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Abstract Nitrosative stress plays a role in calcium oxa-
late stone formation, as nitrosated proteins have been
identified in stone formers. Nitric oxide (NO•), the
common precursor for reactive nitrogen species, is syn-
thesized in the juxtaglomerular apparatus of the kidneys.
The present study is aimed to determine the role of nitric
oxide synthase (NOS) in an experimental hyperoxaluric
condition by histological and biochemical techniques.
Hyperoxaluria was induced by 0.75% ethylene glycol in
drinking water. L-arginine (L-arg) was supplemented at a
dose of 1.25 g/kg body weight orally for 28 days. Nitric
oxide metabolites (NOx), protein content in the urine
and lipid peroxidation in the kidney were determined at
the end of the experimental period. Histopathological
examination of the rat kidneys was then carried out.
NADPH-diaphorase and eNOS expression studies were
carried out in control and hyperoxaluric rat kidneys
using histochemical and immunohistochemical tech-
niques. Significant amounts of NOx were present in the
urine of hyperoxaluric animals when compared to con-
trol rats. Histopathological examinations revealed
membrane injury, tubular dilatation and edema in the
hyperoxaluric rats, whereas co-supplementation of L-arg
to the hyperoxaluric rats significantly reduced these
changes. The results of histochemical analysis for
NADPH-diaphorase staining demonstrate the role of
NOS in hyperoxaluric rats. Hyperoxaluric rats showed
intense staining for NADPH-diaphorase when com-
pared to control and L-arg co-supplemented hyperox-
aluric rats. Immunohistochemical demonstration
confirmed that eNOS expression was markedly in-
creased in L-arg supplemented rats, when compared to

EG treated rat kidney sections. Thus, from the present
study, we conclude that supplementation of L-arg to the
hyperoxaluric animals minimizes the cellular injury
mediated by ethylene glycol, prevents oxidative/nitro-
sative damage to the membranes and reduces the inci-
dence of calcium oxalate stone formation.
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Introduction

Oxalate, an end product of metabolism in humans, is a
common constituent of most kidney stones and there is
increasing evidence to show the involvement of en-
hanced lipid peroxidation (LPO) in stone formation [1–
3]. Furthermore, depletion of antioxidants and de-
creased activity of antioxidant enzymes have been noted
in the kidneys of experimental urolithic rats [2]. Sup-
plementation of vitamin E or methionine normalizes
antioxidant status and has been found to prevent stone
formation [1]. Earlier studies carried out in our labora-
tory confirm the involvement of nitric oxide radicals in
stone formation [4]. This further prompted us to study
the involvement of nitric oxide synthase (NOS) in
experimental hyperoxaluria.

The objective of the present study was to investigate
the role of NOS in hyperoxaluria. Nitric oxide (NO) is
an important mediator in cell-to-cell communication.
Renal vascular NO synthesis is accompanied by the
activity of NOS III, which has been localized in the
juxtaglomerular apparatus (JGA) and tubules [5].
Bechmann and associates (1995) demonstrated that the
release of NO can be visualized histochemically by
localizing constitutive NOS in mammalian kidney [6].
Enzymatic activity of NOS was assessed histochemi-
cally using the NADPH diaphorase technique, a
method based on the ability of NOS to generate oxi-
dized nitroblue tetrazolium in the presence of NADPH.
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This detection was based on the notion that NO reacts
at near-diffusion-limited rates with molecular oxygen or
at a more rapid rate with superoxide anion (O2

�) to
form a powerful oxidant and nitrating agent peroxyni-
trite (ONOO�). With this technique, NO-related effects
have been demonstrated in human atherosclerosis [6],
acute lung injury [7] and other conditions [8] in hu-
mans.

L-arg can suppress inducible NOS and safeguard re-
nal systems from oxalate mediated oxidative damage [9].
Hence, the present study was designed to evaluate the
cytoprotective effect of L-arg in experimental hyperox-
aluria with reference to NOS using monocloncal eNOS
antibody and NADPH-diaphorase (an indirect histo-
chemical technique) and by comparing the histological
changes with normal kidney sections.

Materials and methods

Adult male Wistar albino rats weighing 120–160 g were
used in this study. A total of 24 rats was divided into
four groups of six rats each. Group I served as a normal
control, group II served as a drug control receiving L-arg
orally (1.25 g/kg body weight) [10]. In group III rats,
hyperoxaluria was induced by feeding 0.75% ethylene
glycol (EG) [11], whereas in group IV rats, hyperoxal-
uria was induced as in group III rats with EG but co-
supplemented with L-arg as in group II rats. All of the
animals were provided with food and water ad libitum
for 4 weeks. Animal experiments were conducted in
accordance with the guidelines of the institute animal
ethics committee.

