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Hydrogen sulfide renal protective effects: possible link
between hydrogen sulfide and endogenous carbonmonoxide in a rat
model of renal injury

Neven M. Aziz1,2 & Eman A. Elbassuoni1 & Maha Y. Kamel3 & Sabreen M. Ahmed2,4

Abstract
Hydrogen sulfide (H2S), along with nitric oxide (NO) and carbon monoxide (CO), proved to have renoprotective effects in
various renal diseases. Therefore, this study investigated the renoprotective effect of H2S, in a renal injurymodel, and its crosstalk
with other gasotransmitters such as CO. Thirty-two adult rats were divided into four groups: control, gentamicin (GEN)-treated,
GEN + sodium hydrosulfide (NaHS), and GEN + NaHS + zinc protoporphyrin (ZnPP) groups. GEN was used to induce renal
injury, NaHS is a water-soluble H2S, and ZnPP is a selective heme oxygenase-1 (HO-1) inhibitor used to inhibit CO synthesis
in vivo. NaHS improved kidney functions in the GEN group as evidenced by significantly lower levels of renal injury markers:
serum urea, creatinine, uric acid, urinary albumin excretion, and urinary albumin/creatinine. Moreover, NaHS administration to
the GEN-treated group significantly lowered renal levels of NO and tumor necrosis factor-αwith an increase in total antioxidant,
HO-1, and interleukin-10 levels. Furthermore, NaHS administration downregulated the GEN-induced overexpression of the
renal inducible nitric oxide synthase (iNOS) and upregulated the suppression of endothelial nitric oxide synthase (eNOS) with
improvement in the histological examination and periodic acid Schiff (PAS) staining. However, this improvement in kidney
function produced byNaHSwas reduced by combination with ZnPP but still improved as compared with the GEN-treated group.
The renoprotective effects of H2S can be through its effects on renal tissue antioxidants, pro-inflammatory and anti-inflammatory
cytokines, and expression of eNOS and iNOS which can be partially dependent on CO pathway via induction of HO-1 enzyme.
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Introduction

Hydrogen sulfide (H2S) is one of the endogenous gaseous
signaling molecules in mammalian tissues, which is synthe-
sized enzymatically by cystathionine β-synthase (CBS), cys-
tathionine γ-lyase (CGL), and 3-mercaptopyruvate
sulfurtransferase (3-MST) (Kasinath 2014). These three

enzymes are expressed in large quantities in the kidney and
are involved in the renal H2S production (Song et al. 2014).

H2S has been considered historically as a toxic gas and an
environmental pollutant. Lately, it has been considered as an
important mediator of several cellular signal transductions and
pathophysiological responses including energy production,
angiogenesis, insulin release, cardioprotection, blood vessel
relaxation, and neuromodulation, in addition to enhancement
of the cytotoxic cellular responses, e.g., oxidative stress, apo-
ptosis, inflammation, and necrosis (Kolluru et al. 2013).

Heme oxygenase 1 (HO-1) is a stress protein that catalyzes
the rate-limiting step of heme degradation yielding equimolar
amounts of biliverdin, carbon monoxide (CO, another endog-
enous gaseous signaling molecule), and iron, and the products
are bioactive (Lever et al. 2016). It can be induced in a variety
of kidney substructures in response to injury, including prox-
imal tubules, glomeruli, and renal interstitium, as well as in
renal mononuclear phagocytes. Following an acute injury,
HO-1 is rapidly induced but its expression subsides before
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renal recovery fully occurs; such reduction in HO-1 expres-
sion may allow the continued expression of pro-inflammatory
and fibrogenic genes (Nath 2014). HO-1 has been studied
widely for its antioxidant and anti-inflammatory functions,
as well as its abilities to maintain microcirculation and sup-
press immunological rejection (Du et al. 2019).

The kidney is a vital organ, playing a crucial role in health,
disease, and overall growth and development. A number of
environmental variables including certain drugs affect these
functions. Renal injury can be induced by nephrotoxic sub-
stances which have negative effects on renal function; these
substances can include arsenic and lead, antibiotics such as
aminoglycosides, cancer therapeutics such as cisplatin, metals
such as mercury, drugs of abuse such as cocaine, and fungi
(Pendergraft et al. 2014).

Renal injury mechanisms include renal free radical produc-
tion and accumulation, consumption of the antioxidant de-
fense mechanisms, acute tubular necrosis, and glomerular
congestion leading to diminished creatinine clearance and re-
nal dysfunction (Otunctemur et al. 2014). One main sign of
renal injury is a change in renal function as measured by the
blood urea nitrogen, glomerular filtration rate, serum creati-
nine, or urine output (Barnett and Cummings 2018).

