AL, Dahlstrom JE,
Horne RS, Hoy WE, Bertram JF, Black MJ (2011) Accelerated
maturation and abnormal morphology in the preterm neonatal kid-
ney. J Am Soc Nephrol 22:1365–1374

29. Gubhaju L, Sutherland MR, Yoder BA, Zulli A, Bertram JF, Black
MJ (2009) Is nephrogenesis affected by preterm birth? Studies in a
non-human primate model. Am J Physiol Renal Physiol 297:
F1668–F1677

30. Brennan S, Kandasamy Y (2017) Ultrasound imaging of the renal
parenchyma of premature neonates for the assessment of renal
growth and glomerulomegaly. UltrasoundMed Biol 43:2546–2549

31. Hughson M, Farris AB 3rd, Douglas-Denton R, Hoy WE, Bertram
JF (2003) Glomerular number and size in autopsy kidneys: the
relationship to birth weight. Kidney Int 63:2113–2122

32. Schreuder M, Delemarre-van de Waal H, van Wijk A (2006)
Consequences of intrauterine growth restriction for the kidney.
Kidney Blood Press Res 29:108–125

33. Gordijn SJ, Beune IM, Ganzevoort W (2018) Building consensus
and standards in fetal growth restriction studies. Best Pract Res Clin
Obstet Gynaecol 49:117–126

34. Manalich R, Reyes L, Herrera M, Melendi C, Fundora I (2000)
Relationship between weight at birth and the number and size of
renal glomeruli in humans: a histomorphometric study. Kidney Int
58:770–773

35. Painter RC, Roseboom TJ, van Montfrans GA, Bossuyt PM,
Krediet RT, Osmond C, Barker DJ, Bleker OP (2005)
Microalbuminuria in adults after prenatal exposure to the Dutch
famine. J Am Soc Nephrol 16:189–194

36. Schreuder MF, Nyengaard JR, Fodor M, van Wijk JA, Delemarre-
van de Waal HA (2005) Glomerular number and function are in-
fluenced by spontaneous and induced low birth weight in rats. J Am
Soc Nephrol 16:2913–2919

37. Gilbert JS, Ford SP, Lang AL, Pahl LR, Drumhiller MC, Babcock
SA, Nathanielsz PW, Nijland MJ (2007) Nutrient restriction im-
pairs nephrogenesis in a gender-specific manner in the ovine fetus.
Pediatr Res 61:42–47

38. Hinchliffe SA, LynchMR, Sargent PH, Howard CV, VanVelzen D
(1992) The effect of intrauterine growth retardation on the develop-
ment of renal nephrons. Br J Obstet Gynaecol 99:296–301

39. Schreuder MF, Nyengaard JR, Remmers F, van Wijk JA,
Delemarre-van de Waal HA (2006) Postnatal food restriction in
the rat as a model for a low nephron endowment. Am J Physiol
Renal Physiol 291:F1104–F1107

40. Conti N, Torricelli M, Voltolini C, Vannuccini S, Clifton VL,
Bloise E, Petraglia F (2015) Term histologic chorioamnionitis: a
heterogeneous condition. Eur J Obstet Gynecol Reprod Biol 188:
34–38

41. KimCJ, Romero R, Chaemsaithong P, Chaiyasit N, YoonBH, Kim
YM (2015) Acute chorioamnionitis and funisitis: definition,

1680 Pediatr Nephrol (2021) 36:1673–1681

https://doi.org/10.1093/ndt/gfaa001


pathologic features, and clinical significance. Am J Obstet Gynecol
213:S29–S52

42. Gussenhoven R, Westerlaken RJJ, Ophelders D, Jobe AH, Kemp
MW, Kallapur SG, Zimmermann LJ, Sangild PT, Pankratova S,
Gressens P, Kramer BW, Fle iss B, Wolfs T (2018)
Chorioamnionitis, neuroinflammation, and injury: timing is key in
the preterm ovine fetus. J Neuroinflammation 15:113

43. Chau V, McFadden DE, Poskitt KJ, Miller SP (2014)
Chorioamnionitis in the pathogenesis of brain injury in preterm
infants. Clin Perinatol 41:83–103

44. Kallapur SG, Presicce P, Rueda CM, Jobe AH, Chougnet CA
(2014) Fetal immune response to chorioamnionitis. Semin Reprod
Med 32:56–67