Samples of 24 h urine from all experimental groups
were collected in ice-jacketed beakers maintained at
0�C in an ice bath. A portion of the processed urine
was utilized for the determination of nitric oxide
metabolites (NOm). At the end of day 28, all study
animals were sacrificed by cervical decapitation and the
kidneys were removed. These were utilized for the
further analysis. The kidneys were trimmed free of
connective tissue and finely minced. A 20% homoge-
nate was prepared in Tris-HCl buffer (0.02 M, pH 7.4)
using a Potter-Elvehjem homogenizer fitted with a
power driven Teflon pestle.

Determination of protein

Protein was determined using Folin’s reagent spectro-
photometrically at 640 nm [12].

Determination of NOx

Nitrate and nitrite in urine was determined spectro-
photometrically at 540 nm by the method of Suhulz
et al. [13].

Determination of LPO products

LPO of tissue fractions was measured by the release of
thiobarbituric acid reactive substances (TBARS) by the
method of Devasagayam [14].

Histopathology

A portion of the kidney was taken immediately after
animal sacrifice and fixed in 10% buffered formalin. The
tissues were washed in running tap water, dehydrated in
increasing concentrations of alcohol and cleared in xy-
lene. The tissues were then impregnated and embedded
in molten paraffin wax. Sections of 4 lm thickness were
cut, stained with hematoxylin and eosin and studied
under a Nikon microscope (ECLIPSE-400, Type 115)
for histopathological changes.

Alizarin red staining

Alizarin red staining for calcium oxalate deposition was
carried out by the method of Bancroft and Cook [15].

NADPH-diaphorase staining

This was carried out by the method of Mundel et al. [16]
with modifications. Portions of the kidney were removed
immediately after animal sacrifice and embedded using
Bright Cryo-Embed. Embedding was done at a quick-
freezing temperature of �24�C. Cryostat sections of
7 lm thickness were taken using a rotary microtome at a
temperature of �17�C. Cryostat sections were thaw
mounted on to chrome-alum gelatin coated slides and
cold acetone was added to the sections.

The catalytic activity of NOS was demonstrated by
enzymatic oxidation of nitro blue tetrazolium (NBT) in
the presence of b-NADPH. For this purpose, slides were
washed in PBS and incubated for 30–60 min at 37�C in
0.1 M phosphate buffer containing 0.3% Triton X-100,
0.01% NBT, and 0.1% b-NADPH. After replacing
NADPH with NADH, no reaction product was found.

Immunohistochemical detection of endothelial nitric
oxide synthase

For immunohistochemistry, rat renal tissue was
embedded in Tissue-Tek (Sakura Finetek, Europe,
Zoeterwoude, The Netherlands), snap-frozen in liquid
nitrogen, and stored at �80�C. Consecutive cryostat
sections were cut at 4 lm. Cryosections were fixed in
acetone for 10 min at room temperature. Briefly, endo-
thelial nitric oxide synthase (eNOS) activity was blocked
by incubation with 1% hydrogen peroxide in PBS for
20 min. Non-specific binding sites were saturated by
incubation with 5% bovine serum albumin (BSA) in

302



phosphate buffered saline (PBS) for 30 min. Sections
were incubated with primary antibodies diluted in PBS
with the addition of 0.2% BSA. All of the subsequent
steps were performed according to the manufacturer’s
instructions (DAKO LSAB2 kit, Carpinteria, Calif.,
USA). Sections were counterstained with Mayer’s
hematoxylin and mounted in GelMount (Biomeda,
Foster City, Calif., USA).

Statistical analysis

Statistical analysis was carried out using ANOVA (SPSS
Package for Windows, Version 7.5). The results are ex-
pressed as mean±SD for six rats.

Results

NOx metabolites in L-arginine and experimentally
induced hyperoxaluric rats

Figure 1 shows the levels of nitrite/nitrate in the urine of
control and experimental animals. The EG treated rats
exhibited a significant increase (P<0.001) in the level of
nitrate/nitrite when compared with that of the control
rats. NOx levels in control rats were 1.53 lmol/24 h
urine, which significantly increased to 2.01 lmol/24 h
urine in hyperoxaluria induced animals. In L-arg co-
supplemented hyperoxaluric rats, the NOx level was
1.74 lmol/24 h urine, whereas in L-arg supplemented
rats the level was 1.8 lmol/24 h urine sample.

