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Abstract A reduced nephron complement at birth renders
the kidney susceptible to renal disease in adulthood.
Retinoic acid (RA; the active metabolite of vitamin A) is
linked to nephrogenesis in vitro and in vivo. The aim of this
study was to determine the effect of administration of
retinoic acid in midgestation in rats on nephron endowment
in offspring exposed to maternal protein restriction. Rats
were fed either a normal-protein diet (NPD) or a low-protein
diet (LPD) during pregnancy and lactation. Half of the dams
in the LPD group were injected intraperitoneally with
retinoic acid (20 mg/kg) during gestation at embryonic day
11.5. At 4 weeks of age, the offspring were anesthetized and
perfusion-fixed, and nephron number estimated using
unbiased stereological techniques. Body weight and kidney
volume was significantly reduced in all LPD offspring.
There was a significant 29% reduction in nephron
number in the LPD group compared with the NPD
offspring, whereas the number of nephrons in kidneys
from the LPD + RA offspring was not significantly
different compared with controls. In conclusion, admin-
istration of a single bolus dose of retinoic acid during
midgestation restored nephron endowment to normal in
offspring exposed to maternal protein restriction.
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Introduction

Intrauterine growth restriction (IUGR) as evidenced by a
low birth weight for gestational age is considered to be a
predisposing factor for hypertension and renal disease [1—
5]. In particular, low birth weight is thought to be a major
contributing factor to the marked increase in the incidence
of hypertension and renal disease in at-risk populations,
such as the Australian Aborigines [5, 6].

In experimental studies, low birth weight due to IUGR
results in significant reduction in the weight of many vital
organs at birth, including the kidneys [7-10], and can
ultimately lead to permanent abnormalities in renal struc-
ture [11, 12]. Of particular importance, [IUGR often leads to
reduced nephron endowment in the low-birth-weight infant
[12, 13]. This may have serious clinical implications later in
life, as nephrogenesis in humans is complete at birth [14],
with no new nephrons formed after this time. Thus,
whereas low-birth-weight infants may have postnatal
catch-up growth, the nephrons of the kidney can only
enlarge. In rodents, nephrogenesis is completed a few days
after birth, with a full complement of nephrons developed
by postnatal day 10 in rats [15]. Previously in our
laboratory, we have shown that maternal protein restriction
during pregnancy and lactation in rats leads to about a 30%
reduction in nephron endowment in the offspring [16].
Other laboratories report similar findings in other similar
models of IUGR [8, 17, 18].

Congenital reduction in nephron endowment at birth has
been linked to the development of hypertension later in life
[19]. Although recent experimental studies from our
laboratory demonstrate that reduction in nephron endow-
ment does not necessarily lead to hypertension in adulthood
(due to adequate compensatory hypertrophy) [20, 21], we
and others have recently shown that a congenital nephron
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deficit renders the kidney susceptible to subsequent post-
natal renal insults [22, 23], and therefore it is imperative to
maximize nephron endowment at birth. In this regard, there
have been a number of studies linking vitamin A acting
via the c-ret receptor, with the stimulation of nephro-
genesis in the fetal kidney [24-29]. For instance, Lelievre-
Pegorier et al. [25] showed that nephron endowment in the
fetus is linearly correlated with circulating vitamin A levels,
with a 50% reduction in circulating vitamin A in the fetus
resulting in a 20% reduction in nephron endowment.
Interestingly, a single injection of retinoic acid (RA) (the
active metabolite of vitamin A) to a control group of
pregnant rats at midgestation can lead to supernumerary
nephron endowment in the kidneys of the offspring [25].
Hence, the aim of our study was to determine whether
administration of RA during midgestation can restore
nephron endowment in offspring exposed to maternal
protein restriction to a level similar to that of control
offspring.

