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Abstract
Objective—Maternal food restriction during pregnancy results in growth restricted newborns and
reduced glomerular number, contributing to programmed offspring hypertension. We investigated
whether reduced nephrogenesis may be programmed by dysregulation of factors controlling ureteric
bud branching and mesenchyme to epithelial transformation.

Study Design—10 to 20 days gestation, Sprague Dawley pregnant rats (n=6/group) received ad
libitum food; FR rats were 50% food restricted. At embryonic day 20, mRNA and protein expression
of WT1, Pax2, FGF2, GDNF, cRET, WNT4, WNT11, BMP4, BMP7, and FGF7 were determined
by real-time PCR and Western blotting.

Results—Maternal FR resulted in up-regulated mRNA expression for WT1, FGF2, and BMP7
whereas Pax2, GDNF, FGF7, BMP4, WNT4, and WNT11 mRNAs were down-regulated. Protein
expression was concordant for WT1, GDNF, Pax2, FGF7, BMP4 and WNT4.

Conclusion—Maternal FR altered gene expression of fetal renal transcription and growth factors,
and likely contributes to development of offspring hypertension.
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Introduction
Human and animal studies have demonstrated that the in utero environment affects fetal
development and adult phenotype.1–5 This concept of fetal origins of adult disease was first
described by Barker, who observed an increased incidence of adult cardiovascular disease in
association with low birth weight.6 The mechanism proposes that variations in fetal nutrition
during pregnancy lead to developmental changes, which are thought to elicit a permanent
response in tissue structure or function in the adult, possibly leading to an increased risk of
disease later in life.7 Several epidemiological studies have confirmed this association for heart
disease8;9 and extended the theory to other conditions such as diabetes,10 obesity,11 cancer,
12 and hypertension.13 The mechanistic pathways underlying this association only now are
being investigated using rat gestational under-nutrition as a model for in utero derived
plasticity. In the rat, global under-nutrition (50% maternal food restriction [FR] during
gestation) results in offspring that develop metabolic syndrome (i.e., hypertension, obesity,
hyperleptinemia, hyperinsulinism, and hyperphagia).2;4;5;11

Hypertension is intrinsically linked with kidney function. Although development of
hypertension is clearly multifactorial, a recent study demonstrates a strong correlation between
low nephron number and hypertension with hypertensive patients having a mean reduction of
46% in the number of intact glomeruli.14 Animal studies confirm the association of low birth
weight, reduced glomerular number and adult hypertension. Nephron reduction of as little as
11% in sheep15 and 13% in the rat16 is associated with changes in postnatal renal function and
elevations in arterial blood pressure.7 Intrauterine growth restriction, including nutrient and
protein restriction, results in kidneys with reduced nephron number per kidney. The mechanism
of how maternal FR results in reduced nephron number is unclear. Nephron development could
be impacted by FR at several developmental points which include signaling between the
mesenchyme and the developing ureteric bud (UB), UB branching, the metanephric
mesenchymal to epithelial transformation, and possibly glomerulogenesis.17–19 Following
initial ureteric bud branching, metanephric mesenchyme aggregates and condenses around the
tips of the UB branches in response to signaling.20,21 Mesenchymal to epithelial transformation
begins to occur from rat embryo day 14 (e14) with UB branching and mesenchymal trans-
differentiation occurring actively at e20. The resulting epithelium forms primitive nephrons,
which are invaded by capillaries at e15–16 and undergo further differentiation to form
glomeruli.22 An individual nephron develops in five to seven days, and the entire kidney
develops over 18 days, with early functional nephrons in place by e17.23 This coordinated
progression of nephron development, if disrupted by maternal FR, could lead to decreased
nephron numbers.24;25

We examined several key transcription and growth factors controlling fetal nephrogenesis
following maternal FR at e20, a time point in which maternal FR (10 days total) should have
a detectable effect. At this time point, mRNA and protein expression of transcription and
growth factors WT1, Pax2, FGF2 (mesenchyme condensation and transdifferentiation factors),
GDNF, cRET (UB signaling), and WNT4, WNT11, BMP4, BMP7, FGF7 (ureteric branching
and mesenchymal to epithelial transformation factors) were determined in fetal kidneys by
real-time PCR and Western blotting, respectively. We detected significant changes in gene
expression of several of these factors, suggesting maternal FR has a large impact on the
regulation of the developing fetal kidney.

