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Renal ischemia in the rat stimulates glomerular nitric
oxide synthesis
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for acute tubular necrosis
observed during kidney transplantation. Kidney is also
susceptible to suffer ischemia in other situations such
as aortic abdominal surgery or severe hypotension.
Renal ischemia in humans and in experimental ani-

mals is associated with a complex and possibly interrelated series of events involving tubular obstruction,
passive backflow of filtrate and preglomerular vasoconstriction (9), and a fall in glomerular filtration rate
(GFR) and renal blood flow (RBF) (12, 23).
Nitric oxide (NO) is an endogenous vasodilator with
an important role in the pathophysiology of many renal
diseases (11). It has been suggested that the vasoconstriction observed in the postischemic acute renal failure (ARF) phase is associated with a loss in the ability
of endothelium to synthesize vasodilators, mainly NO.
These conclusions come from the lack of response to
NO-dependent vasodilators as a result of ischemic endothelial injury (6, 13). Recently, several papers have
suggested that NO is involved in the maintenance of
RBF, urinary flow, and GFR in rats with ARF (5, 8, 25).
Noiri et al. (18) reported an increased inducible NOS
(iNOS)-derived NO production in ischemic kidneys and
that inhibition of iNOS expression decreased the tubular damage. In addition, we have reported that the
administration of an NO donor ameliorated the renal
damage induced by ischemia and reperfusion (10). Now
it is well documented both in experimental and clinical
studies that the NO-mediated modulation of vascular
tone represents a local but highly effective and sensitive system for the control of organ blood flow, playing
a major role in the intraglomerular dynamics regulation (27). Marked alterations in glomerular hemodynamics occur after ischemic ARF, but to date, most
attention has been devoted to the study of total kidney
NO production and tubular iNOS expression (13). The
aim of this study was to assess the effect of renal
ischemia on the glomerular synthesis of NO. This purpose has been afforded by measuring glomerular production of nitrite, a stable end product of NO catabolism, by measuring NO-dependent glomerular cGMP
production, and by assessing the glomerular NADPHdiaphorase (ND) activity, an enzymatic activity that
colocalizes with NO-synthesis activity. Furthermore,
we aimed to determine the isoform of NOS implicated
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López-Novoa, Departamento de Fisiologı́a y Farmacologı́a, Edificio
Departamental, Universidad de Salamanca, Campus Miguel de Unamuno, 37007 Salamanca, Spain (E-mail: jmlnovoa@gugu.usal.es).

