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Gentamicin, an aminoglycoside antibiotic, is used for the treatment of serious Gram-negative infections. However, its usefulness
is limited by its nephrotoxicity. Sildenafil, a selective phosphodiesterase-5 inhibitor, was reported to prevent or decrease tissue
injury. The aim of this study is to evaluate the potential protective effects of sildenafil on gentamicin-induced nephrotoxicity
in rats. Male Wistar rats were injected with gentamicin (100mg/kg/day, i.p.) for 6 days with and without sildenafil. Sildenafil
administration resulted in nephroprotective effect in gentamicin-intoxicated rats as it significantly decreased serum creatinine
and urea, urinary albumin, and renal malondialdehyde and nitrite/nitrate levels, with a concomitant increase in renal catalase and
superoxide dismutase activities compared to gentamicin-treated rats. Moreover, immunohistochemical examination revealed that
sildenafil treatment markedly reduced inducible nitric oxide synthase (iNOS) expression, while expression of endothelial nitric
oxide synthase (eNOS) was markedly enhanced.The protective effects of sildenafil were verified histopathologically. In conclusion,
sildenafil protects rats against gentamicin-induced nephrotoxicity possibly, in part, through its antioxidant activity, inhibition of
iNOS expression, and induction of eNOS production.

1. Introduction

Gentamicin is an effective aminoglycoside antibiotic against
serious Gram-negative bacterial infections. Nevertheless, its
widespread clinical use is restricted by its nephrotoxic side
effect that occurs in up to 30% of treated patients [1]. The
pathogenesis of gentamicin nephrotoxicity involves multiple
pathways, including oxidative stress, inflammation, reduced
renal blood flow, and increased nitric oxide (NO) level [2,
3]. Several agents have been used, with various degrees of
success, to ameliorate or prevent gentamicin nephrotoxicity
[4–6].

Sildenafil, a selective phosphodiesterase-5 inhibitor,
exerts multiple pharmacological actions that involve increase
in intracellular cGMP levels, scavenging of free radicals,
and decrease in inflammatory cytokines [7]. Moreover,
sildenafil induces iNOS and eNOS expression [8]. These

pharmacological multiactions offer the possibility of
interacting with various pathological conditions usually
through one or more of these actions. For example,
sildenafil is now being used to treat not only erectile
dysfunction but also pulmonary hypertension. It also may
have potential for treating several other conditions, including
ischemia/reperfusion injury, myocardial infarction, heart
failure, stroke, neurodegenerative diseases, and Raynaud’s
phenomenon [9]. Therefore, the present study aimed to
determine whether sildenafil can protect rat kidney from
gentamicin-induced nephrotoxicity and to demonstrate the
possible mechanisms.

2. Methods

2.1. Chemicals. Sildenafil citrate was a generous gift from Eva
Pharma (Giza, Egypt). Gentamicin sulfate was a generous
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Figure 1: Effect of sildenafil on kidney histopathological picture of gentamicin-induced nephrotoxicity in rats (H&E ×400). A representative
photomicrograph of a section in the kidney cortex of (a) and (b) control and sildenafil-treated groups, respectively, showing normal structure
of renal glomerulus (G) and renal tubules, (c) gentamicin-treated group showing degeneration and necrobiosis in the epithelial cells lining
the renal tubules (T), with apoptotic morphology with pyknotic nuclei in some cells of the renal glomerulus and tubules (arrows) and cystic
luminal dilatation in some tubules (inset), and (d) gentamicin- and sildenafil-treated group showing regular epithelial cells lining the tubules
with normal morphology of renal cortex.

gift from Memphis Pharm. & Chemical Ind. (Cairo, Egypt).
Antibodies against iNOS and eNOS were purchased from
Thermo Fisher Scientific Inc./Lab Vision (Fremont, CA,
USA).

2.2. Animals and Experimental Design. Male Wistar rats
weighing 150–180 g were used after one week for proper
acclimatization to the standard housing conditions (25 ± 2∘C
temperature and 12 h light/dark cycle) and were supplied
with standard rodent chow and tap water ad libitum. Pro-
cedures involving animals and their care were conducted
according to EEC Directive of 1986 (86/609/EEC). Animals
were randomly divided into 4 groups of 6–8 animals each.
Group (1) served as the control group. Group (2) was treated
with sildenafil (5mg/kg, p.o.) [10] daily for 6 consecutive
days and served as positive control. Group (3) was injected
with gentamicin (100mg/kg, i.p.) [11] daily for 6 consec-
utive days to induce nephrotoxicity. Group (4) was given
sildenafil (5mg/kg, p.o.) 1 h before gentamicin (100mg/kg,
i.p.) daily for 6 consecutive days. The rats were sacrificed

24 h following the last gentamicin injection, blood samples
were collected, and serum was separated by centrifugation
at 3000 g for 10min. A longitudinal section from the left
kidney was excised from each animal for histological and
immunohistochemical examination. The renal cortex of the
rest of the kidneys was stored at –80∘C and subsequently
homogenized in ice-cold phosphate buffer (0.05M, pH 7.4)
for biochemical analysis.