LPO in experimental animals

Figure 2 shows the level of LPO products in control and
experimental animals. LPO was significantly increased
at the level of P<0.001 in EG treated rats when com-

pared to control rats. Whereas in rats supplemented with
L-arg alone, the LPO levels were maintained near nor-
mal. In L-arg co-supplemented hyperoxaluric rats, the
levels of LPO products decreased significantly
(P<0.001) when compared to the EG induced rats.

Histopathological changes in experimental animals in
relation to protein content and kidney weight

Hyperoxaluria was induced under experimental condi-
tions by feeding rats with EG for 28 days. On gross
examination, the kidneys were enlarged in hyperoxaluric
rats. The cut surface revealed extensive edema and
congestion. Examination of the gross and cut surface in
control, L-arg supplemented and hyperoxaluric rats co-
supplemented with L-arg were unremarkable. The aver-
age kidney weight in control rats was 1.33 g. It was
significantly increased to 1.49 g in hyperoxaluric rats,
whereas in hyperoxaluric rats co-supplemented with L-
arg it was 1.41 g (Table 1) and the cut surface was
unremarkable. The protein content in hyperoxaluric
kidneys was approximately 163 mg/g tissue, whereas in
control rats the average value was 152 mg/g tissue. In L-
arg co-supplemented EG induced rats, protein content
was 154 mg/g of tissue.

Histopathological changes in kidney were analyzed in
control and L-arg supplemented rats and compared with
hyperoxaluric rats. These changes were corroborated
with hyperoxaluric rats co-supplemented with L-arg. On
microscopic examination, control (Fig. 3a) and L-arg
supplemented (Fig. 3b) rats show normal glomeruli and
tubules. In hyperoxaluric rats (Fig. 3c), there was
denudation and shedding of the epithelial lining,
deposition of tiny crystals and a marked dilatation of
proximal and distal tubules. In hyperoxaluric rats
co-supplemented with L-arg (Fig. 3d), there was only

Fig. 1 Level of NOx metabolites in experimentally induced
hyperoxaluric animals. Comparison was made between a=control
vs various groups, and b=EG vs various groups.
***P<0.001,**P<0.01 and *P<0.05

Fig. 2 Level of lipid peroxidation products in experimentally
induced hyperoxaluric animals. Comparison was made between
a=control vs various groups, and b=EG vs various groups.
***P<0.001; NS not significant
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mild damage to the epithelial lining and minimal dila-
tation of the tubules.

Alizarin red staining for calcium oxalate crystal depo-
sition in control and experimental animals

Figure 4a confirms the presence of calcium oxalate
crystal deposits in the medullary region of the hyper-
oxaluria induced rat kidney. Numerous foci of crystal
deposition were identified in the region of the distal
convoluted tubules in EG treated rats, but such depo-
sition was absent in EG-treated and L-arg co-supple-
mented rats (Fig. 4b).

Histochemical localization and expression of NOS
(NADPH-diaphorase staining) in control and
experimental animals

Our study confirmed the presence of NOS at the JGA
and tubules in control kidney sections (Fig. 5a). L-arg
supplemented animals maintained low expression of
NADPH-diaphorase, similar to the control sections
(Fig.5b). In hyperoxaluric rats, the cytochemical
expression of NADPH-diaphorase staining showed that

the level of NOS was significantly increased (Fig. 5c). In
rats in which L-arg was co-supplemented with EG, there
was marked reduction in cytochemical expression of
NADPH-diaphorase (Fig. 5d).

Immunohistochemical detection of eNOS in control and
experimental kidney sections

Control and L-arg supplemented rat kidney sections
showed expression of eNOS in interstitial, endothelial
and macula densa cells (Fig. 6a, b), while decreased
expression was obtained in kidney sections of hyperox-
aluric rats (Fig. 6c). eNOS expression was similar to the
control sections in EG-treated and L-arg co-supple-
mented rat sections (Fig. 6d).

Discussion

The possible involvement of a free radical mediated LPO
reaction in the etiology of stone formation has been
investigated by our group [1]. Though several hypothe-
ses have been advocated, cellular injury is considered to
be one of the predisposing factors responsible for the
retention of crystals. This has been experimentally

Fig. 3 Histopathological
sections of control and
experimental rat kidneys.
a Control sections from the
renal cortex showing glomeruli
and tubules (H and E, ·50).
b L-arginine supplemented rats
showing normal architecture
similar to control sections (H
and E, ·50). c Hyperoxaluric
rats show marked tubular
dilatation, extensive shedding
and denudation of epithelial
lining. Occasional crystal
deposits are seen in tubules (H
and E, ·50). d Ethylene glycol
and L-arginine co-supplemented
sections show near normal
appearance of glomeruli and
tubules (H and E, ·5