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

nitric oxide synthase

RENAL ISCHEMIA IS RESPONSIBLE

http://www.ajpregu.org

0363-6119/01 $5.00 Copyright © 2001 the American Physiological Society

R771

Downloaded from http://ajpregu.physiology.org/ by 10.220.33.3 on July 4, 2017
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Carlos Martı́nez-Salgado, Nelida Eleno, Miguel Arévalo, Fernando Pérez-Barriocanal, and José M. LópezNovoa. Renal ischemia in the rat stimulates glomerular
nitric oxide synthesis. Am J Physiol Regulatory Integrative
Comp Physiol 280: R771–R779, 2001.—Renal ischemia in
humans and in experimental animals is associated with a
complex and possibly interrelated series of events. In this
study, we have investigated the glomerular nitric oxide (NO)
production after renal ischemia. Unilateral or bilateral renal
ischemia was induced in Wistar rats by clamping one or both
renal arteries. NO production was assessed by measuring
glomerular production of nitrite, a stable end product of NO
catabolism, and NO-dependent glomerular cGMP production
and by assessing the glomerular NADPH diaphorase (ND)
activity, an enzymatic activity that colocalizes with NOsynthesis activity. Furthermore, we determined the isoform
of NO synthase (NOS) implicated in NO synthesis by Western blot and immunohistochemistry. Glomeruli from rats
with bilateral ischemia showed elevated glomerular nitrite
and cGMP production. Besides, glomeruli from this group of
rats showed an increased ND activity, whereas glomeruli
from the ischemic and nonischemic rats with unilateral ischemia did not show this increase in nitrite, cGMP, and ND
activity. In addition, glomeruli from ischemic kidneys
showed an increased expression of endothelial NOS without
changes in the inducible isoform. Addition of L-NAME in the
drinking water induced a higher increase in the severity of
the functional and structural damage in rats with bilateral
ischemia than in rats with unilateral ischemia and in shamoperated animals. We can conclude that after renal ischemia,
there is an increased glomerular NO synthesis subsequent to
an activation of endothelial NOS that plays a protective role
in the renal damage induced by ischemia and reperfusion.
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in NO synthesis by Western blot and immunohistochemistry.
In addition, most studies on NO production in renal
ischemia have been performed in the model of unilateral ischemia (UI) and contralateral nephrectomy, a
model in which both ischemia and uremia are associated. Thus we studied a model with bilateral ischemia
(BI) and uremia and another model in which only a
kidney is subjected to ischemia. In this latter model,
the other kidney is able to excrete most of the substances the ischemic kidney cannot excrete. In addition, this model also allows one to study two kidneys,
one ischemic and the other nonischemic, subjected to a
similar environmental milieu.
MATERIALS AND METHODS
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Animals. The experiments have been carried out in female
Wistar (250 g) rats (IFFA-Credo, Barcelona, Spain). Animals
were fed standard rat chow (Panlab, Madrid, Spain) and
water ad libitum. A timer permitted light between 0800 and
2000. Temperature was controlled to 20 ⫾ 1°C. Animals were
used in experimental protocols according to the regulations of
the Conseil de l’Europe and the Spanish government.
Surgical technique. Rats were anesthetized with ketamine
hydrochloride (4 mg/kg im) and diazepam (3 mg/kg ip). Ischemia was induced by clamping one (UI) or both (BI) renal
arteries for 1 h. Afterwards, 24 h of reperfusion were allowed
in all groups. Experimental groups were as follows: shamoperated rats (Sham), Sham receiving 1 mg 䡠 day⫺1 䡠 rat⫺1 of
nitro-L-arginine methyl ester (L-NAME; Sigma Aldrich
Quı́mica, Madrid, Spain) in drinking water the day before
and the day after the surgical procedure (Sham-NAME), UI
rats [in these rats, the left kidney is ischemic (UI), whereas
the right kidney is nonischemic (UNI)], UI rats receiving 1
mg 䡠 day⫺1 䡠 rat⫺1 of L-NAME in drinking water the day before
and the day after the surgical procedure (UI-NAME), BI rats
(in these rats, both kidneys are subjected to ischemia), and BI
rats receiving 1 mg 䡠 day⫺1 䡠 rat⫺1 of L-NAME in drinking
water the day before and the day after the surgical procedure
(BI-NAME). In the groups of rats drinking L-NAME, basal
values were obtained 24 h before starting the treatment (48
h before renal ischemia).
Renal-function studies. Rats were weighed and placed in
metabolic cages with free access to food and water. The day
before starting the treatment and the day after inducing the
ischemia, urine was collected into graduated cylinders containing 100 l of 0.1% sodium azide (to minimize the bacterial contamination) and 1 ml of mineral oil (to avoid evaporation). A blood sample (150 l) was also collected from the
caudal vein. Creatinine in plasma and urine was determined
by a modification of Jaffé reaction (3).
Morphological studies. Animals were anesthetized with
ketamine hydrochloride (4 mg/kg im) and diazepam (3 mg/kg
ip), and kidneys were removed after tying the renal pedicle
and then cut by a saggital section in two halves, which were
then fixed by immersion in buffered 4% formaldehyde for 1
day. After the pieces were dehydrated, they were embedded
in paraffin, cut in 4-nm sections, mounted on glass slides, and
counterstained with periodic acid-Schiff staining for lightmicroscopy analysis. Morphological changes were analyzed
blindly by a histologist (M. Arévalo).
Glomerular isolation and incubation. Animals were anesthetized with ketamine hydrochloride (4 mg/kg im) and diazepam (3 mg/kg ip), and the kidneys were perfused in situ with
ice-cold isotonic saline through the abdominal aorta. Glomer-