2.3. Biochemical Analysis. Serum levels of creatinine, urea
(Diamond Diagnostics, Egypt), and urinary albumin (Bio-
Systems, Spain) as well as renal catalase and superoxide
dismutase (Biodiagnostic, Egypt) activities were determined
according to the manufacturers’ guidelines using commer-
cially available kits. Renal cortex malondialdehyde, an index
of lipid peroxidation, was estimated as previously described
[12] using 1,1,3,3-tetramethoxypropane as standard. Renal
cortex total nitrite/nitrate, the stable oxidation end products
of nitric oxide, served as an index of nitric oxide level
and was measured by reduction of nitrate into nitrite using
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Figure 2: Effect of sildenafil (Sild) on renal malondialdehyde (a), nitrite/nitrate (b), catalase (c), and superoxide dismutase (d) levels of
gentamicin- (Gent-)induced nephrotoxicity in rats. Data are mean ± SEM of 6–8 rats. ∗,∘,∙Significantly different from control, sildenafil, and
gentamicin groups, respectively, at 𝑃 < 0.05.

activated cadmium granules, followed by color development
with Griess reagent in acidic medium [13].

2.4. Histological and Immunohistochemical Examination.
Samples of renal tissue were fixed in 10% buffered formalin,
embedded in paraffin wax, sectioned, stained with hema-
toxylin and eosin, and examined under light microscope.
Expressions of iNOS and eNOS were detected immunohisto-
chemically using UltraVision ONE HRP polymer detection
system (Thermo Fisher Scientific Inc./Lab Vision, Fremont,
CA, USA). Briefly, kidney sections were deparaffinized and
rehydrated, and nonspecific binding was blocked by Ultra
V block. Sections were incubated overnight at 4∘C with
diluted primary antibodies (iNOS, 1 : 100 and eNOS, 1 : 50).
Consequently, theywere incubated for additional 30minwith
UltraVision One HRP polymer followed by color develop-
ment using diaminobenzidine.

2.5. Statistical Analysis. Data were expressed as means ±
SEM. The differences among treated groups were performed
by one-way ANOVA followed by Tukey’s test. The difference
of mean was considered statistically significant at a value of
𝑃 < 0.05.

3. Results

3.1. Effects of Sildenafil on Urea, Creatinine, and Albumin
Levels. Data of serum urea and creatinine as well as urinary
albumin levels, as markers of renal functions, are summa-
rized in Table 1. Concomitant administration of sildenafil
with gentamicin significantly decreased gentamicin-induced
elevation in urea, creatinine, and albumin levels.

3.2. Effects of Sildenafil on Renal Histopathology. Histopatho-
logical examination revealed that control and sildenafil
groups showed normal features of renal glomeruli and cor-
tical tubules (Figures 1(a) and 1(b)). In contrast, gentamicin-
treated group showed degeneration and necrobiosis in
the epithelial cells lining the renal tubules (Figure 1(c)).
Concomitant administration of sildenafil with gentamicin
restored the histopathological insult induced by gentam-
icin, as it showed regular epithelial cells lining the tubules
(Figure 1(d)).

3.3. Effects of Sildenafil on Renal Malondialdehyde, Nitrite/
Nitrate, Catalase, and Superoxide Dismutase. Sildenafil
treatment significantly decreased the elevation of both
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Figure 3: Effect of sildenafil on inducible nitric oxide synthase (iNOS) immunohistochemical staining of gentamicin-treated rat kidney
(×400). Localization of iNOS immunoreactivity in the kidney cortex of (a) and (b) control and sildenafil treated groups, respectively, showing
negative immunoreactivity, (c) gentamicin-treated group showing high cytoplasmic expression within the renal tubules (arrow), and (d)
gentamicin and sildenafil treated group showing faint cytoplasmic expression within few renal tubules (arrow).

Table 1: Effect of sildenafil on serum creatinine and urea as well as urinary albumin levels of gentamicin-induced nephrotoxicity in rats.