Materials and Methods
Maternal rat diets

Studies were approved by the Animal Care and Use Committee of the Los Angeles BioMedical
Research Institute at Harbor–University of California, Los Angeles and were in accordance
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with the American Association for Accreditation of Laboratory Care and National Institutes
of Health guidelines. A model of rat dams that were 50% food-restricted (FR) during pregnancy
was used. First-time pregnant Sprague Dawley rats (Charles River Laboratories, Hollister, CA)
were housed in a facility with constant temperature and humidity and a controlled 12:12-hour
light/dark cycle. At 10 days of gestation, rats were provided either an ad libitum diet of standard
laboratory chow (Lab Diet 5001, Brentwood, MO; protein, 23%; fat, 4.5%; metabolizable
energy, 3030 kcal/kg) or a 50% FR diet that was determined by quantification of normal intake
in the ad libitum fed rats. The respective diets were given from 10 days of pregnancy until
gestational day 20 (e20).

Fetal kidney removal
At e20, dams (6 control (C) and 6 FR) were anesthetized with isoflurane, and fetuses were
quickly removed and placed on ice cold dishes. Litter sizes ranged from 12 to 16. No fetuses
from dams with litter sizes of fewer than 12 or more than 16 were used. Fetuses were dissected,
intact kidneys removed, and kidneys flash frozen in liquid nitrogen. Due to the limiting size
of the e20 kidneys, all kidneys were pooled from unsexed fetuses derived from each dam for
a total of 6 control and 6 FR pools.

Real-time reverse transcriptase polymerase chain reaction (PCR)
RNA extraction—Total RNA was extracted from 75 mgs of pooled kidneys (approximately
4–6 kidneys/sample; C n=6 samples, FR n=6 samples) with the use of the RNAqueous-4PCR
column kit (Ambion, Austin, TX). Residual DNA was digested with DNase I enzyme and
inactived with DNase removal reagent (Turbo DNase kit, Amibion). Purified total RNA was
quantitated by spectrophotmetry at 260 nm and quality assayed by running RNA samples on
a 1% formaldehyde denaturing agarose gel.

Primers—Optimized and validated primer sets were supplied by realtimeprimers.com. The
primer sets were: WT1 (gene accession no., NM_031534: Forward, 5′-
AGGACTGCGAGAGAAGGTTT-3′; Reverse, 5′-ACGTGGAGTTTGGTCATGTT3′); Pax2
(XM_239083: Forward, 5′-GAGACTCCCAGAGTGGTGTG-3′; Reverse, 5′-
CATTCCCCTGTTCTGATTTG-3′); WNT4 (NM_053402: Forward, 5′-
GCCACGCACTAAAGGAGAAG-3′; Reverse, 5′-GGCCTTAGACGTCTTGTTGC-3′);
WNT11 (XM_238122: Forward, 5′-TACCTGCTTGACCTGGAGAG-3′; Reverse, 5′-
TAGGAGCATCGGAAAACTTG-3′); FGF2 (NM_019305: Forward, 5′-
CCAGTTGGTATGTGGCACTG-3′; Reverse, 5′-CAGGGAAGGGTTTGACAAGA-3′);
FGF7 (NM_022182: Forward, 5′-GCTCTACAGACCGTGCTTCC-3′; Reverse,
CCCCTCCTTCCATGTAGTCA-3′); cRET (NM_012643: Forward, 5′-
CAAGTAGCCTCAGGGCTGTC-3′; Reverse, 5′-CAACAGGGGGACTGTGTCTT-3′);
GDNF (NM_019139: Forward, 5′-CCCGAAGATTATCCTGACCA-3′; Reverse, 5′-
TAGCCCAAACCCAAGTCAGT-3′); BMP7 (XM_342591: Forward, 5′-
AGACCAAGCACCTCTCCTGA-3′; Reverse, 5′-CCAACGGATTCTTTCTTGGA-3′);
BMP4 (NM_012827: Forward, 5′-GACTTCGAGGCGACACTTCTG-3′; Reverse, 5′-
AGCCGGTAAAGATCCCTCATG-3′); and 18S (M11188: Forward, 5′-
ATTCCGATAACGAACGAGACT-3′; Reverse, 5′-AGCTTATGACCCGCACTTACT-3′).
18S was used as the normalization gene because it was found not to vary between control and
FR samples in kidney mRNA samples (data not shown).

