
WT-1 mRNA expression is modulated by nitric oxide availability
and Hsp70 interaction after neonatal unilateral ureteral
obstruction

LUCIANA MAZZEI1
,
, ISABEL MERCEDES GARCÍA1, VALERIA CACCIAMANI1, MARÍA EUGENIA BENARDÓN1

AND WALTER MANUCHA1, 2, 3

1. Área de Fisiopatología, Departamento de Patología. Facultad de Ciencias Médicas. Universidad Nacional de Cuyo. Mendoza.
2. IMBECU-CONICET (National Council of Scientific and Technical research of Argentina)
3. Área de Farmacología, Departamento de Patología. Facultad de Ciencias Médicas. Universidad Nacional de Cuyo. Mendoza.

Key words: obstructive nephropathy, apoptosis, statins, kidney development

ABSTRACT: Wilms tumor gene 1 (wt-1), a key regulator of mesenchymal-epithelial transformation, is
downregulated during congenital obstructive nephropathy, leading to apoptosis. There is a functional interac-
tion between WT-1 and inducible nitric oxide synthase (iNOS). In this regard, we reported that after neonatal
unilateral ureteral obstruction, rosuvastatin prevents apoptosis through an increase in nitric oxide bioavailability,
which in turn is linked to higher Hsp70 expression. Hence, the goal of this study was to determine whether a
nitric oxide/Hsp70 interaction is involved in changes in WT-1 mRNA expression after ureteral obstruction.
Neonatal rats submitted to experimental ureteral obstruction were treated with either vehicle or rosuvastatin
for 14 days. Decreased nitric oxide and iNOS/Hsp70 expression associated with WT-1 low expression was
shown in obstructed kidneys. Apoptosis was induced and it was associated with an increased Bax/BcL

2 
ratio.

Conversely, iNOS/Hsp70 upregulation and an increased WT-1 mRNA expression, without an apoptotic re-
sponse, were observed in the cortex of obstructed kidneys of rosuvastatin-treated rats. Nitric oxide also modu-
lated Hsp70 and WT-1 mRNA expression in MDCK cells. Finally, in vivo experiments with nitric oxide
modulators support our hypothesis that WT-1 mRNA expression is associated with nitric oxide level. Results
suggest that rosuvastatin may modulate WT-1 mRNA expression through renal nitric oxide bioavailability,
preventing neonatal obstruction-induced apoptosis associated with Hsp70 interaction.

Introduction

Although congenital obstruction is the primary
cause of end-stage renal disease in children, the mecha-
nisms underlying chronic obstructive nephropathy have
not yet been completely elucidated. Relating changes

in gene expression to phenotypic patterns in human
congenital obstructive nephropathy represent an advance
in the identification of the genes/proteins that play im-
portant roles (Trnka et al., 2010). Wilms tumor gene
(wt-1) identified as missing or mutated in embryonic
kidney cancer cells (Buckler et al., 1991), appears to be
the main determinant for initiating epithelial mesenchy-
mal transformation. In situ hybridization studies have
shown that wt-1 is selectively expressed in the meta-
nephric blastema and glomerular epithelium during
embryonic and fetal development (Pritchard-Jones et
al., 1990), suggesting that wt-1 is involved in regulat-
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ing proliferation and cell differentiation. Changes in wt-
1 expression pattern during ontogenesis suggest a sig-
nificant role both during embryonic, as well as during
fetal and postnatal, urogenital development.

Studies in neonatal rats may provide insight into the
functional development of the kidney, since nephrogenesis
continues at a rapid pace up to day 8 after birth and is
virtually complete by days 14-19. In this regard, experi-
mentally induced unilateral ureteral obstruction has
emerged as an interesting model for studying neonatal
hydronephrosis and for the assessment of potential thera-
peutic approaches. This model mimics, in an accelerated
manner, the different stages of human neonatal hydro-
nephrosis leading to tubulointerstitial fibrosis, apoptosis,
epithelial-mesenchymal transition and tubular atrophy.
Thus, unilateral ureteral obstruction in neonatal rats im-
pairs nephrogenesis, glomerular maturation, and tubular
cellular proliferation (Chevalier, 1998). The younger the
age unilateral ureteral obstruction is performed, the more
severe is the growth impairment of the ipsilateral kidney
(Chevalier et al., 2002).

Unilateral ureteral obstruction results in altered cell
proliferation and apoptosis in the neonatal rat kidney.
These processes also occur in the developing obstructed
human kidney. They are mediated by complex signal-
ing pathways, including the heat shock protein response
associated with nitric oxide (NO) interaction (Chan et
al., 2001). Many signals may positively or negatively
affect the rat kidney after unilateral ureteral obstruction
by altering regulatory proteins that initiate apoptosis and
inducing changes in mitochondrial function (Manucha,
2007). Nitric oxide is able to either induce or inhibit
apoptosis in different circumstances (Kim et al., 1999),
while factors such as BcL

2
 have an anti-apoptotic ef-

fect. We aimed at characterizing alterations of the ma-
jor modulators of mitochondrial apoptotic factors in-
duced by neonatal unilateral ureteral obstruction in the
rat kidney. Furthermore, we studied the effect of
rosuvastatin treatment on animals subjected to unilat-
eral ureteral obstruction, since previous studies have
shown rosuvastatin protection against podocyte
apoptosis in vitro (Cormack-Aboud et al., 2009).