Group Creatinine
mg/dL

Urea
mg/dL

Albumin
mg/dL

Control 0.53 ± 0.01 26.2 ± 0.24 0.36 ± 0.01

Sildenafil 0.55 ± 0.01 25.8 ± 0.17 0.34 ± 0.01

Gentamicin 3.1 ± 0.1
∗∘

139 ± 1.48
∗∘

4.05 ± 0.10
∗∘

Gentamicin + sildenafil 0.94 ± 0.01
∗∘×

59.6 ± 1.02
∗∘×

2.04 ± 0.06
∗∘×

Data are mean ± SEM of 6–8 rats. ∗,∘,×Significantly different from control, sildenafil, and gentamicin groups, respectively, at 𝑃 < 0.05.

malondialdehyde and nitrite/nitrate levels in comparison
with gentamicin-intoxicated group (Figures 2(a) and 2(b)).
On the other hand, concomitant treatment of sildenafil with
gentamicin caused significant increase in renal catalase and
superoxide dismutase activities compared with gentamicin-
treated group (Figures 2(c) and 2(d)).

3.4. Effects of Sildenafil on iNOS and eNOS Expression.
Immunohistochemical staining of rat kidney showed that
administration of gentamicin caused significant increase
in the immunoreactivity of iNOS and decrease in the
immunoreactivity of eNOS compared to control group.
Concomitant administration of sildenafil with gentamicin
significantly decreased iNOS expression while expression of
eNOS was significantly increased compared to gentamicin
group (Figures 3 and 4).

4. Discussion

The nephrotoxicity of the aminoglycoside antibiotic gentam-
icin is well documented [1]. In the present study, sildenafil
ameliorated gentamicin-induced nephrotoxicity as it reduced
serum urea and creatinine as well as urinary albumin levels
and restored the histological pattern. In accordance with
these results, Choi et al. [8] reported that sildenafil reduced
blood urea nitrogen and serum creatinine levels and atten-
uated renal tubular injuries in renal ischemic reperfusion
injury in rats.

It is known that oxidative stress plays an essential role in
the development of gentamicin nephrotoxicity. In the present
study, the ability of sildenafil to ameliorate gentamicin-
induced elevation in malondialdehyde level is consistent
with the findings of Cadirci et al. [7] who showed that
sildenafil decreases malondialdehyde in the kidney tissues of
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Figure 4: Effect of sildenafil on endothelial nitric oxide synthase (eNOS) immunohistochemical staining of gentamicin-treated rat kidney
(×1000). Localization of eNOS immunoreactivity in the kidney cortex of (a) and (b) control and sildenafil-treated groups, respectively, showing
positive immunoreactivity in the glomerulus endothelium (arrow), (c) gentamicin-treated group showing absent immunoreactivity within
the renal glomerulus (G), and (d) gentamicin and sildenafil-treated group showing immunoreactivity within the renal glomerulus (arrow).

cecal ligation and puncture-induced septic rats. Moreover,
sildenafil treatment decreased MDA levels in renal ischemia-
reperfusion injury in rats [14]. This inhibitory effect of silde-
nafil on lipid peroxidation may be a result of its suppressing
effect on iNOS expression [15]. Alternatively, in harmony
with the present data, several studies denoted similar findings
regarding the ability of sildenafil to increase catalase [10, 16,
17] and superoxide dismutase [7, 17] activities.

In the current study, gentamicin-treated group increased
renal nitrite/nitrate levels. The gasotransmitter NO is impor-
tant in many physiological and pathological processes in
kidney. Physiologically, NO is important not only in the
regulation of renal hemodynamics but also in the regulation
of renal tubular function [18]. However, Narita et al. [19]
reported that limiting NO production decreases glomerular
injury and subsequent glomerulosclerosis. In agreement with
the present study, Christo et al. [3] reported thatNOhas a role
in the acute renal failure caused by gentamicin because the
free radical nature ofNOmight contribute to tubular damage.
In addition, NO increases renal injury through its reaction
with superoxide radical and generation of a cytotoxic perox-
ynitrite [20], which could damage the tubular cells resulting
in renal failure. On the other hand, the decreased renal NO
content in sildenafil-treated gentamicin group is in accord
with Yildiz et al. [21] who reported that sildenafil was able to

prevent the increase inNO level induced by testicular torsion.
In the same line, Zhao et al. [22] reported that sildenafil
effectively inhibited lipopolysaccharide-induced production
of NO both in N9 cells and primary rat microglial cells.
The decrease in NO level may be due to decrease in iNOS
level although eNOS level is increased as the amount of NO
generated by eNOS is small while large quantities of NO are
synthesized by iNOS [23].