Drugs are considered a major contributor to acute kidney
insult. Gentamicin (GEN) is an aminoglycoside wide-
spectrum antibiotic used commonly to treat infections caused
by Gram-negative bacteria (Krause et al. 2016). However,
their usage is limited by their nephrotoxicity, which appears
in about 10–25% of therapeutic courses. GEN-induced renal
damage is a frequently used model for the induction of renal
injury in experimental animals. The mechanism of GEN-
induced renal injury is not completely understood. Oxidative
stress is involved as the central mechanism of GEN-induced
renal cell injury. Thus, amelioration of aminoglycoside renal
injury by any means would be of great clinical significance
(Virani et al. 2016).

There are many strategies dependent on nephroprotective
drugs for co-treatment along with aminoglycosides. At the
preclinical level, many substances have been shown to exert
protective effects on drug-induced renal injury and especially
on aminoglycoside nephrotoxicity. In particular, many studies
have shown that antioxidants improve aminoglycoside neph-
rotoxicity (Casanova et al. 2017).

Since the biological actions of H2S are still increasing and
its role in both renal physiology and pathology is still not well
understood (van den Born et al. 2016), the present study is
designed to shed light on the effects of H2S in a GEN-induced
renal injury model, as well as its crosstalk with one of the other
endogenous gasotransmitters (CO) that may be integrated in
its effect. Different oxidative, inflammatory renal parameters
and renal injury markers with renal histology and immunohis-
tochemical examination of inducible nitric oxide synthase
(iNOS) and endothelial nitric oxide synthase (eNOS) were

evaluated in the different studied groups in an attempt to as-
sess the possible mechanisms of H2S effect.

Material and methods

Ethical approval

The Minia University Faculty of Medicine, Research Ethics
Committee (FMREC) approved this research proposal regard-
ing the source of the animals, health status, inclusion criteria,
exclusion criteria, caging, comfort, and the detailed experi-
mental design and procedures. It was conducted in agreement
with the NIH Guide for Care and Use of Laboratory Animals
(Council 2010).

Animals

In the present study, thirty-two adult male albino (Sprague
Dawley strain) rats, with an average weight of 150–200 g,
about 4 months old, were used. Rats were bought from the
National Research Center, Cairo, Egypt. They were housed in
groups of eight in stainless steel cages that offered adequate
space for free movement (40 cm × 40 cm × 25 cm) at room
temperature with natural dark/light cycles and allowed free
access to water and commercial rat’s diet (Nile Company,
Egypt) for 2 weeks for acclimatization.

Experimental groups

Animals were randomly divided into four equal groups (8
animals each):

1. Control group: each rat received 0.5 ml of dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich Co., Germany) intraperi-
toneally (IP) for 7 consecutive days.

2. GEN-treated group: rats were injected IP with GEN
(Memphis Co., Egypt) to induce nephrotoxicity in a dose
level of 100 mg/kg/day daily for 7 consecutive days
(Chen et al. 2017) and received 0.5 ml of DMSO IP 1 h
before the injection of GEN.

3. GEN + sodium hydrosulfide (NaHS)–treated group: rats
were given NaHS (water-soluble H2S inducer)
(Honeywell Fluka Co., China) intraperitoneally at
56 μmol/kg/day for 7 days immediately after injection
of GEN (Otunctemur et al. 2014). In addition, each rat
received 0.5 ml of DMSO IP 1 h before the NaHS
injection.

4. GEN + NaHS + zinc protoporphyrin (ZnPP)–treated
group: ZnPP is a selective HO-1 inhibitor, thus used to
inhibit CO synthesis in vivo (Podkalicka et al. 2018), and
dissolved in DMSO. GEN-treated rats were given NaHS
by the same previous dose, and ZnPP by IP injection in a
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dose of 40 μmol/kg/day (25 mg/kg/day) for 7 consecutive
days (Takagi et al. 2018).

Biochemical analyses

One day before the end of the study, each rat was housed
separately in a metabolic cage for collection of 24-h urine to
determine creatinine and albumin by colorimetric assay kits
(Spinreact SAU, Spain) according to the manufacturer’s in-
structions. Measured creatinine with albumin was used to de-
termine albumin/creatinine (A/C) ratio.

Subsequently, the rats were sacrificed by decapitation. The
blood samples were immediately collected from the jugular
veins in 10-ml Eppendorf tubes, allowed to clot, and then
centrifuged at 3000 rpm for 20 min. The serum samples were
separated in 2-ml Eppendorf tubes and stored at − 20 °C until
use for estimation of the following parameters: urea
(BioSystems S.A., Spain), creatinine (Spinreact SAU,
Spain), and uric acid (Stanbio Lab., USA) by using an enzy-
matic colorimetric assay kits according to the manufacturer’s
instructions.