Real-time PCR—Complementary DNA (cDNA) was generated from 5 μg of total RNA using
Superscript III reverse transcriptase kit (Invitrogen, Carlsbad, CA). The RNA was incubated
in 20 μL of a reverse transcription reaction mixture (1 × reverse transcription buffer, 6.25 mM
MgCl2, 10 mM DTT, 0.5 mM deoxyribonucleoside triphosphates, 50 ng random hexamers, 40
U RNaseOUT [RNase inhibitor], and 10 U Superscript III reverse transcriptase) at 50°C for
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50 minutes. PCR was performed in 96-well optical reaction plates (Applied Biosystems, Foster
City, CA) on cDNA equivalent to 500 ng RNA (50 ng for 18S reactions) in a volume of 25
μL that contained 1X reaction buffer (Eurogentec North American Inc, San Diego, CA), and
forward and reverse appropriate primers (300 nM). PCR was performed for respective mRNAs
and the 18S ribosomal RNA (normalization), with the ABI-Prism 7000 Sequence System
(Applied Biosystems) at the following conditions: 10 minutes at 95°C for 1 cycle, 15 seconds
at 95°C, and 1 minute at 60°C for 40 cycles. Three independent experiments for each RT-PCR
assay were performed, and all samples were run in triplicate with the means determined. Each
primer set was verified for similar efficiencies (90–110% range) of polymerization by using
10 fold dilutions of pooled e20 kidney cDNA and calculating the slope and efficiency based
on linear regression. The efficiency data were: PAX2, 90.0%, WT1, 91.0%, FGF2, 98.9%,
FGF7, 104.0%, BMP4, 105.7%, BMP7, 102.6%; WNT4, 90.9%; WNT11, 99.7%; cRET,
99.7%, GDNF, 104.9%; and 18S, 96.8%. Control PCR samples replaced cDNA with water
and gave a threshold level (CT) value of 40, which indicated no detectable PCR product. ABI
Sequence Detection System 1.6 software (Applied Biosystems) was used to select a threshold
level of fluorescence that was in the linear phase of the PCR product accumulation. Results
from the reverse transcription–PCR assay was determined as the difference between the CT
for a specific mRNA gene and the CT for a reference mRNA, normalized to 18S threshold
expression, and was expressed as fold change with the formula 2-ΔΔCT.26 Changes in gene
expression were then expressed as fold changes with control set + 1.0 for each mRNA. SEM
was determined based on the CT averages and proportionally transformed into fold changes.

Western blot
The primary and secondary antibodies were: Pax2 (Zymed 71–6000) Primary 1:400, Secondary
1:10000; FGF2 (Upstate 05-118): Primary 1:500, Secondary 1:10000. FGF7 (Santa Cruz
SC-7882): Primary 1:300, Secondary 1:25,000; cRET (Santa Cruz SC-167): Primary 1:500,
Secondary 1:10000; GDNF (Santa Cruz SC-328): Primary 1:500, Secondary 1:10000; WT1
(Santa Cruz SC-192): Primary 1:500, Secondary 1:10000; BMP7 (Santa Cruz SC-6899):
Primary 1:300, Secondary 1:10000; BMP4 (Santa Cruz SC-6896): Primary 1:200, Secondary
1:5000; WNT4 (Santa Cruz SC-13962): Primary 1:300, Secondary 1:10000; WNT11 (Santa
Cruz SC-23862): Primary 1:300, Secondary 1:10000. B-actin (Sigma A5441): Primary
1:10000, Secondary 1:10000. Secondary horse radish peroxidase conjugated antibodies were
anti-goat (Santa Cruz SC-2020), anti-rabbit (Bio-Rad 170–6515), and anti-mouse (Bio-Rad
170–6515). All commercial antibodies were optimized for binding specificity and bands
depicted have the expected molecular weights.

Protein extraction—Protein was extracted in radioimmuno precipitation assay (RIPA)
buffer that contained protease inhibitors (HALT cocktail, Pierce) by homogenization of frozen
kidneys on ice. Supernatants were clarified by 20 minute micro centrifugation at 12,000g.
Supernatant protein concentration was determined by bicinchoninic acid (BCA) solution
(PIERCE, Rockford, IL). Supernatants were frozen at −80°C until use.

Western Blot—Protein expression was analyzed as previously done by our group and each
blot was performed at least twice.27 4–6 samples were run for control and FR as detailed in
Figure 3. Equal amounts of protein (30 μg) were mixed with Criterion sodium dodecyl sulfate
sample buffer (Bio-Rad, Hercules, CA), boiled for 3 minutes, and separated on a Criterion 12%
Bis-Tris denaturing gel. The separated proteins were transferred electrophoretically to a
nitrocellulose membrane (Bio-Rad Laboratories) for 1.5 hours at 120 volts, 4°C. Nonspecific
antibody binding was blocked by incubation overnight at 4°C with 5% nonfat dry milk in Tris-
buffered saline solution containing 0.1% Triton X-100 (TBST; Bio-Rad). The membrane was
incubated with the appropriate primary antibody in 5% milk in TBST for one hour, washed 3
times for 10 minutes each with TBST+0.1% Triton X-100 at room temperature. Blots were
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incubated for 1 hour with anti-goat, anti-rabbit, or anti-mouse secondary antibodies depending
on the primary antibody, followed by washing as before and a final TBS only wash. SuperSignal
West Pico Chemiluminescent Substrate (Pierce) was used to detect the targeted protein. The
band density on the X-ray film was optically scanned and quantitated using Image J software,
version 1.37 (NIH, Bethesda, MD). Blots were stripped with Restore stripping buffer (Pierce),
reprobed and normalized to the reference protein (β-actin) and presented as fold change relative
to control level (Fold = 1.0).