The effect of sildenafil on iNOS level is controversial. On
one hand, sildenafil increased iNOS expression in ischemia-
reperfusion renal injury in rats [8]. On the other hand, Lee
et al. [24] found that administration of sildenafil upregulated
the hepatic protein expression of phospho-eNOS without
enhancing iNOS expression. Alternatively, in line with the
present study, the decreased iNOS level in sildenafil-treated
gentamicin group is supported by several studies [10, 14, 25,
26]. On the other hand, in the present study, the increased
renal eNOS content in sildenafil-treated gentamicin group is
in line with previous studies [8, 10, 27]. Collectively, in accord
with the current study, Furusu et al. [28] found that the extent
of eNOS expression is negatively correlated with the degree
of glomerular injury, while the extent of iNOS expression
is positively correlated with the degree of glomerular injury
in the same tissues. Moreover, transient eNOS-mediated NO
production is essential for vasorelaxation, antiapoptosis, and
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protection against oxidative stress while sustained iNOS-
mediated NO generation may mediate lipid peroxidation,
DNA damage, and proapoptotic effects [15, 29].

5. Conclusions

In conclusion, sildenafil treatment attenuates gentamicin
nephrotoxicity in rats partly through ameliorating oxidative
stress by preserving the activity of catalase and superoxide
dismutase as well as inhibiting iNOS expression and inducing
eNOS production.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] B. H. Ali, M. Al Za’abi, G. Blunden, and A. Nemmar, “Experi-
mental gentamicin nephrotoxicity and agents that modify it: a
mini-review of recent research,” Basic and Clinical Pharmacol-
ogy and Toxicology, vol. 109, no. 4, pp. 225–232, 2011.

[2] P. Balakumar, A. Rohilla, and A. Thangathirupathi,
“Gentamicin-induced nephrotoxicity: do we have a promising
therapeutic approach to blunt it?” Pharmacological Research,
vol. 62, no. 3, pp. 179–186, 2010.

[3] J. S. Christo, A. M. Rodrigues, M. G. Mouro et al., “Nitric oxide
(NO) is associated with gentamicin (GENTA) nephrotoxicity
and the renal function recovery after suspension of GENTA
treatment in rats,”Nitric Oxide—Biology and Chemistry, vol. 24,
no. 2, pp. 77–83, 2011.

[4] B. Kasap, M. Türkmen,M. Kiray et al., “Effects of pentoxifylline
on gentamicin-induced nephrotoxicity,” Renal Failure, vol. 35,
no. 10, pp. 1376–1381, 2013.

[5] A.Otunctemur, E.Ozbek,M.Cekmen et al., “Protective effect of
montelukast which is cysteinyl-leukotriene receptor antagonist
on gentamicin-induced nephrotoxicity and oxidative damage in
rat kidney,” Renal Failure, vol. 35, no. 3, pp. 403–410, 2013.

[6] F. A. Rodrigues, M. M. Prata, I. C. Oliveira et al., “Gingerol
fraction from zingiber officinale protects against gentamicin-
induced nephrotoxicity,” Antimicrobial Agents and Chemother-
apy, vol. 58, no. 4, pp. 1872–1878, 2014.

[7] E. Cadirci, Z. Halici, F. Odabasoglu et al., “Sildenafil treatment
attenuates lung and kidney injury due to overproduction of
oxidant activity in a rat model of sepsis: a biochemical and
histopathological study,” Clinical and Experimental Immunol-
ogy, vol. 166, no. 3, pp. 374–384, 2011.

[8] D. E. Choi, J. Y. Jeong, B. J. Lim et al., “Pretreatment of sildenafil
attenuates ischemia-reperfusion renal injury in rats,” American
Journal of Physiology: Renal Physiology, vol. 297, no. 2, pp. F362–
F370, 2009.

[9] P. Sandner, J. Hütter, H. Tinel, K. Ziegelbauer, and E. Bischoff,
“PDE5 inhibitors beyond erectile dysfunction,” International
Journal of Impotence Research, vol. 19, no. 6, pp. 533–543, 2007.

[10] R. G. Abdel-Latif, M. A. Morsy, M. A. El-Moselhy, and M.
A. Khalifa, “Sildenafil protects against nitric oxide deficiency-
related nephrotoxicity in cyclosporine A treated rats,” European
Journal of Pharmacology, vol. 705, no. 1–3, pp. 126–134, 2013.

[11] I. Yaman and E. Balikci, “Protective effects of nigella sativa
against gentamicin-induced nephrotoxicity in rats,” Experimen-
tal and Toxicologic Pathology, vol. 62, no. 2, pp. 183–190, 2010.

[12] J. A. Buege and S. D. Aust, “Microsomal lipid peroxidation,”
Methods in Enzymology, vol. 52, pp. 302–310, 1978.

[13] K. V. H. Sastry, R. P. Moudgal, J. Mohan, J. S. Tyagi, and G. S.
Rao, “Spectrophotometric determination of serum nitrite and
nitrate by copper-cadmium alloy,” Analytical Biochemistry, vol.
306, no. 1, pp. 79–82, 2002.
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