The kidneys were also removed from each rat, and each
organ was weighed and homogenized in potassium phosphate
buffer 10 mM. The ratio of tissue weight to homogenization
buffer was 1:10. The homogenates were centrifuged at
5000 rpm for 10 min at 4 °C. The resulting supernatant was
used for determination of total antioxidant capacity (TAC) by
colorimetric assay kit (LC Diagnostics Ltd., Korea), nitric
oxide (NO) by colorimetric assay kit (Bio-diagnostic,
Egypt), tumor necrosis factor-α (TNF-α) by ELISA kit
(Boditech Med. Inc., Korea), interleukin-10 (IL-10) by
ELISA kit (Elabscience Biotechnology Ltd., USA), and HO-
1 by using rat HO-1 immunoassay kit (BioVendor, USA) ac-
cording to the manufacturer’s instructions.

Histological examination

Tissue specimens (right kidney) for light microscopy were
fixed in 10% formol saline and processed to obtain paraf-
fin blocks. Five micrometer-thick sections were cut and
stained with hematoxylin and eosin (H&E) stain for his-
tological studies (Swisher et al. 2002), periodic acid
Schiff (PAS) to record interstitial edema, and the possible
separation of epithelial cells from the basement mem-
branes (Martín-Solé et al. 2016). At the same time, immu-
nohistochemical staining was performed for the recogni-
tion of expression of iNOS and eNOS. iNOS and eNOS
monoclonal mouse antibodies were used (Lab Vision
Laboratories) according to the manufacturer’s protocol.
The slides were then counterstained, dehydrated, and
mounted. The reaction is cytoplasmic (Côté 1993). For
photography, Olympus light microscopy was used.

Slides were photographed using an Olympus digital
camera.

Morphometric analysis

Measurements were performed in five non-overlapping fields
from five different sections of five different rats, in each group
at × 400 magnifications, using the image analyzer (Leica
Imaging System, Germany) to measure the following:

& Color percentage of PAS-positive areas in PAS-stained
sections

& iNOS immunoreactive optical density
& iNOS immunoreactive optical density

Statistical analysis

Data were represented as means ± standard errors of the mean
(SEM). Statistical analysis was performed using GraphPad
Prism 5 software, and a significant difference between groups
was assessed by one-way ANOVA followed by the Tukey-
Kramer post hoc test for multiple comparisons with a P value
of ≤ 0.05 considered statistically significant.

Result

Assessment of the urinary parameters in the different
experimental groups

The data of the present study clearly demonstrated that the
urinary albumin level and A/C ratio were significantly higher
in all the GEN-treated groups than in the control group. In
addition, they were significantly lower in the GEN-treated +
NaHS and GEN + NaHS + ZnPP–treated groups than in the
GEN-treated group, with significantly higher levels in the
GEN + NaHS + ZnPP–treated group than in the GEN +
NaHS–treated group (Figs. 1 and 2, respectively).

Assessment of the serum parameters in the different
experimental groups

The data presented in Table 1 show that serum urea, creati-
nine, and uric acid were significantly higher in all the GEN-
treated groups than in the control group. Furthermore, they
were significantly lower in the GEN + NaHS–treated and
GEN + NaHS + ZnPP–treated groups than in the GEN-
treated group, with significantly higher levels in the GEN +
NaHS + ZnPP–treated group than in the GEN +NaHS–treated
group.
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Assessment of the renal tissue parameters
in the different experimental groups

The data presented in Table 2 show that the renal tissue TAC
was significantly higher in the control group than in all other
groups. Furthermore, they were significantly lower in the
GEN-treated group than in all other GEN-treated groups, with
significantly higher levels in the GEN + NaHS–treated group
than in the GEN + NaHS + ZnPP–treated group.

As regards renal NO level, the data presented in Table 2
show that it was significantly higher in all the GEN-treated
groups than in the control group, with significantly lower
levels in the GEN + NaHS–treated group than in the GEN-
treated and GEN + NaHS + ZnPP–treated groups.

The present data show also that the renal tissue TNF-α
levels were significantly lower in the control group than in
the other GEN-treated groups, with significantly higher levels
in the GEN-treated group alone than in the GEN groups treat-
ed with NaHS or NaHS + ZnPP.

As regards renal IL-10 level, the data show that there was
no significant change between the control and the GEN +
NaHS + ZnPP–treated group but that it was significantly low-
er in the GEN-treated group than in the control group.
However, it was significantly higher in the GEN + NaHS–
treated group than in all the other groups.

In the present study, renal HO-1 level was not significantly
altered by gentamicin administration; however, it was signif-
icantly increased in renal tissues of the GEN + NaHS–treated
group compared with the control and GEN-treated groups.
Additionally, the increased HO-1 level by NaHS was elimi-
nated by concomitant administration of the HO-1 selective
inhibitor (ZnPP) (Fig. 3).