Methods
Animals

Female and male Wistar Kyoto (WKY) breeder rats (at
12 and 10 weeks of age, respectively) were obtained from
the Australian Resource Centre, Perth. The female rats were
divided into three experimental groups: a control normal-
protein-diet group (NPD), a low-protein-diet group (LPD)
and a low-protein-diet-plus-retinoic-acid group (LPD +
RA). The dietary regimes and the protocol for administer-
ing the RA are described in the next section. To generate
the offspring used in this study, the dams were time-mated.
To do this, the female rats were identified as being in
estrous by vaginal smears. The male rat was then placed
into the cage with the female and taken out the following
morning. This was then considered as day 0.5 of gestation
in the offspring, following confirmation of vaginal sperm in
the dams. The dams were housed individually throughout
pregnancy and maintained at an ambient temperature of
21°C. Food and water were administered ad libitum. At
postnatal day 2, litters were reduced to eight pups. In
reducing the litters, the pups that appeared to be runts of the
litter were culled, and the remainder to be culled was
randomly selected. At 4 weeks of age, the offspring (male
and female) were assigned a number and randomly chosen
for kidney analyses (n=7 or 8 per group). It has previously
been shown that there is no difference between the number
of nephrons in male and female offspring [30, 31]. All
animal experiments were approved by the Monash Univer-
sity, Biochemistry, Anatomy and Microbiology Animal
Ethics Committee, and treatment and care of the animals
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conformed to the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

Administration of diets and retinoic acid

The female breeder rats were fed either an LPD (8.7%
casein) or an NPD (20% casein) for 2 weeks prior to
mating, during pregnancy, and for 4 weeks postpartum [21,
32]. The dams were maintained on the diets during
lactation, as nephrogenesis is not complete in the rat until
postnatal day 10 [15]. The semipurified diets (obtained
from Glenn Forest Stockfeeders, Perth) differed only in
their starch and casein content (see Table 1) [21, 32]. The
amount of vitamin A in the diet did not differ between the
LPD and NPD diets (Table 1).

All trans retinyl acetate (Sigma-Aldrich, Irvine, UK) (at
a melting point of 58°C) was dissolved in corn oil to make
a stock solution of 1 g/10 ml. Each female breeder rat in the
LPD + RA group received an intraperitoneal injection of
RA from the stock solution at a dose of 20 mg/kg on
embryonic day 11.5 [25]. It must be kept in mind when
designing strategies utilizing vitamin A supplementation
during pregnancy that both low and high doses of vitamin
A can be teratogenic [33, 34]. A pilot study was initially
undertaken to confirm that the dose of RA administered to
the pregnant rats raised serum vitamin A levels but was not
teratogenic to the fetuses. In the pilot study, vitamin A
levels in the pregnant dams were not affected by the
administration of the LPD diet.

The dams from the NPD and LPD groups were injected
intraperitoneally with corn oil vehicle, at a similar amount
per body weight, at the same time point (embryonic day
11.5) in pregnancy. At 4 weeks of age (the time of
weaning), the offspring were anesthetized and perfusion-
fixed with 4% paraformaldehyde in a 0.1 molar phosphate
buffer at a pressure of 100 mmHg. Prior to perfusion
fixation, both heparin sodium (500 U in 0.1 ml IV) to
reduce blood clotting and papaverine hydrochloride

Table 1 Composition of semipurified diets fed to dams during
pregnancy

Diet Composition (% by  Low-protein diet Normal-protein diet

weight) (LPD) (NPD)
Casein (acid) 8.7 20
Sucrose 10 10
Starch (total) 64.41 53.11
Cellulose 5 5
Safflower oil 7 7
Methionine 0.14 0.14
Minerals (AIN_93 G) 3.5 3.5
Vitamins (AIN 93 G) 1 1
Choline Chloride 50% 0.25 0.25
w/w
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(1.2 mg in 0.1 ml) to dilate the vasculature were
administered intraperitoneally [21]. On completion of
fixation, the right kidneys were excised, decapsulated,
assigned an experimental number, and stored in 10%
buffered formalin.