Statistical analysis
Differences between control and FR groups were compared by unpaired t-test. P values <0.05
were considered significant. Means were transformed into fold changes and SEM were
expressed as a percentage proportional to the original mean and SEM.

Results
Expression of ureteric bud branching signaling growth factors

GDNF, a key mediator of UB branching is released from the mesenchyme and binds to its
heterodimeric receptor complex, cRET-GDFRα1, which in turn activates branching.28

Maternal FR was found to reduce both the mRNA (Figure 1) and protein (Figures 2 and 3)
expression of GDNF (mRNA 0.5 fold, p=0.03; protein 0.3 fold, p=0.03) whereas its receptor
on the UB, cRET, was not significantly modulated (mRNA 0.6 fold, p=0.17; protein 1.0 fold,
p=0.18).

Expression of factors controlling UB branching and mesenchymal transdifferentiation
WT1 is expressed in mesenchyme while Pax2 is found in mesenchyme and ureteric bud.29;
30 Both are involved in regulation of branching and mesenchymal to epithelial transformation.
Pax2, a transcriptional activator that is regulated by WT1, demonstrated significantly decreased
mRNA expression by half (0.5 fold, p=0.02) (Figure 1) with concomitant reduction in protein
expression (0.5 fold, p=0.03). In contrast, the transcriptional repressor WT1 was increased by
2.7 fold (p=0.01) for mRNA (Figure 1) and protein expression also changed significantly
(Figures 2 and 3) (1.5 fold, p=0.02,) in FR as compared to C e20 kidneys. WNT4 and WNT11,
transcription factors that are regulated by Pax2, were decreased in mRNA; 0.2 fold, p=0.04
and 0.5 fold, p=0.01, respectively (Figure 1). Protein expression also was significantly lower
for WNT4 (0.3 fold, p=0.001) and trended down but was not significant for WNT11 (0.5 fold,
p=0.06). FGF2 is critical for maintenance of the mesenchyme and had increased mRNA
expression (2.5 fold, p=0.05) although protein expression remained unchanged (0.7 fold,
p=0.25;). Growth factors BMP4 and FGF7 were reduced in mRNA expression by 0.2 fold
(p=0.05) and 0.5 fold (p=0.02), respectively (Figure 1). Protein expression for BMP4 and FGF7
also were reduced significantly (0.6 fold, p=0.02, 0.6 fold, p=0.001 respectively). (Figures 2
and 3). A negatively acting growth factor controlling branching, BMP7, was significantly
increased for mRNA at 6.7 fold (p=0.02) whereas the protein level trended higher at 2.0 fold
but was not statistically significant (p=0.32) (Figures 1, 2 and 3).

Comment
Previously, we and others have determined that restricted nutrition in both humans and animal
studies reduces the number of offspring nephrons.31–36 These findings suggest that maternal
FR impacts nephrogenesis during fetal development, which may lead to the higher incidence
of hypertension seen in the maternal FR rat model.35,37

Our study evaluated transcriptional and growth factor expression at e20, a time during which
ureteric bud branching and mesenchymal to epithelial transformation are ensuing. Maternal
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FR inhibition of UB branching was evidenced by a reduction in GDNF gene expression. The
importance of GDNF signal transduction to renal development is demonstrated in knock-out
mice, as well as in mice lacking its receptor, c-Ret, or its co-receptor, GDNFR-α1; these animals
have no kidneys as a result of a failure of UB outgrowth, while mice heterozygote for GDNF
have small kidneys with 30% fewer nephrons.38 This, together with the ability of ectopically
expressed or applied GDNF to induce the formation of supernumerary UBs from the Wolffian
Duct in explants of e10–11 urogenital regions39 or in vivo40 confirms the critical role of GDNF
in promoting UB outgrowth.

FGF7, a TGFβ family member, is strongly expressed in the developing rat kidney from e17
until birth,41 and also is important in branching morphogenesis.42 The RNA and protein
expression of FGF7 were reduced by maternal FR and also may contribute to a reduction in
ureteric bud branching and nephron number.