WT-1 is decreased in obstructive nephropathy, and
this decrease promotes apoptosis. Obstructive nephropa-
thy is also associated with down expression of genes
related to renal vascular development as renin and an-
giotensin II AT

2
 receptor (Liapis, 2003). We have shown

that selective blockade of angiotensin II AT
1
 receptor

decreases renal interstitial fibrosis in unilateral ureteral
obstruction, and this effect is associated with inducible
nitric oxide synthase (iNOS) activity and expression

(Manucha et al., 2004) as well as with Hsp70 expres-
sion (Manucha et al., 2005). In addition, Hsp70 is in-
volved in cellular signaling pathways related to
apoptosis, protein folding, and membrane translocation
and in modulating the activity of tumor suppressor pro-
teins, including p53 and WT-1 (Maheswaran et al.,
1998). Johannesen et al. (2003) have shown functional
interactions between the gene promoter of the main
source of nitric oxide (iNOS) and WT-1, and a modula-
tory role of nitric oxide in the proliferation of T cells
expressing WT-1 has been suggested (Marcet-Palacios
et al., 2007). Interestingly, a cytoprotective role of ni-
tric oxide associated with Hsp70 expression in neona-
tal hydronephrosis was recently shown (Manucha and
Vallés, 2008).

A 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitor, rosuvastatin, has a protective effect against
podocyte apoptosis in vitro (Cormack-Aboud et al.,
2009). Renoprotection by statins has been recently as-
sociated with increased nitric oxide availability (Zhou
et al., 2008). Previously, nitric oxide was thought to
participate in tissue-specific cell maturation (Vasil´eva
et al., 1997). However there is a paucity of information
concerning possible interactions between nitric oxide
and expression of genes linked to kidney development
and function, like wt-1.

Therefore, the purpose of this work was to evalu-
ate wt-1 expression associated with nitric oxide
bioavailability and Hsp70 interaction in apoptosis in-
duction, using the neonatal unilateral ureteral obstruc-
tion model and renal epithelial cell cultures. Addition-
ally, we aimed at characterizing alterations of the major
modulators of mitochondrial apoptotic factors induced
by neonatal unilateral ureteral obstruction, and studied
the effect of rosuvastatin on this condition.

Materials and Methods

All experimental procedures were previously ap-
proved by the Ethical Committee on Laboratory Animal
Research at the Cuyo University School of Medicine,
Mendoza (IACUL A5780-01), in accordance with guide-
lines of the CEEA (Committee of Ethical Animal Ex-
perimentation of Argentina).

Animal’s surgery and rosuvastatin treatment

Wistar Kyoto male and female rats were submitted
to sham operation or complete unilateral ureteral ob-
struction within 48 hours after birth. Under isoflurane
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anesthesia, the abdomen was surgically opened by a left
lateral incision, the left ureter was exposed and ligated
with a 6.0 silk suture. The incision was closed in a single
layer. Pups recovered on a warmed surface and were
returned to their mothers. All neonatal rats were treated
once daily via gavage by means of a 24-gauge x 2-cm
catheter (needle discarded) with either vehicle or 10 mg/
kg/day rosuvastatin (Sigma, St. Louis, MO, USA). Ani-
mals were killed with pentobarbital 14 days after the
operation. Successful ureteral ligation was confirmed
at death. Both kidneys from obstructed animals and the
left kidney of the control group were decapsulated, re-
moved, and weighed.

Identification of cellular apoptosis: TUNEL technique

After the digesting and quenching steps, equili-
bration buffer was applied directly to tissue sections
and working strength TdT enzyme was then applied
directly. A biotin-conjugated anti-digoxigenin antibody
(Sigma) was used. Afterwards tissue sections were in-
cubated with biotinylated anti-mouse IgG (Dako,
Carpinteria, CA, USA) at 1:100 dilution for 45 min at
room temperature and later with peroxidase-labeled
streptavidin (strept AB Complex/HRP, Dako) at 1:100
dilution for 45 min at room temperature. After a brief
wash, 3.3'-diaminobenzidine tetrahydrochloride (0.5

TABLE 1.

Primers designed from rat sequences for RT-PCR

Primer Sequence Annealing Predicted Product
Size, (bp)

WT-1
Antisense 5´-GACCTGAACGCGCTGCTG-3´ 52ºC 240/246*

Sense 5´-CTGCTCCTCGTGCGGCTC-3´

p53
Antisense 5´-TCTGTCATCTTCCGTCCCTTC TC-3´ 52ºC 547

Sense 5´-AACACGAACCTCAAAGCTGCTGTCCCG-3´

iNOS
Antisense 5´-GCATGGACCAGTATAAGGCAAGCA-3´ 55ºC 222

Sense 5´-GCTTCTGGTCGATGTCATGAGCAA-3´

Hsp70
Antisense 5´-CCGCCTACTTCAACGACTC-3´ 56ºC 291

Sense 5´-TCTTGAACTCCTCCACGAAG-3´

BcL2
Antisense 5´-CTTGTGGCCCAGGTATGC-3´ 59ºC 708

Sense 5´-ATGGCGCAAGCCGGGAGAA-3

Bax
Antisense 5´-TCAGCCCATCTTCTTCCAGAT-3´ 59ºC 550

Sense 5´-ATGGACGGGTCCGGGGAGC-3´

β-Actin
Antisense 5´-GTGCCACCAGACAGCACTGTGTTG-3´ 65ºC 201

Sense 5´-TGGAGAAGAGCTATGAGCTGCCTG-3´
* 246 bp are predicted product size in canine (MDCK cell)
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mg/ml)/H
2
O

2
 (0.01%) was added. Sections from invo-

luting prostates (n = 2) were used as a positive control.
For quantification of apoptotic epithelial cells in cross
sectioned cortex areas, ten consecutive fields were ran-
domly selected and evaluated at 400X, on a 10 x 10
grid using an image analyzer (Scion Image for Win-
dows, Scion Corporation USA).