Assessment of the histological examination
of the renal tissue in the different experimental
groups

Light microscopic study

Histological examination of the kidney of control rats revealed
the renal cortex with a normal architecture. Each renal corpus-
cle was formed of a glomerular tuft of capillaries encircled by
Bowman’s capsule with a capsular space in between the vis-
ceral layer adherent to the capillary tuft and the parietal layer.
The cells of proximal convoluted tubules (PCTs) were cuboi-
dal epithelial cells and had an irregular narrow lumen, whereas
the distal convoluted tubules (DCTs) had a wider lumen and
were lined by low cuboidal epithelial cells (Fig. 4a).

In this study, the renal cortex of GEN-treated rats showed
disorganized renal cortical structure, partially atrophied glo-
merulus, and dilated Bowman’s space. The renal tubules ex-
hibited marked degeneration with flat epithelial lining, vacu-
olated cytoplasm, and dilated lumen containing hyaline cast or
shed nuclei (Fig. 4b).

However, the renal cortex of GEN + NaHS–treated rats
kept the generally normal structure without any indication of
major morphological injury for many renal corpuscles, PCTs,
and DCTs; only congested glomerular capillaries were found
(Fig. 4c).

The renal cortex of GEN + NaHS + ZnPP–treated rats
revealed morphological changes as compared to controls.
Some renal corpuscles showed congested glomerular
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Fig. 1 Changes in urinary albumin excretion in the different experimental
groups. Data represent mean ± SEM of 8 rats. a Significantly different
from the control group. b Significantly different from the GEN-treated
group. c Significantly different from the GEN + NaHS–treated group,
P ˂ 0.05. GEN gentamicin, NaHS sodium hydrosulfide, ZnPP zinc
protoporphyrin IX
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Fig. 2 Changes in urinary albumin/creatinine (A/C) ratio in the different
experimental groups. Data represent mean ± SEM of 8 rats. a
Significantly different from the control group. b Significantly different
from the GEN-treated group. c Significantly different from the GEN +
NaHS treated group. P ˂ 0.05. GEN gentamicin, NaHS sodium
hydrosulfide, ZnPP zinc protoporphyrin IX
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capillaries. Some renal tubules with nuclear shedding and lu-
minal hyaline casts were observed (Fig. 4d).

PAS stain

PAS-stained sections of the renal cortex of control rats showed
a PAS-positive stain along the regular basement membrane
and the apical brush border of the PCT (Fig. 5a), while sec-
tions of the renal cortex of GEN-treated rats showed faint PAS
reaction along the basement membrane and the disrupted
brush border of renal tubules. The renal tubules displayed
dilated lumen with hyaline cast (Fig. 5b).

However, the renal cortex of GEN + NaHS–treated rats
revealed a PAS-positive reaction along the basement
membrane and the intact brush borders of many PCTs
(Fig. 5c).

In contrast, the renal cortex of GEN + NaHS + ZnPP–
treated rats displayed some renal PCTs with positive PAS
reaction along the regular basement membrane and intact
brush borders. Others displayed a disrupted brush border
and a stained cast within the lumen (Fig. 5d).

Immunohistochemical result

Sections of the control rats displayed negative immunore-
action for iNOS in the cytoplasm of tubular cells
(Fig. 6a). Meanwhile, sections of the GEN-treated rats
displayed highly expressed iNOS reaction in the cyto-
plasm of tubular cells (Fig. 6b). In contrast, the renal
cortex of GEN + NaHS–treated rats and GEN + NaHS +
ZnPP–treated rats revealed faint expression and positive
immunoreaction for iNOS in the cytoplasm of tubular
cells, respectively (Fig. 6c, d).

Regarding eNOS immunoreactivity, the control group
demonstrated intense eNOS immunoreaction in the PCTs,
DCTs, and the capillary tufts of glomeruli (Fig. 7a).

The GEN-treated rats demonstrated faint eNOS immuno-
reaction in the glomerular tufts and tubules (Fig. 7b).
Meanwhile in the GEN + NaHS–treated rats, most glomeruli
were immunoreactive. Both the PCTs and DCTs showed pos-
itive immunoreaction (Fig. 7c).

In contrast, the renal cortex of GEN + NaHS + ZnPP–
treated rats revealed variable degrees of immunoreaction.