45. Nikiforou M, Kemp MW, van Gorp RH, Saito M, Newnham JP,
Reynaert NL, Janssen LE, Jobe AH, Kallapur SG, Kramer BW,
Wolfs TG (2016) Selective IL-1alpha exposure to the fetal gut,
lung, and chorioamnion/skin causes intestinal inflammatory and
developmental changes in fetal sheep. Lab Investig 96:69–80

46. Galinsky R, Moss TJ, Gubhaju L, Hooper SB, Black MJ, Polglase
GR (2011) Effect of intra-amniotic lipopolysaccharide on nephron
number in preterm fetal sheep. Am J Physiol Renal Physiol 301:
F280–F285

47. Ryan D, Atik A, De Matteo R, Harding R, Black MJ (2013)
Chronic intrauterine exposure to endotoxin does not alter fetal
nephron number or glomerular size. Clin Exp Pharmacol Physiol
40:789–794

48. Nagata M (2016) Podocyte injury and its consequences. Kidney Int
89:1221–1230

49. Ichimura K, Kakuta S, Kawasaki Y, Miyaki T, Nonami T,
Miyazaki N, Nakao T, Enomoto S, Arai S, Koike M, Murata K,
Sakai T (2017) Morphological process of podocyte development
revealed by block-face scanning electron microscopy. J Cell Sci
130:132–142

50. Kikuchi M, Wickman L, Rabah R, Wiggins RC (2017) Podocyte
number and density changes during early human life. Pediatr
Nephrol 32:823–834

51. Menendez-Castro C, Nitz D, Cordasic N, Jordan J, Bauerle T,
Fahlbusch FB, Rascher W, Hilgers KF, Hartner A (2018)
Neonatal nephron loss during active nephrogenesis - detrimental
impact with long-term renal consequences. Sci Rep 8:4542

52. Chen CM, Chou HC (2009) Effects of maternal undernutrition on
glomerular ultrastructure in rat offspring. Pediatr Neonatol 50:50–
53

53. Conti G, De Vivo D, Fede C, Arasi S, Alibrandi A, Chimenz R,
Santoro D (2018) Low birth weight is a conditioning factor for
podocyte alteration and steroid dependance in children with ne-
phrotic syndrome. J Nephrol 31:411–415

54. Konstantelos N, Banh T, Patel V, Vasilevska-Ristovska J, Borges
K, Hussain-ShamsyN, NooneD,Hebert D, Radhakrishnan S, Licht
CPB, Langlois V, Pearl RJ, Parekh RS (2019) Association of low
birth weight and prematurity with clinical outcomes of childhood
nephrotic syndrome: a prospective cohort study. Pediatr Nephrol
34:1599–1605

55. Teeninga N, Schreuder MF, Bokenkamp A, Delemarre-van de
Waal HA, van Wijk JA (2008) Influence of low birth weight on
minimal change nephrotic syndrome in children, including a meta-
analysis. Nephrol Dial Transplant 23:1615–1620

56. Ikezumi Y, Suzuki T, Karasawa T, Yamada T, Hasegawa H,
Nishimura H, UchiyamaM (2013) Low birthweight and premature
birth are risk factors for podocytopenia and focal segmental
glomerulosclerosis. Am J Nephrol 38:149–157

57. Koike K, Ikezumi Y, Tsuboi N, Kanzaki G, Haruhara K,
Okabayashi Y, Sasaki T, Ogura M, Saitoh A, Yokoo T (2017)

Glomerular density and volume in renal biopsy specimens of chil-
dren with proteinuria relative to preterm birth and gestational age.
Clin J Am Soc Nephrol 12:585–590

58. Plank C, Ostreicher I, Hartner A, Marek I, Struwe FG, Amann K,
Hilgers KF, Rascher W, Dotsch J (2006) Intrauterine growth retar-
dation aggravates the course of acute mesangioproliferative glomer-
ulonephritis in the rat. Kidney Int 70:1974–1982

59. Plank C, Nusken KD, Menendez-Castro C, Hartner A, Ostreicher I,
Amann K, Baumann P, Peters H, Rascher W, Dotsch J (2010)
Intrauterine growth restriction following ligation of the uterine arteries
leads to more severe glomerulosclerosis after mesangioproliferative
glomerulonephritis in the offspring. Am J Nephrol 32:287–295