RT-PCR for WT-1, p53, iNOS, Hsp70, BcL
2 
and Bax

Total RNA was obtained by using Trizol reagent
(Gibco BRL). One microgram of total RNA was dena-
tured in the presence of 0.5 μg/50μl Oligo (dT)

15 
primer

and 40 U recombinant ribonuclease inhibitor RNasin
(Promega, USA). Reverse transcription was performed
using 200 units of reverse transcriptase M-MLV RT in
reaction buffer, 0.5 mM dNTPs each, and incubated for
60 min at 42ºC. The cDNA (10 μl) was amplified by
polymerase chain reaction (PCR) in standard conditions.
Each sample was processed for

 
WT-1, p53, iNOS, Hsp70,

BcL
2
, Bax and β-actin with primers indicated in Table 1.

Specific signals were standardized against β-actin signal
for each sample, and results were expressed as a ratio
(relative densitometry units or RDU). To ensure that PCR
was performed in the linear amplification range, samples
were taken after 20, 25, 30, 35 and 40 cycles. The reac-
tion was linear over this range for WT-1 (r=0.93), p53
(r=0.90), iNOS (r=0.91), Hsp70 (r=0.92), BcL

2 
(r=0.89),

Bax (r=0.90) and β-actin (r=0.85).

Determination of nitrite levels

Nitrite levels were measured in renal cortex and
epithelial cell lysates according to Griess (1864), with
minor modifications. Homogenates from renal cortex
tissue and epithelial cells were centrifuged at 6,400 rpm

for 20 minutes; 100 μl supernatants were used for the
NO production assay. The amount of NO

2
- was adjusted

according to the protein amount by the Bradford method.
Nitrite was measured by a spectrophotometer Shimadzu
UV-160 (Shimadzu Corporation, Kyoto, Japan) at a
wavelength of 540 nm. The NO

2
- present was expressed

as nmol of nitrite generated per μg protein per 100 μl
homogenate.

Kidney epithelial cell culture

Madin-Darby canine kidney (MDCK) cells were
cultured in Dulbecco´s Modif ied Eagle Medium
(GibcoTM) to which 10% fetal bovine serum (FBS) was
added. The medium was supplemented with bicarbon-
ate, glutamine and penicillin-streptomycin (50 μg/ml).
Following passage, the number of viable cells was de-
termined by the trypan blue exclusion method. Cell
counts were calculated on the average of six separate
readings and expressed in millions per ml (106 cells/
ml). After 80% confluence, cells were placed in qui-
escence (0.1% FBS) for 24 hours. Immediately, the
pharmacological protocol was started. NG-nitro-L-
arginine methyl ester (1 mmol/l), L-arginine (1 mmol/
l) and sodium nitroprusside (0.15 and 0.25 mmol/l)
were added to the culture medium for 72 hours. The
culture medium containing the drugs was replaced
every 24 hours. All treatments were done in triplicate,
and all experiments were replicated three to five times.
The experimental time was set at 72 hours because
MDCK cells showed a log phase of 2 days during which
cell concentration decreased to 100,000 cells/ml. Af-
ter this log phase, cells entered the exponential growth
phase with a mean doubling time of 12 hours. Cells
were collected for total RNA isolation and nitric ox-
ide analysis by Griess reaction.

TABLE 2.

Kidney mass/body mass in obstructed and sham-operated rats (5 per group).
Values are mean ± SEM (n = 5).

Control + Obstructed +
Control Obstructed

rosuvastatin  rosuvastatin
(mg/g) (mg/g)

(mg/g) (mg/g)

6.50 ± 0.20 6.15 ± 0.18 5.60 ± 0.15** 5.80 ± 0.22*

** obstructed rats vs. control, p<0.01, 14 days after operation.
*  rosuvastatin-treated obstructed rats vs. non-treated obstructed rats, p<0.05, 14 days after operation.
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“In vivo” administration of L-arginine and NG-nitro-
L-arginine methyl ester in neonatal unilateral ureteral
obstruction

In order to test whether WT-1 mRNA expression is
modulated by nitric oxide levels associated to stimula-
tion of Hsp70, NG-nitro-L-arginine methyl ester (50 mg/
kg/day) (Kawaguchi et al., 1999) or L-arginine (100 mg/
kg/day) (Schlaich et al., 2007) was administrated by
gavage for 14 days to neonatal rats previously subjected
to sham operation or complete unilateral ureteral ob-
struction within the first 48 hours of life.

Statistical analysis

Results are given as mean ± standard error of mean
(SEM). Comparisons between groups were assessed by
one-way analysis of variance followed by Bonferroni’s
test. A p<0.05 was considered to be signif icant.
GraphPad InStat version 3.00 for Windows 95 (Graph
Pad Software, Inc, San Diego, CA, USA) was used.

Results

Kidney mass / body mass ratio

As shown in Table 2, there was a significant de-
crease in kidney mass/body mass ratio in the obstructed
vs. the control group (5.60 ± 0.15 vs. 6.50 ± 0.20).
Rosuvastatin treatment for 14 days attenuated this ef-
fect (5.80 ± 0.22 vs. 5.60 ± 0.15, treated obstructed kid-
neys compared with non-treated obstructed kidneys,
respectively). In non-obstructed rats, no difference in
kidney mass/body mass ratio was observed following
14 days of rosuvastatin treatment when compared to the
control group (6.15 ± 0.18 vs. 6.50 ± 0.20).