uli were obtained by mechanical sieving as previously described (19). In rats with UI, glomeruli were obtained from
the ischemic and nonischemic kidney separately. After the
isolation, the final preparation consisted of glomeruli without
Bowman’s capsule and without afferent or efferent arterioles.
Tubular contamination was always ⬍5%. Glomeruli isolation
and all subsequent procedures required specific cautions to
minimize contamination by bacteria or lipopolysaccharide
(LPS). Such measures included using pyrogen-free disposable and endotoxin-free RPMI 1640 culture medium.
Glomeruli were plated out in 4 ⫻ 6 well plates and incubated as previously described (20) for 24 h at 37°C in sterile
conditions. It was assayed the “in vitro” effect of two NO
synthesis inhibitors, L-NAME and aminoguanidine (Sigma
Aldrich; both at final concentration of 10⫺4 M in the wells).
NO2⫺ assay. Nitrite concentration was determined in the
supernatant of glomerular incubation by a modification of the
Griess reaction, as previously described (20). Briefly, 500 l
of sample were mixed with 250 l of Griess reagent (1%
sulfanilamide and 0.1% naphthyl ethylenediamine dihydrochloride in 2.5% orthophosphoric acid; Sigma Aldrich) and
incubated for 15 min at room temperature. Absorbance was
measured at 560 nm. Standard NO2⫺ calibration was done by
using sodium nitrite.
Glomerular cGMP production. Isolated glomeruli were
suspended in ice-cold Tris-glucose buffer containing 2.5 mM
CaCl2. The incubation was performed in the presence of 10
mM 3-isobutyl-1-methylxanthine (Sigma Aldrich). The glomeruli suspension was placed in a shaking water bath at
37°C. In some tubes, 10⫺4 M L-NAME (final concentration)
was added. The incubation stopped after 15 min by adding 2
ml of ice-cold buffer and centrifuging for 30 s in a microfuge
at 1,000 g. Supernatants were aspirated and replaced by 1 ml
of absolute ethanol. The ethanol extraction of intracellular
cGMP was performed twice. Ethanol extracts from each sample were pooled and evaporated in a stream of nitrogen. Dried
samples were resuspended, and cGMP was assayed with
a commercial kit (DuPont NEN Research products, Bad
Homburg, Germany). The recovery of cGMP during the extraction procedure was determined by adding [3H]cGMP
(2,000–3,000 counts/min) to the sample. The percentage of
recovery was always ⬎89%. In preliminary experiments, we
observed that the inter- and intra-assay coefficients of variation were 11.9% and 8.4%, respectively.
ND histochemistry ⫹ iNOS immunochemistry. Animals
were deeply anesthetized with ketamine hydrochloride (50
mg/kg ip) and perfused through the ascending aorta with 100
ml of isotonic saline solution (0.9% NaCl in water) followed
by a fixative solution made of 4% paraformaldehyde and 15%
saturated picric acid in 0.1 M phosphate buffer (PB), pH 7.4.
After perfusion, kidneys were postfixed for 4 h in the same
fixative solution. Tissue was cryoprotected with 30% sucrose.
After cryoprotection, 30-m sections were cut on a Leyca
cryostat, collected in gelatin-coated slides, and washed carefully in PB and in 0.1 M Tris 䡠 HCl buffer, pH 8.0.
After sections were washed, they were processed for ND
histochemistry as described elsewhere (1, 2). Briefly, sections
were incubated for 60–90 min at 37°C in an incubation
solution made up of 1 mM reduced ␤-NADPH (Sigma Aldrich), 0.3 mM nitro blue tetrazolium (Sigma Aldrich), and
0.08% Triton X-100 in 0.1 M Tris 䡠 HCl buffer, pH 8.0. The
course of the reaction was controlled under the microscope.
When the histochemical reaction was concluded, sections
were washed in 0.1 M Tris 䡠 HCl buffer, pH 8.0. The following
controls of the histochemical reaction specificity were carried
out: 1) incubation without the substrate ␤-NADPH, 2) incubation without the chromogen nitro blue tetrazolium,
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RESULTS