Table 2 Changes in the renal
tissue parameters in the different
experimental groups

Group parameters Control GEN-treated GEN + NaHS–
treated

GEN + NaHS + ZnPP–
treated

Renal TAC (mmol/L) 0.21 ± 0.02 0.04 ± 0.01 a 0.14 ± 0.01 ab 0.09 ± 0.01 abc

Renal NO (nmol/g
tissue)

2.71 ± 0.03 26.11 ± 1.23
a

8.95 ± 0.62 ab 16.34 ± 0.58 abc

Renal TNF-α (pg/g tis-
sue)

198.4 ± 2.1 523.5 ± 2.8 a 243.9 ± 1.5 ab 343.1 ± 6.3 abc

Renal IL-10 (pg/g tis-
sue)

130 ± 3.8 100.6 ± 5.2 a 185.3 ± 3.5 ab 130.9 ± 3.8 bc

Data represent mean ± SEM of 8 rats

GEN gentamicin, NaHS sodium hydrosulfide, ZnPP zinc protoporphyrin IX, TAC total antioxidant capacity, NO
nitric oxide, TNF-α tumor necrosis factor-α, IL-10 interleukin-10
a Significantly different from the control group
b Significantly different from the GEN-treated group
c Significantly different from the GEN + NaHS–treated group (P ˂ 0.05)

Table 1 Changes in the serum
parameters in the different
experimental groups

Group parameters Control GEN-
treated

GEN + NaHS–
treated

GEN + NaHS + ZnPP–
treated

Serum urea (mg%) 20.9 ± 1.48 76.8 ± 1.02
a

31.96 ± 0.54 ab 47 ± 1.19 abc

Serum creatinine
(mg%)

0.19 ± 0.01 1.73 ± 0.02
a

0.61 ± 0.01 ab 0.87 ± 0.03 abc

Serum uric acid (mg%) 1.17 ± 0.12 7.14 ± 0.12
a

2.53 ± 0.1 ab 3.72 ± 0.05 abc

Data represent mean ± SEM of 8 rats

GEN gentamicin, NaHS sodium hydrosulfide, ZnPP zinc protoporphyrin IX
a Significantly different from the control group
b Significantly different from the GEN-treated group
c Significantly different from the GEN + NaHS–treated group (P ˂ 0.05)
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Most glomeruli were immunoreactive. Some tubules demon-
strated weak cytoplasmic reaction. Other tubules demonstrat-
ed faint reaction. Nonreactive tubules could also be observed
(Fig. 7d).

Morphometric results

The mean area % for PAS and the mean optical density of
iNOS and eNOS immunostaining as evaluated displayed a
statistically significant variance between the groups
(P < 0.05). The results are displayed in Table 3. The scores
of iNOS immunostaining were significantly higher for the
GEN-treated group as contrasted with the other groups
(P < 0.05). Scores of the mean color area percentage of PAS
and eNOS immunostaining were significantly lower for the
GEN-treated group when compared with the other groups
(P < 0.05).

Discussion

On studying the effect of GEN on the kidney, the results
obtained in the present study showed its nephrotoxic ef-
fect; the renal injury markers serum urea, creatinine, and
uric acid were significantly higher in the GEN-treated
group than in the control group. Moreover, the urinary
albumin excretion (UAE) and urinary A/C ratio were sig-
nificantly higher in the GEN-treated group than in the
control group with extensive renal damage as shown in
the histological examination and PAS staining. These re-
sults are in line with previous studies that reported that

Fig. 4 Photomicrographs of rats’
renal tissue. a From the control
group showing the renal
corpuscle containing the
glomerulus (G) and surrounded
by Bowman’s space (B) and
proximal (P) and distal (D)
convoluted tubules. b From the
GEN group showing atrophied
glomerulus (G) and dilated
Bowman’s space (B). Some renal
tubules display vacuolated cells
(V) and shed nuclei (arrowhead);
others display dilated lumen (L)
and hyaline cast (C). c From the
GEN+ NaHS–treated group
showing the glomerulus (G),
Bowman’s space (B), and
proximal (P) and distal (D)
convoluted tubules with
apparently normal structure. Note
the congested capillary tuft
(arrow). d From the GEN+ NaHS
+ ZnPP–treated group showing
the glomerulus (G), Bowman’s
space (B), and proximal (P) and
distal (D) convoluted tubules with
apparently normal structure. Note
the congested capillary tuft
(arrow), the shed nuclei
(arrowhead), and hyaline cast (C).
H&E, × 400
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Fig. 3 Changes in renal HO-1 level in the different experimental groups.
Data represent mean ± SEM of 8 rats. a Significantly different from the
control group. b Significantly different from the GEN-treated group. c
Significantly different from the GEN + NaHS–treated group. P ˂ 0.05.
GEN gentamicin, NaHS sodium hydrosulfide, ZnPP zinc protoporphyrin
IX, HO-1 heme oxygenase 1
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urinary albumin and urinary A/C ratio was significantly
increased in GEN-induced nephrotoxicity (Chen et al.
2017; Hasanvand et al. 2018).