Rosuvastatin effect in mitochondrial apoptosis modu-
lation during neonatal unilateral ureteral obstruction

Figure 1 shows that mRNA Bax/BcL
2
 ratio was sig-

nificantly raised in renal cortex from neonatal unilat-
eral ureteral obstruction for 14 days related to control
(1.20 ± 0.03 vs. 0.80 ± 0.05). Conversely, in rats with
unilateral ureteral obstruction, cortex fractions from
rosuvastatin-treated animals showed a decreased mRNA
Bax/BcL

2
 ratio compared with vehicle-treated animals

(0.60 ± 0.10 vs. 1.20 ± 0.03). Also, figure 2 shows in
parallel histological studies an increased number of con-
firmed TUNEL-positive apoptotic cells and stronger

apoptosis molecular markers in tubular epithelial cells
from cortex of vehicle-treated obstructed animals com-
pared to control (18 ± 6 vs. 3.50 ± 0.15). In obstructed
rats, TUNEL-positive apoptotic cells were significantly
less in rosuvastatin-treated animals compared with ve-
hicle-treated animals (7 ± 2 vs. 18 ± 6).

WT-1 and p53 RT-PCR expression in neonatal unilat-
eral ureteral obstruction

Figure 3 shows a large decline in WT-1 mRNA
expression in renal cortex from neonatal unilateral ure-
teral obstruction for 14 days compared to control (0.50
± 0.05 vs. 0.90 ± 0.05), as well as a significant reduc-
tion in p53 expression (0.55 ± 0.04 vs. 0.80 ± 0.04).
Rosuvastatin treatment significantly reversed the de-
crease in WT-1 and p53 mRNA expression associated
with obstruction (0.85 ± 0.06 vs. 0.50 ± 0.05 and 0.95
± 0.05 vs. 0.55 ± 0.04, respectively). No difference
was observed in WT-1 mRNA expression between
rosuvastatin-treated control and untreated control ani-
mals (0.92 ± 0.04 vs. 0.90 ± 0.05) but p53 was in-
creased in the former (1.20 ± 0.06 vs. 0.80 ± 0.04).

FIGURE 1. Mitochondrial apoptotic pathway induction in

rosuvastatin-treated rats with obstructed kidneys. Bax/BcL
2

RT-PCR expression.Induction of mRNA expression for BcL
2

and Bax and the ratio of mRNA Bax / mRNA BcL
2
 in obstructed

kidney cortexes with and without rosuvastatin treatment. Top

panel: Representative gels of BcL
2
 and Bax mRNA. The cor-

responding housekeeping β-actin is included below (A). Bot-

tom panel: Histograms show the relative concentration of

mRNAs for BcL
2
 and Bax to β-actin mRNA. Increased Bax /

BcL
2
 ratio in OC vs. CC, ** p<0.01. Rosuvastatin decreased

Bax / BcL
2
 ratio in OCRos vs. OC, ** p<0.01 (B). Data repre-

sent the mean ± SEM of five independent experiments.
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Nitric oxide bioavailability is associated with
rosuvastatin treatment during neonatal unilateral ure-
teral obstruction

As shown in Figure 4, there is a low iNOS mRNA
expression in obstructed cortex compared with control
cortex (0.30 ± 0.03 vs. 0.75 ± 0.05). Meanwhile, in ob-
structed animals, iNOS mRNA expression in the cortex
was significantly higher in rosuvastatin-treated rats (0.83
± 0.06 vs. 0.30 ± 0.03). In addition, decreased nitrite lev-
els were shown in obstructed cortex related to control
cortex (40 ± 7 vs. 80 ± 7 nmol NO

2
 generated / μg pro-

tein / 100 μl homogenate). Pre-treatment with rosuvastatin
enhanced nitrite levels in obstructed cortex versus ve-
hicle treated obstructed rats (78 ± 6 vs. 40 ± 7 nmol NO

2

generated / μg protein / 100 μl homogenate). FIGURE 2. Histologic sections of neonatal cortex kidney fol-

lowing unilateral obstruction for 14 days. Rosuvastatin

cytoprotective effect.Localization of apoptotic nuclei by TdT-

uridine-nick-end-labeling technique: apoptotic nuclei appear

as heavy brown-staining nuclei in tubule epithelial cells (ar-

rows).

Fourteen day kidney cortex from non-treated (A) and

rosuvastatin-treated sham rats (B). Apoptotic cells are rarely

seen in tubule epithelial cells. Fourteen days after ipsilateral

obstruction in cortex kidney, apoptotic nuclei appear as heavy

brown-staining nuclei in dilated cortical collecting ducts and in

lesser proportion in proximal tubules (C). Slight increase of

apoptotic cells in epithelium from dilated cortical collecting

ducts and proximal tubules, in kidney cortex from rosuvastain-

treated UUO rats (D). Bar = 100 μm in A, B, C and D.

FIGURE 3. WT-1 and p53 RT-PCR expression in neonatal

unilateral ureteral obstruction. Rosuvastatin effect

A-Representative gels of WT-1 (240bp) and p53 (547bp)

mRNA in cortex from obstructed and sham rats pretreated

with rosuvastatin; are shown. The corresponding housekeep-

ing β-actin is included below.

B-Graphical representation of WT-1/β-actin mRNA ratio and

p53/β-actin mRNA ratio showed lower mRNA expression in

14 day obstructed cortex (OC) vs control cortex (CC),

(**p<0.01, in both). Conversely, after rosuvastatin treatment

higher WT-1 mRNA expression and p53 mRNA expression

were shown in OCRos vs OC, (**p<0.01, in both). In addi-

tion, p53 mRNA was inducted in cortex from sham rats pre-

treated with rosuvastatin (CCRos vs CC, **p<0.01). Results

are means ± SEM of five independent observations.