Renal function. Data on renal function are shown in
Table 1. Basal period corresponds to the values obtained before starting the treatment or the surgical

Table 1. Creatinine clearance and plasma creatinine
in rats with unilateral or bilateral renal ischemia
Basal

Creatinine clearance, ml 䡠 min
Sham (n ⫽ 8)
Sham-NAME (n ⫽ 10)
BI (n ⫽ 8)
BI-NAME (n ⫽ 8)
UI (n ⫽ 16)
UI-NAME (n ⫽ 8)

Experimental
⫺1

䡠 kg body wt⫺1

0.610 ⫾ 0.066
0.656 ⫾ 0.056
0.722 ⫾ 0.045
0.695 ⫾ 0.030
0.687 ⫾ 0.032
0.668 ⫾ 0.077

0.579 ⫾ 0.024
0.459 ⫾ 0.027*
0.144 ⫾ 0.034*
0.032 ⫾ 0.007*†
0.341 ⫾ 0.049*
0.283 ⫾ 0.046*

Plasma creatinine, mg/l
Sham (n ⫽ 8)
Sham-NAME (n ⫽ 10)
BI (n ⫽ 8)
BI-NAME (n ⫽ 8)
UI (n ⫽ 16)
UI-NAME (n ⫽ 8)

8.092 ⫾ 0.371
9.222 ⫾ 0.401
8.600 ⫾ 0.310
6.963 ⫾ 1.221
8.347 ⫾ 0.387
7.428 ⫾ 0.586

7.005 ⫾ 0.708
10.694 ⫾ 0.808
28.597 ⫾ 5.188*
35.325 ⫾ 3.314*
13.321 ⫾ 0.624*
15.744 ⫾ 1.933*

Data are means ⫾ SE. Statistical significance: * P ⬍ 0.01 vs.
basal; † P ⬍ 0.01 vs. bilateral ischemic (BI; paired Student’s t-test).
Groups are Sham, rats sham operated; BI, rats with bilateral ischemia; UI, rats with unilateral ischemia; NAME, groups of rats treated
with nitro-L-arginine methyl ester in drinking water.