The kidney receives nearly 25% of total blood supply and
is rich in mitochondria that render it liable to damage from
reactive oxygen species (ROS) and consequent development

Fig. 5 Photomicrographs of rats’ renal tissue. a From the control group
showing positive PAS reaction along the regular basement membrane
(arrow) and the intact brush borders (arrowhead) of renal PCTs. b From
the GEN group showing faint PAS reaction along the basement
membrane (arrow) and along the disrupted brush border of renal
tubules (arrowhead). Note the stained cast within the tubules (C). c
From the GEN + NaHS–treated group showing positive PAS reaction

along the regular basement membrane (arrow) and the intact brush
borders (star) of renal PCTs. Note the disrupted brush border of renal
tubules (arrowhead). d From the GEN + NaHS + ZnPP–treated group
showing positive PAS reaction along the regular basement membrane
(arrow) and the intact brush borders (arrowhead) of renal PCTs. Note
the disrupted brush border of renal tubules (dotted arrow) and the
stained cast within the tubules (C). PAS, counterstained with H, × 400

Fig. 6 Photomicrographs of rats’
renal tissue. a From the control
group showing negative
immunoreaction for iNOS. b
From the GEN group showing
highly expressed cytoplasmic
immunoreaction for iNOS in the
tubular cells (arrow). c From the
GEN + NaHS–treated group
showing faint cytoplasmic
immunoreaction for iNOS in the
tubular cells (arrow). d From the
GEN + NaHS + ZnPP–treated
group showing positive
cytoplasmic immunoreaction for
iNOS in the tubular cells (arrow).
iNOS immunostaining, × 400
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of acute kidney damage (Sureshbabu et al. 2015). An associ-
ation between nephrotoxicity and oxidative stress has been
established in various experimental models as shown in
Kakalij et al. (2014).

Renal NO has a “double face” in renal physiology. At phys-
iological concentrations produced by eNOS, its “good face” ap-
pears as amajor vasodilator agent regulating renal macrovascular
and microvascular hemodynamics (Park et al. 2018). At toxic
concentrations produced by iNOS, its “bad face” is revealed in
renal inflammatory conditions through the formation of
peroxynitrite (ONOO−), a pro-inflammatory cytokine, by
reacting with superoxide anion (O2

·−) (Ozturk et al. 2018).
In the present study, GEN administration led to deficits in

the antioxidant defense mechanisms, which were likely to

have contributed to increased lipid peroxidation in the kidney.
Thus, the toxicity of GEN that elevated renal injury markers
can be related to the generation of ROS in the kidney. Mehan
et al. (2017) reported that GEN acts as an iron chelator and the
iron-GEN complex is a potent catalyst of radical generation,
and ROS can damage some macromolecules to induce necro-
sis and cellular injury via numerous mechanisms including
protein denaturation, peroxidation of membrane lipids, and
DNA damage.

The alteration in kidney function induced by lipid peroxi-
dation is a primary event in the injury cascade of GEN-
mediated nephrotoxicity as observed in the present study by
significantly increasing the renal tissue NO and inflammatory
cytokines (TNF-α) with a reduction of anti-inflammatory

Fig. 7 Photomicrographs of rats’
renal tissue showing eNOS
expression in glomeruli and renal
tubules. a From the control group
showing intense cytoplasmic
immunoreaction (arrow). b From
the GEN group showing faint
cytoplasmic immunoreaction
(arrow). c From the GEN +
NaHS–treated group showing
moderate cytoplasmic
immunoreaction (arrow). d From
the GEN + NaHS + ZnPP–treated
group showing weak cytoplasmic
immunoreaction. eNOS
immunostaining, × 400

Table 3 Morphometric analysis
in the studied groups Group parameters Control GEN-treated GEN + NaHS–