Stereological estimation of kidney volume, nephron
number, and glomerular size

Perfusion-fixed right kidneys (n=7 or 8 per group) were
sliced at 1 mm in the horizontal plane using a razor blade
slicing device. Kidney slices were dehydrated through
graded alcohols and embedded in glycolmethacrylate. The
blocks were exhaustively sectioned at 20 um. Every tenth
(sampled section) and 11th (look-up section) were collected
(with the first section between one and ten chosen at
random), and stained with haematoxylin and eosin. The
sampled sections (every tenth section) were projected onto
a microfiche screen, an orthogonal grid was superimposed,
and the volume of the kidney was estimated using the
Cavalieri principle [35]. The number of glomeruli (and
thereby nephrons) was determined using a physical dis-
ector/fractionator stereological approach. The numerical
density, which is the number of nephrons per volume of
kidney tissue, was also determined. These stereological
methods are routine in our laboratory and have been
described in detail previously [20, 36]. Also, using
unbiased stereological techniques, mean glomerular and
renal corpuscle volumes were determined as previously
described [20, 36]

Statistical analysis

Data were analyzed using Graphpad Prism version 3.00
(Graphpad Software, USA). Prior to statistical analysis, all
data were tested for normality and found to be normally
distributed. Data were then analyzed using a one-way
analysis of variance (ANOVA) followed by a Bonferroni
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Fig. 1 Kidney volume at 4 weeks of age in the normal-protein diet
(NPD) rats (solid bars; n=T), low-protein diet (LPD) rats (clear bars;
n=8), and LPD + RA (hatched bars; n=T7) offspring. Values are
mean =+ standard error of the mean (SEM). * p<0.01 compared with
NPD control offspring
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Fig. 2 Total nephron number per kidney at 4 weeks of age in
offspring from the normal-protein diet (NPD) (m) (n=7), low-protein
diet (LPD) (@) (n=8), and LPD + retinoic acid (RA) (v ) (n=7)
offspring. Data points represent individual animals, and the lines
represent the mean number of glomeruli. ¥*¥p<0.001 compared with
the NPD and LPD + RA groups

post hoc test. Results are expressed as means + standard
error of the mean (SEM). Statistical significance was
considered as a p value <0.05.

Results
Body weights of offspring

At termination of the experiment (4 weeks of age), there was a
marked reduction in body weight in all offspring exposed to
maternal protein restriction during pregnancy and lactation.
Mean body weights averaged 61.3+4.3 g in the NPD group,
whereas mean body weights averaged 50.4+1.5 g in the LPD
group and 51.7+0.9 g in the LPD + RA group. In accordance
with the body-weight data at 4 weeks of age, kidney size was
significantly lower in the LPD and LPD + RA groups
compared with the NPD controls (Fig. 1). There was no
statistical difference in kidney volumes between the LPD
and LPD + RA groups (Fig. 1). When adjusted for body
weight, there was no significant difference in the kidney
volume-to-body weight ratio between groups (NPD: 4.14+
0.24 mm3/g; LPD: 4.37+0.22 mm3/g; LPD+RA: 4.05+
0.14 mm>/g).

Total nephron number

At 4 weeks of age, there were significantly fewer (p<0.001)
glomeruli (and thereby nephrons) in the kidneys of the LPD
offspring compared with the NPD and LPD + RA offspring
(Fig. 2). The LPD offspring had approximately 29% fewer
glomeruli than the NPD offspring and 22% fewer nephrons
than the LPD + RA offspring. Interestingly, there was no
difference in nephron number between the NPD group and
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Table 2 Stereological estimates of the numerical density of glomeruli (number of glomeruli per volume of kidney tissue) and glomerular and
renal corpuscle volumes in the normal-protein diet (NPD), low-protein diet (LPD), and LPD + retinoic acid (RA) groups

NPD (n=7) LPD (n=8) LPD+RA (n=7)
Number of glomeruli / mm? 101£10 101£13 128+£7*
Glomerular volume (x10~* mm?®) 2.94+0.27 3.2940.30 2.42+0.11
Renal corpuscle volume (x10~* mm?) 3.53+0.36 3.6940.34 2.9240.15

*p<0.001 compared with the NPD and LPD groups

the LPD + RA group. As a consequence, there was a
significant increase (p<0.001) in the numerical density of
nephrons (number of nephrons per volume) in the kidneys
of the LPD + RA offspring when compared with the NPD
and LPD groups (Table 2).