E20 kidney WT1 mRNA and protein are upregulated significantly while Pax2 mRNA and
protein are down-regulated, suggesting that the Pax2 cascade is suppressed by maternal FR.
WT1 inhibits transcription of Pax2,43;44 and may be, in part, responsible for its downregulation.
Others have reported a decrease in Pax2 mRNA expression by 1.4 fold in the rat growth
restricted fetus,45 and some Pax2 alleles in humans are associated with renal hypoplasia in
adults,46 which support our findings. WT1 inhibits and Pax2 upregulates transcription of
WNT4,47 and the observed dysregulation of these factors is associated with reduction in WNT4
RNA and protein, in this model.. The Wnt superfamily, are secreted glycoproteins that have
important regulatory functions during vertebrate embryonic development.48 WNT4, an
autocrine epithelializing signal, is expressed in several compartments in the developing
nephron and is necessary for nephron formation.48;49 Wnt signaling is considered sufficient
to trigger tubule development experimentally in the separated, uninduced kidney mesenchyme.
48 WNT4 binds to the frizzled family of transmembrane receptors, activates the canonical WNT
signaling pathway50,51 and activates mTOR, an important nutrient sensing pathway.52 The
importance of this transcription factor is evidenced by WNT4 null mice, which fail to
epithelialize the mesenchyme.53 Therefore, the observed significant decrease in WNT4 mRNA
and protein expression in the offspring of food restricted dams may play a key role resulting
in the reduced number of nephrons.

BMP4 is localized to the metanephric mesenchyme and functions to inhibit branching
morphogenesis possibly acting through a GDNF reduction mechanism at a specific point in
kidney nephrogenesis to contribute to lowered nephron number.54 BMP4 also prevents
apoptosis and promotes growth of the mesenchyme depending on the specific localization.55,
56 Mice heterozygote for BMP4 with reduced protein levels do not show abnormal ureteric
bud branching.55 In contrast, upregulation of BMP4 mRNA has been identified in offspring
of glucocorticoid treated spiny mouse dams in association with reduced nephron number.57

RNA and protein levels were significantly downregulated in the FR model, and the significance
of this reduction in BMP4 is uncertain; it may result in increased apoptosis and inhibit
mesenchymal growth although further studies in this area are needed.

We identified several factors in maternal FR offspring with dysregulated mRNA levels for
which associated protein expression was not significantly different. The lack of change in
protein expression or discrepant mRNA and protein level findings for these factors may be due
to compensatory mechanisms present at e20 versus earlier points in fetal kidney development.
It is possible that protein translation, post-translational modification, and degradation, may
influence the level of a protein present within the kidney. Additionally, gene expression and
protein concentrations may vary within the different compartments of the developing kidney
and during the different stages of development. Changes in nuclear proteins may not be fully
reflected in analysis of whole tissue homogenates. Further studies localizing these factors
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during renal development may help elucidate the significance of these changes. Finally, a
confounding factor in this study is the lack of stratification of the e20 kidneys by sex. There is
evidence that male offspring are more affected by maternal FR than females.36 Separate
assessment of embryonic kidneys by gender and with larger cohorts may uncover additional
significant aberrations in growth and signaling factor mRNA levels and proteins during renal
development.

In conclusion, in this study we have identified maternal FR-induced dysregulation of GDNF,
WT1, Pax2, WNT4, BMP4 and FGF7, factors impacting ureteric bud branching and
mesenchymal to epithelial transformation in the developing fetal kidney at embryonic day 20.
Our previous work has identified dysregulated TGF-β receptor 1 in the kidney earlier in
nephrogenesis at embryonic day 16.58 These data suggest that dysregulation of critical renal
genes at different stages of development is a key mechanism of the nephropenia induced by
maternal FR. Further studies elucidating this process will provide additional insights into our
understanding of reduced nephron number associated with fetal growth restriction. This is
necessary to develop appropriately timed interventions to correct this maladaptive
programming.
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Figure 1.
Fetal kidney maternal FR mRNA expression. Fold change in mRNA expression compared with
controls. Control fold = 1.0 *p<0.05, **p<0.01. Error bars represent SEM of the fold change.
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Figure 2.
Fetal kidney maternal FR protein expression. Fold change in protein expression compared with
controls. Control fold = 1.0 *p<0.05, **p<0.01, ***p<0.001. Error bars represent SEM of the
fold change.

Abdel-Hakeem et al. Page 12

Am J Obstet Gynecol. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Representative Western blots of fetal kidney maternal FR protein expression. Blots represented
control samples (left hand panels) and FR samples (right hand panels). 4–6 pooled samples per
blot.
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