treated
GEN + NaHS +
ZnPP–treated

The mean color area percentage
of PAS

5.06 ± 2.44 0.88 ± 0.28 a 3.33 ± 0.78 ab 2.28 ± 0.68 ab

The mean optical density of
iNOS immunostaining

00.00 ± 00.00 98.09 ± 2.57 a 72.51 ± 2.65 abc 80.19 ± 2.56 abc

The mean optical density of
eNOS immunostaining

92.08 ± 2.56 60.51 ± 6.12 a 87.02 ± 4.48 ab 71.54 ± 2.64 abc

Data represent mean ± SEM of 8 rats

GEN gentamicin, NaHS sodium hydrosulfide, ZnPP zinc protoporphyrin IX, PAS periodic acid Schiff, iNOS
inducible nitric oxide synthase, eNOS endothelial nitric oxide synthase
a Significantly different from the control group
b Significantly different from the GEN-treated group
c Significantly different from the GEN + NaHS–treated group (P ˂ 0.05)
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cytokines (IL-10). These results are in line with Erjaee et al.
(2015) who reported that unbalanced or increased ROS pro-
duction and oxidative stress mediate the inflammatory re-
sponse mediated by GEN. Nuclear factor kappa-B (NF-кB),
activated by superoxide anions and hydrogen peroxides, is a
key mediator for several inflammatory pathways, induces the
expression of pro-inflammatory cytokines such as interleukin-
6 (IL-6) and TNF-α, and also increases iNOS leading to in-
creased production of NO (Mehan et al. 2017). Furthermore,
the iNOS-dependent inhibition of eNOS deteriorates endothe-
lial function further, creating a triangle among NO, ROS, and
oxygen in the pathophysiology of oxidative stress and acute
kidney injury (Pavlakou et al. 2017), and this is in line with the
present immunohistological findings. In addition, Abd-
Elhamid et al. (2018) reported that there was a negative cor-
relation between eNOS immunoexpression and the degree of
renal pathology in experimental models.

Collectively, the results of the present study verified that
GEN induced renal injury, as demonstrated by extensive renal
histological damage with an increase in the renal injury
markers through increasing inflammatory mechanisms, oxida-
tive stress mechanisms, and renal tissue NO as proved by
overexpression of iNOS with suppression of eNOS.

On studying the effect of H2S on the GEN-induced renal
injury, the present results showed that the treatment of GEN-
treated rats with NaHS led to a significant decrease in the
measured renal injury markers (serum urea, creatinine, and
uric acid levels) compared to the GEN-treated group with a
reduction in severe renal damages observed by the present
histological examination and PAS staining. These results are
in line with Otunctemur et al. (2014) who reported that NaHS
significantly reduced the serum creatinine level in GEN-
induced nephrotoxicity. In contrast, Liu et al. (2016) reported
that treatment with GYY4137, a novel slow-releasing H2S
donor, exacerbated cisplatin-induced nephrotoxicity in mice
possibly through promoting oxidative stress, inflammation,
and apoptotic response.

The present study demonstrated that the treatment of GEN-
treated rats with NaHS led to a significant decrease in UAE
and urinary A/C ratio compared to the GEN-treated group.
These results are in line with Karimi and Absalan (2017)
who reported that the NaHS significantly reduced albuminuria
in cisplatin-induced nephrotoxicity and these results verified
the ability of NaHS to improve or normalize renal function.
H2S contributes in controlling renal function and enhances
urinary sodium excretion through both tubular actions and
renal vasculature. In addition, both albuminuria and A/C ratio
are correlated inversely with urinary sulfate concentration, the
metabolic end product of H2S (van den Born et al. 2016).

Moreover, the anti-inflammatory effects of NaHS, as ob-
served in the present study by a significant reduction in the
renal TNF-α level and the significant increase in the IL-10
level, are probably the cause of urinary protein reduction, thus

preserving the endothelial barrier in the glomeruli (Zhou et al.
2014). H2S has been shown to have an anti-inflammatory
effect by mechanisms which limit neutrophil adhesion and
activation in response to the inflammatory stimuli, as well as
by suppressing the release of pro-inflammatory cytokines
(Ibrahim et al. 2015). In addition, H2S downregulated the
adhesion molecules, and pro-inflammatory cytokines, and
the inflammatory cytokines/chemokines by a mechanism in-
volving the downregulation of NF-κB (Wu et al. 2017).

Increasing evidence indicates that ROS are important me-
diators of GEN-induced renal injury (Wu et al. 2017). In the
present study, NaHS treatment significantly elevated TAC lev-
el in the GEN-treated group. The protective effect of H2S
against oxidative stress is thought to be mediated by a simul-
taneous increase in the antioxidant activities of GSH, catalase,
and superoxide dismutase and by its ability to lower ROS
production by suppression of the expression of the ROS-
generating enzyme, NADPH oxidase (Ibrahim et al. 2015;
Yuan et al. 2017). Moreover, NaHS has the ability to activate
the nuclear factor erythroid 2–related factor-2 (Nrf2) that pro-
tects against tissue injury by increasing the antioxidant and the
detoxification responses to oxidative stress (Zheng et al. 2015)
as shown in the present study by increasing concentrations of
renal HO-1 because Nrf2 is an important regulator of HO-1
transcription in response to oxidative stress (Lever et al.
2016).