Table 1 Kidney weight and protein content in control and experimentally induced hyperoxaluric rats. Values are expressed as mean±SD
of six animals. Comparison made between: a control vs various experimental groups, b ethylene glycol vs various experimental groups

Particulars Control L-arginine EG EG+L-arginine

Weight of kidney (g) 1.33±0.11 1.35±0.07aNSb** 1.49±0.07a** 1.41±0.10aNSb*

Protein content of kidney (mg/g wet tissue) 152.8±19.21 163.5±8.66a*b*** 135±9.03a** 154.3±9.97aNSb**

* P<0.05, **P<0.01, ***P<0.001, NS=non significant
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proved in hyperoxaluric rats [17], in which tubular injury
is followed by the excretion of marker enzymes in the
urine. Our earlier study has already demonstrated per-
oxynitrite induced kinetic and functional modification of

nitrated Tamm-Horsfall glycoprotein, a urinary protein
involved in calcium oxalate stone formation [4].

The protein content and weight of the kidney
decreased in hyperoxaluric animals. Earlier studies
from our laboratory revealed that the induction of
hyperoxaluria results in a reduction of protein content
in the kidneys of hyperoxaluric animals [18]. A negative
correlation was observed between the protein and LPO
products of hyperoxaluric rats. Co-supplementation of
L-arg increases the level of protein in the EG induced
rats. It has already been reported that supplementation
of L-arg increases the protein content in experimental
animals [19]. Supplementation of L-arg to the experi-
mental animals increases protein synthesis. This is well
supported by the fact that its metabolites are involved
in cell replication, collagen synthesis and tissue repair
[20].

The final products of NO in vivo are nitrate and ni-
trite. The relative proportion of these two compounds
cannot be predicted with certainty. Thus, the best index
of total NO production is the sum of both NO3

� and
NO2

�. Their levels are found to be increased in end stage
renal failure and decreased in hypertension, atheroscle-
rosis and angina pectoris [21]. An earlier report sug-
gested that supplementation of L-arg in experimental
animals quenches superoxide radical generation and
limits the formation of peroxynitrite [22]. In support of
this, in L-arg co-supplemented EG treated rats, NOx
levels were reduced when compared to EG treated rats.
In EG treated rats, significant levels of NOx were
excreted in the urine, suggesting the involvement of NO
and its radicals in hyperoxaluria [23]. We suggest that in
EG treated rats, due to low levels of L-arg in the kidney
tubules, there is the possibility of the formation of per-
oxynitrite, which refluxed urinary excretion of increased

Fig. 4 Alizarin red staining for the calcium oxalate deposition in
EG treated animals. a Sections from EG treated rat renal tubules
show calcium oxalate crystal deposition in distal convoluted
tubules (·50). b Sections from EG and L-arg co-supplemented rat
kidney show resemblance to control kidney sections and no calcium
oxalate deposition (·50)

Fig. 5 Histochemical
expression of NADPH
diaphorase for nitric oxide
synthase in cryosections of
control and experimental
animal kidneys. a Control
kidney sections show normal
expression of NADPH-
diaphorase staining in the
region of JGA and tubules
(·50). b L-arginine
supplemented sections show
normal expression of NADPH-
diaphorase in the region of JGA
and tubules (·50). c Ethylene
glycol sections show increased
expression of NADPH-
diaphorase in JGA apparatus
and tubules (·50). d Ethylene
glycol and L-arginine co-
supplemented sections show
reduced expression of NADPH-
diaphorase in JGA apparatus
and tubules (·50)
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NOx compared to the L-arg supplemented animals.
Thus, during chronic EG administration, urinary NOx
reflect NO production despite ongoing reactive oxygen
species (ROS) mediated inactivation of NO [24].

LPO is thought to be an important consequence of
oxidative cellular damage [25]. The destruction of
unsaturated fatty acids via LPO has been linked with an
altered membrane structure [26] and enzyme inactiva-
tion [27]. It has already been reported that LPO was
induced in hyperoxaluric rats [28]. Supplementation of
L-arg releases NO that can attenuate membrane dys-
function and tissue injury, owing to its ability to bind
transition centers participating in Fenton-type processes
and to efficiently scavenge free radical species that
propagate peroxidation chain reactions [29]. On the
other hand, when generated at higher concentrations in
the presence of oxygen, superoxide and other ROS, NO
can be converted into a range of potent oxidants, such as
nitrogen dioxide and peroxynitrite which may amplify
and exacerbate the noxious effects of LPO [30]. Sup-
plementation of L-arg reduces the level of lipoperoxides
produced in hyperoxaluric rats and it has been docu-
mented to protect the membrane, thereby proving that
L-arg has cytoprotective activity. It has already been
reported by Lubec et al., that L-arg supplementation
reduces the levels of LPO in diabetic patients [31].