procedure. The experimental period corresponds to the
values obtained 24 h after inducing ischemia. Renal
ischemia induced a significant decrease in creatinine
clearance both in BI (80%) and UI (50%) groups. This
decrease was higher in the BI group. Sham rats did not
show changes in creatinine clearance. Treatment with
L-NAME in the drinking water induced a 30% decrease
in creatinine clearance in Sham rats, a higher decrease
(58%) in UI rats, and a much higher percentage (95%)
in BI rats (Table 1).
The changes in plasma creatinine were compatible
with those of creatinine clearance (Table 1). After unilateral or bilateral renal ischemia, a significant increase in plasma creatinine levels was observed, being
significantly higher in the BI group (333%) vs. the UI
group (160%). Treatment with L-NAME increased
plasma creatinine levels in ischemic groups but did not
modify them in the Sham group. The effect of L-NAME,
increasing plasma creatinine levels, was much higher
in BI (507%) than in the UI (212%) group.
Morphological damage. Light-microscopy examination revealed several degrees of tubular alterations in
the kidneys from the BI group and in the ischemic
kidney from the UI group. Most of the tubular structures were partially damaged, but some of them
showed cellular necrosis and total atrophy. Moreover,
tubular lumens were frequently filled with hyaline
casts or heterogeneous cellular debris (Fig. 1B). Treatment with L-NAME increased the tubular damage,
being higher in the BI (Fig. 1D) than in the UI (Fig. 1C)
group. Almost all the tubules showed structural alterations with the lumen collapsed, loss of the cellular
border, or even total cellular atrophy. Hyaline casts
could also be observed in the tubular lumen. Glomeruli
capillaries appeared collapsed and with the lumen obstructed. Kidneys from Sham rats and nonischemic
kidneys from the UI group did not show any morpho-
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3) denaturation of the enzyme activity by heating the tissue
at 84°C for 5 min, 4) overfixation of tissue (2 wk in 10%
formalin), and 5) substitution in the incubation medium of
the substrate NADPH by NADP (Sigma Aldrich). In all cases,
no residual reactivity was observed. When the histochemical
reaction was concluded, sections were dehydrated in a graded
ethanol series, cleared with xylene, and placed on coverslips
with Entellan (Merck, Darmstadt, Germany).
In the immunohistochemistry for iNOS, sections were incubated with primary antibody (anti-mac-NOS monoclonal
antibody, Affinity, Nottingham, UK) diluted 1:4,000 in PB
(48 h at 4°C). The sections were washed in PB and incubated
with biotinylated anti-mouse IgG (Vectastain ABC kit, Vector Laboratories) diluted 1:250 for 3 h at 20°C and then in
Vectastain ABC reagent diluted 1:250 for 2 h. Tissue-bound
peroxidase was visualized using 0.05% 3,3⬘-diaminobenzidine and 0.003% hydrogen peroxide in 0.1 M Tris 䡠 HCl buffer
(pH 7.6) for 5–10 min under visual control.
For the double labeling, sections previously processed for
iNOS immunohistochemistry were stained for the detection
of ND activity following the same procedure described above.
After the process of single or double labeling, sections were
mounted on gelatin-coated slides, dehydrated in graded ethanol series, and mounted with Entellan. Specific controls for
the ND histochemistry were carried out as described previously (1, 2). The specificity of the immunostaining was
controlled by omitting the specific antibody in the first incubation step. Additionally, interference by endogenous
peroxidase was ruled out by staining some sections with
chromogen and hydrogen peroxide. No residual immunoreaction was found. As a positive control, we used glomeruli
from rats pretreated with a single dose of LPS (20 mg/kg ip)
7 h before the experiment.
Western blot. To obtain a protein-enriched fraction from
isolated glomeruli, homogenization procedure was omitted
and substituted by an incubation of 15 min at 4°C in 20 mM
Tris, pH 8.0, containing 140 mM NaCl, 2 mM EDTA, 10%
glycerol, 1% Nonidet P-40, and 1–2 mM phenylmethylsulfonyl fluoride. Methods to obtain the glomerular protein and to
perform Western blots have been previously described (24).
The primary antibodies used were a polyclonal antibody
anti-macrophage-type iNOS (dilution 1:1,000) and monoclonal anti-endothelial-type constitutive NOS (NOS III; dilution
1:2,500; both from Transduction Laboratories, Lexington,
KY). Secondary antibodies used were goat anti-rabbit-horseradish peroxidase (HRP) (dilution 1:10,000) and goat antimouse-HRP (dilution 1:30,000; both from Bio-Rad Laboratories, Madrid, Spain). A lysate of rat alveolar macrophages
incubated with phorbol 12-myristate 13-acetate (1 M) ⫹
LPS (10 g/ml) was processed parallel with glomerular lysate
and used as control for a positive reaction with iNOS in
Western blots. Expression of iNOS in glomeruli and cortex of
animals treated with LPS (single doses of 20 mg/kg, 7 h
before the experiment) was used as a positive control. The
radiograph was digitalized (scanner model UM6552 Trust)
with the program Adobe Photoshop 3.0 in a Power Macintosh
G3 Computer. Then, optical density of the bands were measured with the program MacBAS V2.2.
Statistical analysis. Results are presented as means ⫾ SE.
Statistical analysis of the data was carried out with one-way
analysis of variance for repeated measurements.
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logical alteration. Treatment with L-NAME did not
modify the normal morphological structures in these
groups (Fig. 1A).
Electron-microscopy analysis confirmed these results, as is shown in Fig. 2. Control group had normal
renal structure (Fig. 2B). Rats in the BI group (Fig. 2D)
showed cellular damage mainly in proximal tubules
seen as partial loss of brush-border microvilli, increased cytoplasm vacuolization and lysosomes, and
widened spaces in the basolateral interdigitations. Despite these alterations, most of the tubular cells were
viable. However, in some tubules, total cell necrosis
was also seen (data not shown). This damage is markedly increased in rats with BI treated with L-NAME
(Fig. 2F) in this group; most of the proximal tubules
were necrotic as shown in the figure. Glomeruli do not
seem to have any ultrastructural alterations (Fig. 2, A,
C, and E).
Glomerular nitrite production. Data on glomerular
nitrite production from ischemic rats are shown in Fig.
3. Glomeruli obtained from rats with BI produced significantly higher amounts of nitrite than glomeruli
from Sham rats (Sham: 760 ⫾ 39; BI: 1,403 ⫾ 93
pmol/1,000 glomeruli, P ⬍ 0.01). Nitrite production by
glomeruli from both the ischemic and nonischemic kid-