Rosuvastatin and heat shock response during neonatal
unilateral ureteral obstruction

In figure 5, a lower Hsp70 expression can be seen
in obstructed cortex from non-treated rats compared to
control rats (0.35 ± 0.05 vs. 0.95 ± 0.05). In contrast, an
increase in Hsp70 expression was found when compar-
ing cortex from obstructed rats between those pretreated
with rosuvastatin vs. untreated ones (0.96 ± 0.11 vs.
0.35 ± 0.05). No difference was found between
rosuvastatin-treated control and untreated control (0.96
± 0.06 vs. 0.95 ± 0.05).

Nitric oxide bioavailability modulates Hsp70 and WT-1
mRNA expression in MDCK cells

As shown in figure 6, nitric oxide level measured
as nitrite was markedly low when MDCK cells were
treated with NG-nitro-L-arginine methyl ester (nitric
oxide inhibitor) for 72 hours (15 ± 5 vs. 150 ± 20 nmol
NO

2
 generated / μg protein / 100 μl homogenate). Con-
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FIGURE 4. Nitric oxide bioavailability is associated

with rosuvastatin treatment during neonatal unilateral

ureteral obstruction. Endogenous nitric oxide genera-

tion and iNOS expression in kidney cortex after 14

days of unilateral ureteral obstruction. A- Represen-

tative gel of iNOS mRNA in control and obstructed

kidney cortexes after rosuvastatin treatment. House-

keeping gene β-actin expression is shown in the line

below, in the same order as the densitometry bars.

B-Graphical representation of iNOS/β-actin mRNA

ratio showed a decreased expression of iNOS isoform

in obstructed cortex (OC) vs control cortex (CC)

(***p<0.001) after 14 days of obstruction. Contrarily,

increased iNOS expression from rosuvastatin-treated

obstructed rats (OCRos) compared to obstructed

cortex (OC); (***p<0.001), was shown.

C- Measurement of nitrite generated (nmol NO
2
 gen-

erated/mg protein/100 μl homogenate). Following 14

days of obstruction decreased nitrites in OC vs. CC

(***p<0.001). Obstructed cortex from neonatal rats

pretreated with rosuvastatin resulted in higher nitrite

levels related to obstructed non-treated rats

(***p<0.001).

Results are means ± SEM of five independent ob-

servations.

versely, L-arginine (nitric oxide-inducing amino acid),
increased nitrite level over that of control MDCK cells
(200 ± 15 vs. 150 ± 20 nmol NO

2
 generated / μg protein

/ 100 μl homogenate). The nitric oxide donor sodium
nitroprusside very significantly increased nitrite levels
in MDCK cells (230 ± 20 vs. 150 ± 20 nmol NO

2
 gener-

ated / μg protein / 100 μl homogenate) when  present at a
concentration of 0.25 mmol/L.  However, it had no sig-
nificant effect at 0.15 mmol/L (170 ± 15 vs. 150 ± 20
nmol NO

2
 generated / μg protein / 100 μl homogenate).

FIGURE 5. Heat shock response in rosuvastatin-treated neo-

natal unilateral ureteral obstruction. mRNA expression of

Hsp70. A-Representative gel of Hsp70 (291bp) mRNA in cor-

tex from obstructed and sham rats pretreated with rosuvastatin

are shown. The corresponding housekeeping β-actin is in-

cluded below. B-Graphical representation of Hsp70/β-actin

mRNA ratio showed lower mRNA expression in 14 day ob-

structed cortex (OC) vs control cortex (CC) (***p<0.001). Con-

versely, after rosuvastatin treatment higher Hsp70 mRNA ex-

pression were shown in OCRos vs OC (***p<0.001). Results

are means ± SEM of five independent observations.

FIGURE 6. Nitric oxide bioavailability in MDCK cells. A-The

bar represents nitrite levels in 72 hours of control MDCK cells.

B-The bar represents nitrite levels in 72 hours of NG-nitro-L-

arginine methyl ester treated MDCK cells. Nitrite measure-

ments were diminished when MDCK cells were NG-nitro-L-

arginine methyl ester treated versus control MDCK cells (***

p<0.001). C-The bar represents nitrite levels in 72 hours of

L-arginine treated MDCK cells. L-arginine reversed nitrite lev-

els on top of the control MDCK cells (**p<0.01).

D-The bar represents nitrite levels in 72 hours of sodium ni-

troprusside (0.15 mmol/L) treated MDCK cells. No difference

in sodium nitroprusside 0.15 mmol/L treatment MDCK cells

with respect to control MDCK cells p=ns was shown. E-The

bar represents nitrite levels in 72 hours of sodium nitroprus-

side (0.25 mmol/L) treated MDCK cells. The nitric oxide do-

nor at 0.25 mmol/L significantly increased the nitrite levels in

MDCK cells with respect to controls non-treated (***p<0.001).

Results (A, B, C, D, and E) are means ± SEM of three inde-

pendent observations.
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On the other hand, figure 7 shows that Hsp70 mRNA
expression was significantly decreased when MDCK cells
were treated with NG-nitro-L-arginine methyl ester (0.32
± 0.05 vs. 0.85 ± 0.03). L-arginine treatment did not alter
Hsp70 expression (0.83 ± 0.04 vs. 0.85 ± 0.03). Like-
wise, no significant differences in Hsp70 expression was
found when cells were treated for 72 hours with sodium
nitroprussideat any concentration (0.75 ± 0.05 vs. 0.85 ±
0.03 for 0.15 mmol/L and 0.79 ± 0.02 vs. 0.85 ± 0.03 for
0.25 mmol/L,  respectively).