The results obtained in the present study showed also that
the treatment of GEN-treated rats with NaHS led to a signif-
icant decrease in renal tissue total NO level compared to that
of the GEN-treated group. This can be explained by the up-
regulation of eNOS under the effect of H2S (King et al. 2014).
This is supported by Yilmaz et al. (2019) whose study re-
vealed that NaHS treatment restored reduced protein expres-
sion of eNOS and H2S levels. The present study concluded
t h a t t r e a t i ng r a t s w i t h NaHS enhanced eNOS
immunoexpression in glomeruli and tubular cells compared
to control rats. In addition, Ibrahim et al. (2015) reported that
H2S decreased the expression of iNOS while it prevented the
eNOS degradation and induced eNOS phosphorylation as
shown in the present study. This leads to subsequent NO pro-
duction with inhibition of its cytotoxic effects, probably
through sulfinyl nitrite formation. This novel product of H2S
and ONOO− has the potential to release NO in physiological
concentrations that are sufficient to dilate blood vessels and
increase blood flow, but at the same time, to suppress the
formation of peroxynitrite with its toxic oxidative and pro-
apoptotic effects. These observations indicate that H2S can
mediate its effects through a NO-dependent pathway.

It is becoming increasingly clear that there are important
interactions among the gasotransmitters (NO, CO, and H2S).
Previous studies reported that there is a possible crosstalk
between them (Abdel-Zaher et al. 2019). In order to investi-
gate whether the renoprotective effect of H2S in the case of
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GEN-induced renal injury is dependent on CO pathways or
not, we treated the GEN-treated rats with NaHS and ZnPP
(HO-1 inhibitor).

The results obtained in the present study showed that the
treatment of GEN-treated rats with NaHS and ZnPP led to a
significant increase in renal injurymarkers compared to that of
the GEN group treated with NaHS alone that was confirmed
also by the present histological examination and PAS staining.
This may be due to the fact that the oxidative stress enhanced
by ZnPP can be explained by the inhibition of HO-1 as evi-
denced in the present study that confers a transient resistance
against oxidative damage through the activation of Nrf2 path-
way, which is the key element in the regulation of the cellular
response to the oxidative stress (Wang et al. 2018).

The results obtained in the present study showed also that
the treatment of GEN-treated rats with NaHS and ZnPP led to
a significant increase in renal tissue total NO level compared
to that of the GEN-treated group with NaHS alone. The NO-
increasing effect of ZnPP can be explained by inhibition of
HO-1 with a concomitant decrease in CO level, since CO can
inhibit iNOS expression by preventing the activation of
NF-κB (Taye and Ibrahim 2013) which upregulates the tran-
scription of the iNOS gene. This is in line with the present
immunohistological findings. In addition, CO triggers the
Nrf2 to increase the expression and function of a series of
antioxidant enzymes (Al-Kahtani et al. 2014). Moreover, Liu
et al. (2015) reported that the induction of the heme oxygenase
enzyme increases the expression of eNOS to produce renal
protection as HO-1 controls the availability of cellular heme,
an essential co-factor for NOS and CBS (H2S enzyme)
(Wesseling et al. 2015).

As regards the renal tissue anti-inflammatory cytokines, the
results obtained in the present study showed that treatment of
GEN-treated rats with NaHS and ZnPP led to a significant
decrease in renal tissue IL-10 level and an increase in renal
tissue TNF-α level compared to the GEN-treated group with
NaHS alone. The pro-inflammatory effects of ZnPP can be
explained by the inhibition of HO-1 as shown in the present
study with a concomitant decrease in CO levels. CO can sup-
press the expression of TNF-α and increase IL-10 via selec-
tive activation of mitogen-activated protein kinase p38
(p38MAPK) signaling (Lee and Chau 2002; Taye and
Ibrahim 2013); p38MAPK is an important intracellular kinase
that is activated by cellular stress that links inflammatory as
well as environmental stress to transcription factors (Cuadrado
and Nebreda 2010). In contrast, there was no significant dif-
ference in renal tissue IL-10 levels between the GEN-treated
groups with NaHS and ZnPP and the control group. These
results indicate that the effect of H2S on IL-10 depends mainly
on the CO pathway.

From the abovementioned results, the renoprotective ef-
fects of H2S through its effects on renal tissue antioxidants,
pro-inflammatory and anti-inflammatory cytokines, and NO

level that was evidenced by iNOS and eNOS expression can
be partially dependent on the CO pathway via induction of
HO-1. This study demonstrates the effects of H2S therapy in
renal protection on a renal injury–induced model, and this will
open the door for future studies, using multiple dosing groups
and genetically modified animals. Moreover, further studies
may show that the involvement of apoptotic markers in the
renoprotective mechanisms of sulfide and its link with endog-
enous CO or NO is needed. Finally, a similar study in human
subjects is desirable; however, the odor of H2S is clearly un-
acceptable for humans so new formulations that release H2S
must be available for future testing.
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