neys from rats with UI was not significantly different
from glomeruli of Sham rats (Sham: 760 ⫾ 39; UI:
902 ⫾ 47; UNI: 477 ⫾ 34 pmol/1,000 glomeruli). However, glomeruli from the ischemic kidney produced
significantly higher amounts of nitrite than glomeruli
from the nonischemic kidney (P ⬍ 0.01). Incubation
with 10⫺4 M L-NAME decreased the glomerular nitrite
production in BI values similar to those from the Sham
group (Sham: 760 ⫾ 39; BI ⫹ L-NAME: 856 ⫾ 119
pmol/1,000 glomeruli). Neither L-NAME nor aminoguanidine had a significant effect when added to glomeruli from ischemic and nonischemic kidneys from
rats with UI (Sham: 760 ⫾ 39; UI ⫹ L-NAME: 782 ⫾
32; UNI ⫹ L-NAME: 594 ⫾ 17).
Glomerular cGMP production. Data on glomerular
cGMP production are shown in Fig. 4. Glomeruli both
from rats with bilateral and UI showed increased levels of cGMP production with respect to glomeruli from
the Sham group (Sham: 0.94 ⫾ 0.08; BI: 3.17 ⫾ 0.05,
P ⬍ 0.01 vs. Sham; UI: 1,79 ⫾ 0.18, P ⬍ 0.01 vs. Sham;
UNI: 0.96 ⫾ 0.09 fmol/1,000 glomeruli). This increase
was partially reversed by incubating the glomeruli
with L-NAME (10⫺4 M; BI: 3.17 ⫾ 0.05; BI ⫹ NAME:
2.08 ⫾ 0.17 fmol/1,000 glomeruli, P ⬍ 0.01).
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Fig. 1. Representative light micrographs of renal cortex from the Sham group (A), rats with bilateral ischemia (B),
ischemic kidney from rats with unilateral ischemia and nitro-L-arginine methyl ester (L-NAME) in the drinking
water (C), and rats with bilateral ischemia and L-NAME in the drinking water (D). Periodic acid-Schiff staining
(⫻275).
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ND histochemistry. Figure 5 shows representative
images of ND staining in the groups studied. A significantly higher number of cells with positive ND activity
was observed in glomeruli from BI rats (Fig. 5B) compared with the Sham rats (Fig. 5A).
Western blot analysis. Western blot results are
shown in Fig. 6. As can be seen in the figure, one slight
band corresponding to NOS III appears in glomeruli
from Sham animals. In glomeruli from BI and UI rats,
a clear band in the weight of NOS III is shown (Fig. 6A)
corresponding to an increase of 39% in the BI group
and 27% in the UI group. No band was observed in the
UNI group. Also, no bands were observed in Western
blot performed with iNOS antibody in any experimental group (Fig. 6B). However, the rats treated with LPS

show a clear band, demonstrating that it is possible to
detect glomerular iNOS.
Double labeling. Results of double labeling are
shown in Fig. 7. No immunoreactivity for iNOS was
detected inside the glomeruli in either Sham rats (Fig.
7A) or in BI rats (Fig. 7B), although in these animals,
ND activity was present in the kidney.
DISCUSSION