Figure 8 shows that WT-1 mRNA expression was
decreased in MDCK cells treated with NG-nitro-L-argi-
nine methyl ester (0.40 ± 0.04 vs. 0.80 ± 0.05), while
L-arginine had no significant effect (0.90 ± 0.07 vs. 0.80
± 0.05). Nevertheless, sodium nitroprusside treatment
at both concentrations promoted an increase in WT-1
mRNA expression in MDCK cells (1.05 ± 0.07 vs. 0.80
± 0.05 for 0.15 mmol/L and 0.98 ± 0.06 vs. 0.80 ± 0.05
for 0.25 mmol/L).

In vivo administration of L-Arginine and NG-nitro-L-
arginine methyl ester in unilateral ureteral obstruction.
Effects on WT-1 mRNA expression in obstructed cortex
from neonatal rats

In vivo administration of L-Arginine for 14 days
resulted in higher nitrite levels (95 ± 6 vs 75 ± 4 nmol
NO

2
 generated / μg protein / 100 μl homogenate), in-

creased WT-1 mRNA expression (1.22 ± 0.06 vs 0.90 ±
0.05) and higher Hsp70 mRNA expression levels (1.1 ±
0.06 vs 0.95 ± 0.04) in control cortex homogenates (Fig.
9). Since data showed that L-Arginine induced Hsp70 /
WT-1 expression, whether pre-treatment with L-Argin-
ine in the obstructed cortex homogenate resulted in WT-
1 and Hsp70 mRNA modulation was next assessed.

Obstructed kidney homogenates showed higher ni-
trite levels (73 ± 5 vs 45 ± 5 nmol NO

2
 generated / μg

protein / 100 μl homogenate), increased WT-1 mRNA
expression (0.92 ± 0.06 vs 0.61 ± 0.04), as well as higher
Hsp70 mRNA expression (1.00 ± 0.06 vs 0.65 ± 0.04)
in L-Arginine pretreated animals.

FIGURE 7. Nitric oxide bioavailability modulates Hsp70

expression in MDCK cells. A-Representative blot of

Hsp70 (291bp) mRNA in control (A), NG-nitro-L-argi-

nine methyl ester (B), L-arginine (C), sodium nitroprus-

side 0.15 mmol/L (D) and sodium nitroprusside 0.25

mmol/L (E) MDCK cells treated, are shown. The cor-

responding housekeeping β-actin is included below.

B-Graphical representation of Hsp70/β-actin mRNA

ratio. Hsp70 mRNA expression was significantly de-

creased when MDCK cells were treated with NG-ni-

tro-L-arginine methyl ester with respect to non-treated

MDCK cells (***p<0.001) (B). Whereas L-arginine treat-

ment did not alter the Hsp70 expression compared to

untreated MDCK cells, p=ns (C). No differences were

observed in Hsp70 expression when cells were treated

with sodium nitroprusside at any dose compared to

the non-treated MDCK cells, p=ns (D and E). Results

(A, B, C, D, and E) are means ± SEM of three inde-

pendent observations.

FIGURE 8. Nitric oxide bioavailability modulates WT-1

expression in MDCK cells. A-Representative blot of WT-

1 (246bp) mRNA in control (A), NG-nitro-L-arginine me-

thyl ester (B), L-arginine (C), sodium nitroprusside 0.15

mmol/L (D) and sodium nitroprusside 0.25 mmol/L (E)

MDCK cells treated, are shown. The corresponding

housekeeping β-actin is included below. B-Graphical rep-

resentation of WT-1/β-actin mRNA ratio. WT-1 mRNA

expression was significantly decreased when MDCK cells

were treated with NG-nitro-L-arginine methyl ester with

respect to non-treated MDCK cells (***p<0.001) (B). No

difference in L-arginine treated MDCK cells with respect

to control MDCK cells, p=ns (C), was shown. Sodium ni-

troprusside (0.15 mmol/L and 0.25 mmol/L) promoted a

significant increased in WT-1 expression in MDCK cells

compared to untreated MDCK cells (***p<0.001 and

**p<0.01 (D and E), respectively). Results (A, B, C, D, and

E) are means ± SEM of three independent observations.
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Conversely, treatment of control rats with NG-ni-
tro-L-arginine methyl ester was associated with lower
nitrite levels (48 ± 7 vs 75 ± 4 nmol NO

2
 generated / μg

protein / 100 μl homogenate), decreased WT-1 mRNA
expression (0.43 ± 0.03 vs 0.9 ± 0.05) and lower Hsp70
mRNA expression (0.75 ± 0.05 vs 0.95 ± 0.04). Ob-
structed kidney homogenates from NG-nitro-L-argin-
ine methyl ester-pretreated rats showed lower nitrite lev-
els (35 ± 4 vs 45 ± 5 nmol NO

2
 generated / μg protein /

100 μl homogenate), WT-1 mRNA expression (0.40 ±
0.02 vs 0.61 ± 0.04) and Hsp70 mRNA expression (0.35
± 0.03 vs 0.65 ± 0.04).