Administering EG to experimental animals leads to
the formation of glycolaldehyde, glycolic acid, calcium
oxalate and hippuric acid, all of which have cytotoxic
effects on the renal tubular cells [32]. Earlier studies from
our laboratory revealed that induction of EG to exper-
imental animals causes tubular degeneration and cells
casts [33]. CaOx crystal deposits are evident in Alizarin
red stained sections of EG treated rats and are present in
the region of distal convoluted tubules. Earlier reports
also confirm the presence of calcium oxalate crystals in
EG treated animals in the region of distal convoluted
tubules and collecting duct of experimental urolithic
animals [34]. Supplementation of L-arg to the experi-

mental animals provides cytoprotection to the renal
epithelial cells and reduces the cytotoxic properties of
EG induction. Moreover, L-arg metabolic products have
wound healing capacity [35]. Results of our histopath-
ological and histochemical analyses indicates that sup-
plementation of L-arg to EG-treated animals minimizes
the crystal deposition and tubular damage. Similarly
supplementation of L-arg alone to the experimental
animals does not cause any change in the architecture of
kidney sections. The hyperoxaluria that is induced ulti-
mately results in the production of free radicals and
oxidative injury to the epithelial lining. It has already
been reported that peroxidised protein acts as a heter-
ogeneous nucleator for the nucleation and aggregation
of calcium oxalate stone formation [36]. The renal tissue,
which is damaged due to peroxide stress, is more prone
to calcium oxalate crystal retention. This paves the way
for heterogeneous nucleation with minerals at the in-
jured epithelial surface. These oxidation-induced chan-
ges are reversed under experimental conditions by
feeding rats with L-arg, demonstrating the antioxidative
and antilithic property of L-arg.

NO is produced by the conversion of oxygen and L-
arg to NO and L-citrulline. This reaction is catalyzed by
NOS, of which there are three different isoforms: eNOS,
inducible nitric oxide synthase (iNOS) and neuronal
nitric oxide synthase (nNOS) in almost all types of cells
[37]. eNOS and nNOS are constitutive and Ca2+-cal-
modulin dependent isoforms that are involved in cellular
signaling. iNOS is an inducible isoform produced only in
response to a stimulus and is not Ca2+ dependent.
NADPH diaphorase activity can be used as a marker for
NOS [38]. NOS can produce NO in NADPH-dependent
fashion in response to changes in intracellular calcium
by deimidating arginine to citrulline [39]. The NOS-po-
sitive cells stained for NADPH diaphorase, show local-
ization at the JGA and tubules of the kidney. In the
absence of NADPH, no staining was observed. Our
findings suggest that macula densa cells of the JGA

Fig. 6 Immunohistochemical
detection of endothelial nitric
oxide synthase in control and
experimental kidney sections.
a Sections from control rat
kidney show expression of
eNOS in endothelial cells of
interstitial and peritubular
capillaries (·50). b Sections
from L-arg supplemented rat
kidney show increase in
expression of eNOS in
endothelial and tubular cells
(·50). c Sections from ethylene
glycol treated rat kidney show
reduced expression of eNOS
(·50). d Sections from EG and
L-arg co-supplemented rat
kidney show expression of
eNOS in endothelial cells and
tubular region very similar to
normal rats (·50)
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could produce increased amounts of NO in hyperox-
aluric rats.

The present study demonstrates the strongly en-
hanced signal for NADPH-diaphorase staining in hy-
peroxaluric animals at the macula densa cells of the
JGA, suggesting the role of NOS in the free radical
mediated urolithic condition. Moreover, the decreased
expression of eNOS in the hyperoxaluric condition and
its normal expression in L-arg co-supplemented hyper-
oxaluric animals confirm the involvement of iNOS in the
pathogenesis of stone formation. It has already been
reported that oxidative stress results in the production of
a large amount of NO originating from the induction of
inducible type II NOS, and it reacts with locally gener-
ated superoxide to form ONOO� [40], which in turn can
damage proteins and cause membrane injury.

To conclude, L-arg, an inducer of eNOS, is found to
suppress the release of NO by iNOS and formation of
ONOO�. By maintaining the antioxidant and thiol sta-
tus of the proteins, L-arg prevents antioxidant enzyme
inactivation and membrane damage. It also effectively
curtails LPO and reduces the membrane injury mediated
by EG. Thus, L-arg acts as an effective antioxidant and
cytoprotectant in experimental hyperoxaluric rats.
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