The first purpose of this study was to assess the
effect of ischemia on glomerular NO production. Glomeruli from rats with BI showed a higher basal nitrite
production than glomeruli from control animals. In the
conditions of the incubation medium, NO was trans-
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Fig. 2. Representative electronic micrographs. A: glomerulus from Sham
group (⫻3,900). B: tubuli from Sham
group (⫻3,360). C: glomerulus from a
rat with bilateral ischemia (⫻3,360).
D: tubuli from a rat with bilateral
ischemia (⫻3,360). E: glomerulus from
a rat with bilateral ischemia and
L-NAME in the drinking water (⫻3,360).
F: tubuli from a rat with bilateral ischemia and L-NAME in the drinking
water (⫻3,360).
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Fig. 3. Glomerular nitrite production. Groups are: S, glomeruli from
Sham rats; BI, glomeruli from bilateral-ischemic rats; BI-NAME,
glomeruli from bilateral-ischemic rats receiving 1 mg 䡠 day⫺1 䡠 rat⫺1 of
L-NAME in drinking water; UI, glomeruli from the ischemic kidney
of unilateral ischemia rats; UI-NAME, glomeruli from UI rats receiving 1 mg 䡠 day⫺1 䡠 rat⫺1 of L-NAME in drinking water; UNI, glomeruli from the nonischemic kidney of UI rats; UNI-NAME, glomeruli from the nonischemic kidney of UI rats receiving 1
mg 䡠 day⫺1 䡠 rat⫺1 of L-NAME in drinking water. Data are means ⫾ SE
of 10 experiments. Statistical significance: aP ⬍ 0.01 vs. S group;
b
P ⬍ 0.01 vs. BI group; cP ⬍ 0.01 vs. UI group.

formed to nitrite and then to nitrate, with a constant
ratio between the concentrations of nitrite and nitrate.
Thus, in the absence of bacterial contamination, nitrite
production is an indirect assessment of NO production
(16). Furthermore, the addition of any of two inhibitors
of NO synthesis reduced the glomerular nitrite production from rats with BI to similar values to the ones of
Sham rats, confirming that this increased nitrite production reflected increased glomerular NO synthesis.
These results also agree with those of Rivas-Cabañero
and colleagues (20, 21), who showed an increased glomerular NO production in rats with gentamicin-induced ARF, and with those of Conger et al. (7), which
showed an increased NO production in rats with norepinephrine-induced ARF.

Fig. 5. Representative images from NADPH-diaphorase histochemistry in a glomeruli from Sham group (A), rat with bilateral
ischemia (B), positive control: rat treated with lipopolysaccharide
(C; 20 mg/kg ip).

Fig. 4. Glomerular cGMP production. Data are means ⫾ SE of
10 experiments. Statistical significance: aP ⬍ 0.01 vs. S group;
b
P ⬍ 0.05 vs. BI group; cP ⬍ 0.01 vs. BI group.