Microscopically, the kidney morphology looked similar
between the groups; however, the increased density of
glomeruli was apparent in the cortex of the kidneys from
the LPD + RA group (Fig. 3).

Glomerular and renal corpuscle volume

Mean glomerular and renal corpuscle volumes are shown in
Table 2. There was no statistical difference in mean
glomerular volume or mean renal corpuscle volume in
kidneys from the NPD, LPD, and LPD + RA offspring.
However, it is to be noted that in the kidneys of the LPD
group, where there were fewer nephrons compared with the
other groups, there was a trend for glomerular volume to be
enlarged, but this just failed to reach statistical significance
(»=0.0706).

Discussion

In this study, offspring exposed to maternal protein
restriction during pregnancy and lactation had a signifi-
cantly reduced body weight, kidney size, and nephron
endowment at weaning. Importantly, administration of a
bolus dose of RA at embryonic day 11.5 was able to restore

\OREAagia’H [ ! Vel
BRC BN SORGINS AT L S
Fig. 3 Representative light micrographs of the renal cortex in a
normal-protein diet (NPD), b low-protein diet (LPD), and ¢ LPD +

retinoic acid (RA) groups. There was an observable increase in
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nephron endowment to normal in offspring exposed to
maternal protein restriction without affecting body weight
or kidney size, such that the number of nephrons per
volume of kidney tissue was increased in these animals
above that seen in the kidneys of control NPD offspring.
There have been several studies both in vivo and in vitro
demonstrating a stimulatory effect of RA on nephrogenesis
[24-29]. The findings of the study reported here support
this concept. Importantly, administration of RA during
pregnancy led to an increase in the number of nephrons per
mm® of kidney tissue above that found in control kidneys.
This is an interesting finding, as in a recent study in our
laboratory, we found that the main determinant of nephron
number during normal gestation is kidney size [37]. In that
study in baboons, we found a remarkably strong correlation
between kidney weight and nephron number (R*=0.917,
p=0.0002) and kidney volume and nephron number (R*=
0.837, p=0.001). Strong correlations between kidney size
and nephron endowment have also been described in
human kidneys [38]. Hence, the findings of the study
reported here indicate that administration of RA during
pregnancy, early in gestation, is able to stimulate nephro-
genesis per volume of kidney tissue over and above control
levels. In support of our results, similar findings have also
been described in the offspring of Sprague-Dawley rats that
were fed a normal-chow diet during pregnancy and
administered a bolus dose of RA also at embryonic day
11.5 [25]. The kidneys of those offspring also had
supernumerary nephron endowment and an increased
density of nephrons within the kidneys when compared

compared with the NPD and LPD groups
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with control offspring. In that study by Lelievre-Pegorier
et al. [25], administration of RA during pregnancy
appeared to retard postnatal growth of the offspring, with
body weights and kidney weights significantly reduced at
postnatal day 14. However, in our study, postnatal growth
did not appear to be affected by the administration of RA
during fetal development. Body weights of the LPD + RA
offspring were reduced compared with controls, but this
appeared to be the result of maternal protein restriction,
with body weights at 4 weeks of age significantly reduced
in all offspring exposed to maternal protein restriction.
There was no difference in body weights between the LPD
and LPD + RA treatment groups.