60. Schell C, Wanner N, Huber TB (2014) Glomerular development–
shaping the multi-cellular filtration unit. Semin Cell Dev Biol 36:
39–49

61. Yoo KH, Yim HE, Bae ES, Hong YS (2018) Capillary rarefaction
and altered renal development: the imbalance between pro- and
anti-angiogenic factors in response to angiotensin II inhibition in
the developing rat kidney. J Mol Histol 49:219–228

62. Kida Y, Tchao BN, Yamaguchi I (2014) Peritubular capillary rare-
faction: a new therapeutic target in chronic kidney disease. Pediatr
Nephrol 29:333–342

63. SutherlandMR, Ryan D, Dahl MJ, Albertine KH, BlackMJ (2016)
Effects of preterm birth and ventilation on glomerular capillary
growth in the neonatal lamb kidney. J Hypertens 34:1988–1997

64. Staub E, DahlMJ, Yost C, Bowen S, Aoki T, Blair A,Wang Z, Null
DM, Yoder BA, Albertine KH (2017) Preterm birth and ventilation
decrease surface density of glomerular capillaries in lambs, regard-
less of postnatal respiratory support mode. Pediatr Res 82:93–100

65. Baserga M, Bares AL, Hale MA, Callaway CW,McKnight RA, Lane
PH, Lane RH (2009) Uteroplacental insufficiency affects kidney
VEGF expression in a model of IUGR with compensatory glomerular
hypertrophy and hypertension. Early Hum Dev 85:361–367

66. Alwasel SH, Kaleem I, Sahajpal V, Ashton N (2010) Maternal protein
restriction reduces angiotensin II AT(1) and AT(2) receptor expression
in the fetal rat kidney. Kidney Blood Press Res 33:251–259

67. Zohdi V, Moritz KM, Bubb KJ, Cock ML, Wreford N, Harding R,
BlackMJ (2007)Nephrogenesis and the renal renin-angiotensin system
in fetal sheep: effects of intrauterine growth restriction during late ges-
tation. Am J Physiol Regul Integr Comp Physiol 293:R1267–R1273

68. Hao XQ, Zhang HG, Yuan ZB, Yang DL, Hao LY, Li XH (2010)
Prenatal exposure to lipopolysaccharide alters the intrarenal renin-
angiotensin system and renal damage in offspring rats. Hypertens
Res 33:76–82

69. Ding XF, Sun M, Guan FX, Guo LN, Zhang YY, Wan YD, Zhang
XJ, YuYW,Ma SS, YaoHM,YaoR, ZhangRF, Sun TW, KanQC
(2017) Prenatal exposure to LPS alters the intrarenal RAS in off-
spring, which is ameliorated by adipose tissue-derived mesenchy-
mal stem cells. Am J Hypertens 30:1211–1219

70. Franco M, Martinez F, Quiroz Y, Galicia O, Bautista R, Johnson
RJ, Rodriguez-Iturbe B (2007) Renal angiotensin II concentration
and interstitial infiltration of immune cells are correlated with blood
pressure levels in salt-sensitive hypertension. Am J Physiol Regul
Integr Comp Physiol 293:R251–R256

71. Guo W, Guan X, Pan X, Sun X, Wang F, Ji Y, Huang P, Deng Y,
Zhang Q, Han Q, Yi P, Namaka M, Liu Y, Deng Y, Li X (2016)
Post-natal inhibition of NF-kappaB activation prevents renal dam-
age caused by prenatal LPS exposure. PLoS One 11:e0153434

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1681Pediatr Nephrol (2021) 36:1673–1681


	Prematurity, perinatal inflammatory stress, and the predisposition �to develop chronic kidney disease beyond oligonephropathy
	Abstract
	Introduction
	Renal consequences of prematurity and perinatal stress
	Oligonephropathy
	Prematurity
	Intrauterine growth restriction
	Chorioamnionitis

	Podocytopathy
	IUGR and prematurity and its impact on podocyte development

	Vascular development
	Vasculogenesis in prematurity
	IUGR affects RAS during vascular development
	Chorioamnionitis and glomerular capillaries

	Conclusion
	References