A further assessment of glomerular NO synthesis in
rats with renal ischemia was done by evaluating the
ND activity. A very wide colocalization between ND
and NOS was reported in neural and nonneural tissue;
thus ND is considered as a histochemical marker for
NOS (22). ND histochemistry showed many cells with
positive ND activity in glomeruli from rats with BI,
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whereas only a few ND positive cells were observed in
glomeruli from control rats. These results provide further evidence that BI treatment induces an increase in
NOS activity.
A third way for assessing the increase in NO production was to measure a biological response to NO, as is
cGMP production. This approach showed results in
agreement with those obtained with nitrite production
and ND activity: glomeruli from rats with BI showed a
higher cGMP production than glomeruli from Sham
rats.
These results, obtained from different technical procedures, demonstrate that BI induces an increase in
glomerular NO synthesis and release. However, glomeruli from ischemic kidney of UI rats, and thus without uremia, did not show an increase in nitrite production compared with glomeruli from Sham rats. In
addition, the NO synthesis inhibitor L-NAME had no
significant effect in glomerular nitrite production in
glomeruli from ischemic kidneys of UI rats. These
results suggest that ischemia alone (without uremia) is
not able to increase glomerular NO synthesis.
The next purpose of this study was to assess what
isoform of NOS is involved in this increased NO synthesis. The absence of a band in the range for iNOS
molecular weight and the increase of intensity of a
band in the molecular weight of NOS III suggest that
ischemia stimulates NOS III but not iNOS expression.
This lack of iNOS induction is also shown in the results
of double labeling by ND and iNOS immunohistochemistry. The possible lack of affinity of the antibody was
discarded by using glomeruli from rats treated with
LPS, in which a clear band could be observed. Thus we
can deduce that ischemia alone is able to increase NOS
III levels but not NO production or ND activities.
These data are in agreement with the recent report of
Kakoki et al. (13) demonstrating that during renal
ischemia, total renal calcium-dependent NOS activity
was decreased, but the expression of NOS III was

increased. This low-NOS III activity was restored by
treatment with tetrahydrobiopterin, a cofactor that
stabilizes NOS III in its dimeric form, which is an
active form (26). Our results are in apparent contradiction with those of Noiri et al. (18) that reported that
iNOS-derived NO increased in ischemic kidney and in
isolated tubules from ischemic kidneys. However, it
should be noted that our study has been performed in
isolated glomeruli; presumably iNOS regulation is different in epithelial tubular cells and in glomerular
cells.
Although published results suggest that NO plays a
pivotal role in ischemic renal failure, most of the studies show only indirect evidences obtained after stimulation or inhibition of NO synthesis (4–6). Our study
performed direct measurements of NO production (nitrites and cGMP production), NOS activity (ND), and
NOS isoforms protein expression by Western blot. All
these results demonstrate that in bilateral renal ischemia, there is an increased glomerular synthesis of NO
that is based on an increased expression of NOS III.
The last aim of the study was to assess the role of the
increased glomerular NO synthesis in renal ischemia.
This was tested by assessing the effect of NO synthesis
inhibition with L-NAME on kidney structure and func-

Fig. 7. Representative image from double-labeling studies (NADPHdiaphorase hystochemistry ⫹ iNOS immunohistochemistry). A:
Sham group. B: rats with BI.

Downloaded from http://ajpregu.physiology.org/ by 10.220.33.3 on July 4, 2017

Fig. 6. A: Western blot for constitutive nitric oxide synthase (NOS
III). Lane 1: glomeruli from Sham rats. Lane 2: glomeruli from rats
with BI. Lane 3: glomeruli from the ischemic kidney of rats with UI.
Lane 4: glomeruli from the nonischemic kidney of rats with UI.
B: Western blot for inducible NOS (iNOS). Lane 1: glomeruli from a
rat treated with lipopolysaccharide (20 mg/kg ip). Lane 2: glomeruli
from Sham rats. Lane 3: glomeruli from rats with BI. Lane 4:
glomeruli from the ischemic kidney of rats with UI. Lane 5: glomeruli
from the nonischemic kidney of rats with UI.
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Perspectives
Increased glomerular NO synthesis after renal ischemia seems to be a protective mechanism that
counteracts vasoconstrictor and inflammatory phenomena occurring during the reperfusion period.
These phenomena play a major role to impair the
recovery of renal function after ischemia or after
renal transplant. Increased NO release occurs when
renal ischemia and uremia occur simultaneously.
Thus the precise knowledge of the mechanisms of
increased NO synthesis and the role of NO on these
responses could allow for pharmacological modulation of this phenomenon and thus to try to reinforce
the protective effects of NO on renal function.
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