The mechanisms by which RA stimulates nephrogenesis
are not fully understood. In renal development, the
formation of nephrons within the metanephros (the perma-
nent kidney) commences when the ureteric bud invades the
metanephric mesenchyme, with signals from the metaneph-
ric mesenchyme causing the ureteric bud to grow and
undergo branching. Reciprocal signals from the ureteric
bud then stimulate the metanephric mesenchyme to
differentiate and form nephrons at the tips of the ureteric
branches [39—41]. Studies from Merlet-Benichou’s labora-
tory suggest that RA mediates its effects on nephrogenesis
by stimulating ureteric branching morphogenesis [24, 26].
These investigators suggest that the likely molecular
candidate mediating these early nephrogenic effects is
glial-cell-line-derived neurotrophic factor (GDNF), acting
via its cell-surface receptor GDNF-« and subsequently
activating the receptor tyrosine kinase c-ret [25]. Upregu-
lation of c-ret is known to lead to increased branching
morphogenesis of the ureteric bud and in turn enhance
nephron formation [42, 43], and findings from Mendelsohn’s
laboratory support the concept that vitamin A stimulates
branching morphogenesis through c-ret [27, 29]. In embry-
onic kidney cultures, Moreau et al. demonstrated that RA
leads to upregulation of c-ret expression, thus linking
increased c-ret expression with the enhanced nephrogenesis
[26]. Interestingly, this c-ret gene expression in cultured
metanephroi is up-regulated by addition of RA in a dose-
dependent manner, whereas GDNF gene expression
remained unchanged [26].

Alternatively, administration of RA may mediate its
effects on nephrogenesis via stimulation of the metanephric
mesenchyme. In this regard, Welham et al. [44] reported an
increase in apoptotic nuclei in the metanephric mesen-
chyme of the developing kidneys of rat offspring exposed
to maternal protein restriction. Thus, their findings suggest
that the reduced nephron formation in LPD offspring may
be the consequence of reduced numbers of nephron
precursor cells and/or loss of supportive interstitial pre-
cursors. Hence, if this is the case, an alternative explanation
for our findings in this study is that administration of RA

during pregnancy is able to prevent the increase in cellular
apoptosis in the metanephric mesenchyme as a result of
maternal protein restriction. Whether administration of RA
acts to directly rectify mechanisms leading to impaired
nephrogenesis as a result of maternal protein restriction or
whether it acts via an independent mechanism could not be
determined. The administration of RA to the NPD control
dams would help to elucidate this. Clearly, further studies
are required to elucidate the molecular mechanisms leading
to the stimulation of nephrogenesis. The results from our
study demonstrate that this is an ideal animal model in
which to undertake such studies, and the addition of an
NPD + RA group would be beneficial.

No doubt the timing of administration of RA during
pregnancy is likely to influence the degree to which
nephrogenesis is affected. In culture, it has been shown
that the response to RA is significantly greater in
embryonic kidneys derived from 13-day-old embryos
compared with 14-day-old embryos [24]. In support of
very early time points being critical for nephron endow-
ment, studies by Wintour et al. [45] showed that dexa-
methasone administered to the sheep fetus at a mean age of
27 days’ gestation (term, 147 days) results in the sheep
fetus having a low glomerular number (approximately 60%
of that in control animals). Interestingly, at that early time
point in the fetal lamb kidney, the ureteric bud has only just
begun to invade the metanephric mesenchyme [46]. Taken
together with the findings of our study, it is clearly evident
that adverse or stimulatory triggers very early or just prior
to the onset of nephrogenesis can have marked effects on
nephron endowment at birth. Whether RA administration
can also stimulate nephrogenesis at a time point late in
gestation when nephrogenesis is well advanced or nearing
completion is unknown and is important to determine in
future studies.

In this study, we did not measure blood pressure or
assess renal function in the offspring. We would expect,
based on our previous findings [21], that blood pressure
and renal function would not be different between
offspring from the different groups at 5 weeks of age,
even though nephron endowment is different. However,
our recent findings [22] suggest that by restoring nephron
endowment in LPD offspring that this would lead to a
reduction in the relative risk of renal disease in adulthood.
Further studies are required to determine whether this is
the case.

In conclusion, this study demonstrated that RA is able
to stimulate nephrogenesis in the IUGR fetus exposed to
maternal protein restriction, thus restoring nephron
endowment to levels similar to the non-growth-restricted
fetus. However, as RA can be teratogenic at high doses,
we do not advocate that RA be administered during
pregnancy to women at risk of giving birth to a low birth
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weight infant. Instead, we propose that by using this
experimental model, downstream molecules following
RA stimulation of nephrogenesis can be identified, which
may then provide subsequent therapeutic targets.
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