Discussion

Changes in gene expression patterns during devel-
opment and maturation of the kidney modulate a series
of events that are responsible for extraordinary struc-
tural and functional complexity. Congenital obstructive
nephropathy disrupts normal renal development and
causes chronic progressive interstitial fibrosis, which

contributes to renal growth arrest, ultimately leading to
chronic renal failure. Therefore, renal growth and de-
velopment are severely affected by obstructive injury
through complex interactions among regulators of cell
proliferation and apoptosis. A large number of cell types
present in the early embryonic kidney are not found at
later stages of development, with apoptosis as the main
mechanism for cell selection. Normal kidney develop-
ment requires the conversion of mesenchymal cells into
polarized epithelial cells (Ekblom, 1989), an exceptional
process during nephrogenesis. Many genes play relevant
functions in kidney development. The wt-1 gene is ex-
pressed in a large variety of embryonic tissues, suggest-
ing that it is involved in a wide spectrum of develop-
mental events. In addition, wt-1 appears to be the key
determinant of the startup sequence for mesenchymal-
epithelial conversion, and it was identified as missing
or mutated in embryonic kidney cancer cells (Buckler
et al., 1991). WT-1 is a Cys-His zinc finger polypeptide
which appears to be a transcription factor controlling
gene expression during embryonic kidney development.
One of the more significant results in the field of renal
development was the finding that knocking out the wt-
1 gene in mice results in anephric animals (Kreidberg
et al., 1993).

During congenital obstructive nephropathy, major
regulators of mesenchymal-epithelial transformation
and renal tubular development, such as wt-1 and sall1,
are decreased (Liapis, 2003). However, the exact mecha-
nisms of these decreases are not yet known; much less
which additional factors might be implicated in the natu-
ral course of congenital obstructive nephropathy. In this
setting, we propose that WT-1 mRNA expression may
be involved. The present work was designed to evaluate
and discuss these topics of interest, highlighting that
WT-1 mRNA expression might be modulated by nitric
oxide availability and Hsp70 interaction in the context
of neonatal unilateral ureteral obstruction.

It has been hypothesized that nitric oxide may par-
ticipate in the maintenance of renal function and in the
maturation of developing kidneys (Elli et al., 2005;
Forbes et al., 2007). Nitric oxide bioavailability has been
associated to renoprotection by statins (Zhou et al.,
2008). Moreover, rosuvastatin (hydrophilic statin) may
have potential utility as a therapeutic option in renal dis-
eases that are characterized by inflammation and fibro-
sis, independently of changes in blood pressure and
plasma lipid levels (Gianella et al., 2007). Randomized
studies with HMG-CoA reductase inhibitors (statins)
have shown that their major adverse effects are associ-
ated with muscle and liver toxicity. However, rosuvastatin

FIGURE 9. In vivo administration of L-Arginine and NG-

nitro-L-arginine methyl ester in neonatal unilateral ure-

teral obstruction. A-Representative gels of WT-1 (240bp)

and Hsp70 (291bp) mRNA in cortex from obstructed and

sham operated rats pretreated or not with L-Arginine

and NG-nitro-L-arginine methyl ester, are shown. The

corresponding housekeeping β-actin is included below.

B- In NG-nitro-L-arginine methyl ester pre-treatment

during 14 days, graphical representation of WT-1/β-ac-

tin mRNA ratio and Hsp70/β-actin mRNA ratio showed

lower expression in obstructed cortex as well as in con-

trol cortex. Conversely, after L-arginine pre-treatment,

higher WT-1 mRNA expression and Hsp70 mRNA ex-

pression were shown in obstructed cortex as well as in

control cortex.  Results are means ± SEM of five inde-

pendent observations.
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seems safe in this regard (Shepherd et al., 2004). In addi-
tion, we found no significant changes in either body mass
or kidney mass in rosuvastatin-treated animals.

Apoptosis is the principal mechanism that leads to
tubular atrophy during the neonatal obstructive nephr-
opathy process. Excessive cell death is mediated by
decreased expression of apoptosis inhibiting gene like
BcL

2
 and over expression of pro-apoptotic genes like

Bax. Correspondingly, 14 days of obstruction led to the
induction of  apoptosis regulated by mitochondrial sig-
nal pathway through a pro-apoptotic increased Bax/BcL

2

ratio and, consequently, an increased activity of caspase
3 (Manucha and Vallés, 2008). Results agree with the
decreased WT-1 expression previously reported by other
authors and confirmed by us. Therefore, it may be sug-
gested that in certain cellular contexts, WT-1 exhibits
antiapoptotic potential through the transcriptional
upregulation of BcL

2
 (Mayo et al., 1999).

In the present study, apoptosis induction in neo-
natal obstructed cortex was associated with signifi-
cantly low WT-1 mRNA expression and nitric oxide
bioavailability, as shown by poor iNOS expression and
low nitrite levels. Accordingly, a substantial decrease in
kidney mass / body mass ratio was found in obstructed
neonatal rats. Rosuvastatin treatment did not change this
ratio. Future experiments may explore WT-1 mRNA
expression during unilateral ureteral obstruction after
release and its possible involvement in renal functional
and structural recovery.

Recently, Yoo et al. (2010) reported that, in com-
plete unilateral ureteral obstruction in mice, iNOS at-
tenuates apoptosis and increases renal parenchymal
thickness. Other results corroborate previous reports in
which nitric oxide has been proposed as a key factor
modulating apoptosis in unilateral ureteral obstruction
(Miyajima et al., 2001; Ito et al., 2005; Manucha, 2007;
Manucha and Vallés, 2008). Moreover, a functional WT-
1/iNOS promoter interaction where iNOS promoter is
strain-dependently regulated, which may relate to strain-
dependent differences in WT-1 transcription factor ex-
pression (Johannesen et al., 2003).

Many studies have shown the benefits of nitric ox-
ide donors and deleterious effects of nitric oxide inhibi-
tors in obstructive nephropathy. Nevertheless, to our
knowledge this is the first study that attempts to estab-
lish the involvement of nitric oxide modulation of WT-
1 mRNA expression during neonatal unilateral ureteral
obstruction. Thus, with rosuvastatin treatment, a sig-
nificant decrease of apoptosis in obstructed cortex was
found, linked to increased nitric oxide availability and
associated with increased WT-1 mRNA expression.

These results suggest that treatment with rosuvastatin
might slow or even reverse the process of apoptosis
during neonatal unilateral ureteral obstruction.

Nitric oxide stimulates the expression of enzymes
and transcription factors involved in DNA repair and
modulation of apoptosis, such as the tumor suppressor
p53. In turn, p53 interacts with WT-1 and modulates its
ability to regulate the transcription of its respective tar-
get genes (Scharnhorst et al., 2000). Consequently, it
might be expected that increased nitric oxide availability
induces p53 and WT-1 mRNA expression, as indeed
shown by our results. Moreover, WT-1 can stabilize p53,
adjust its trans-activational properties, and inhibit its abil-
ity to induce apoptosis without affecting cellular arrest
(Maheswaran et al., 1995). This effect may explain the
elevated p53 levels observed by other authors during ob-
structive nephropathy apoptosis induction (Cummings,
1996; Morrissey and Klahr, 1999; Miyajima et al., 2000;
Topcu et al., 2008). Furthermore, nitric oxide treatment
preserves vascular smooth muscle cells from mitochon-
drial-dependent apoptosis and drives cells to quiescence
through an increase in p53 (Duran et al., 2009). There-
fore, it appears that nitric oxide/p53/WT-1 interactions
can modulate the WT-1 expression and/or function.

Nitric oxide can oxidize intracellular glutathione
and modify cellular antioxidant levels. This stimulates
heat shock protein induction as in Hsp32 and Hsp70.
Nitric oxide generated from several compounds induces
Hsp70 expression in arterial smooth muscle cells (Xu
et al., 1997). Hsp70 plays an important role in nascent
protein folding, reassembling denatured proteins and
solubilized protein aggregates (Goloubinoff and De Los
Rios, 2007). Moreover, it is involved in cellular signal-
ing pathways linked to apoptosis, membrane transloca-
tion and in the modulation of the activities of tumor
suppressor proteins, including p53 and WT-1 (Cheng et
al., 2001). Inducible Hsp70 expression has been shown
to enhance the survival of mammalian cells exposed to
numerous types of stimuli that induce stress and
apoptosis (Jäättelä, 1999). Furthermore, inducible
Hsp70 protects renal epithelial cells from apoptosis by
caspase activation (Li et al., 2002).

WT-1 and Hsp70 are physically associated in em-
bryonic rat kidney cells, where the amino-terminal
transactivation domain of WT-1 is required for binding
to Hsp70, and domain expression itself is sufficient to
induce Hsp70 expression (Maheswaran et al., 1998).
Present work shows a significant decrease in Hsp70
expression associated with low nitric oxide availability
in the neonatal obstructed cortex. Interestingly,
rosuvastatin treatment induced a significant increase in



131NITRIC OXIDE MODULATES WT-1 EXPRESSION

iNOS expression and nitrite levels, and this was related
to enhance Hsp70 expression.

Induction of Hsp70 not only protects cells from
damage due to apoptosis induction, but also from dam-
age due to oxidative injury. Hence, nitric oxide can in-
duce cytoprotection in early obstructed kidney cortex
tubular epithelial cells through the stimulation of Hsp70
expression (Manucha and Vallés, 2008).

Previously, Hegarty et al. (2002) showed in a well-
characterized renal epithelial cell line (MDCK) under
mechanical strain (hydronephrosis cellular model) an
increased susceptibility to apoptosis. The cellular ef-
fects of mechanical strain were reversed by sodium ni-
troprusside and L-arginine.

Since about 80% of total kidney mass is composed
of tubular epithelial cells, it seems reasonable to infer
that in vivo results represent mostly phenomena affect-
ing this cell population. To corroborate this, basal WT-
1 mRNA expression and the effects of nitric oxide avail-
ability were also studied in vitro in MDCK cells. Here,
low nitric oxide availability was associated with low
expression of Hsp70 and WT-1. Nitric oxide donors did
not significantly change the Hsp70 expression, nor did
the nitric oxide precursor L-arginine induce any changes
in WT-1 mRNA expression. However, WT-1 mRNA
expression was increased when MDCK cells were in-
cubated for 72 hours with nitric oxide donors. These
results in MDCK cells suggest a greater susceptibility
to low nitric oxide levels associated with low WT-1
mRNA expression. Further work should be done to es-
tablish these differences.

While it cannot be simply assumed that in vitro
results faithfully reproduce in vivo mechanisms, in both
cases nitric oxide levels associated with Hsp70 mRNA
expression seems to modulate WT-1 mRNA expres-
sion. This proposed mechanism is further supported
by the results of treating neonatal rats with nitric ox-
ide modulators, where a close relationship between
endogenous nitrite levels and WT-1/Hsp70 mRNA ex-
pression was found.

The p53 protein interacts with members of the
Hsp70 chaperone family which can regulate its func-
tion (Lane et al., 1993; Takenaka et al., 1995). In this
regard, neonatal unilateral ureteral obstruction shows
low p53 and Hsp70 expressions, which are increased in
association with higher nitric oxide levels under
rosuvastatin treatment. Conversely, MDCK cells with
nitric oxide deprivation expressed low Hsp70 and p53
mRNA levels. These observations suggest a potential
role for nitric oxide bioavailability and Hsp70 interac-
tion during kidney differentiation.

Collectively, our present findings suggest that
rosuvastatin may modulate WT-1 mRNA expression
through renal nitric oxide bioavailability associated with
Hsp70 interaction, preventing obstruction-induced cell
death during neonatal unilateral ureteral obstruction.
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