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ABSTRACT 
OBJECTIVES: This study evaluates the effects produced by H2S donor; sodium hydrosulfi de (NaHS), in a renal isch-
emia/reperfusion (IR) rat model and assesses the possible mediating role of nitric oxide (NO) in these H2S’ effects. 
BACKGROUND: For several centuries, hydrogen sulfi de (H2S) had been known to be a highly toxic agent. 
Recent studies, however, indicated that apart from NO and CO, H2S is the third “gasotransmitter” involved in 
the regulation of various physiological functions. Nevertheless, its impact on renal IR injury remains unclear. 
METHODS: Rats were randomly divided into three groups: sham control; renal IR; and renal IR+NaHS groups.
NaHS (100 μmol/kg, ip) was administered 30 min prior to the induction of renal ischemia. 
RESULTS: NaHS was found to attenuate signifi cantly the IR-induced elevations in the serum levels of urea, 
creatinine and tumor necrosis factor α (TNF-α) as compared with IR group. NaHS also signifi cantly compen-
sated the defi cits in the total antioxidant capacities (TAC) and lowered the elevated malondialdehyde (MDA) 
levels observed with renal IR in renal, hepatic, pulmonary, and cardiac tissues. Furthermore, NaHS pretreatment 
down-regulated the renal IR-induced over-expression of inducible nitric oxide synthase (iNOS) and up-regulated 
the IR-induced suppression of endothelial nitric oxide synthase (eNOS). The loss of normal architecture, hemor-
rhage, and infl ammatory cells infi ltration detected by histopathological examination of renal, hepatic, pulmonary, 
and cardiac tissues in IR rats were markedly ameliorated by pre-ischemic NaHS treatment.
CONCLUSION: NaHS protects against the effects of renal IR injury by acting primarily through a decrease in both 
pro-infl ammatory cytokines and iNOS expression as well as through up-regulation of the eNOS pathway. Further-
more, H2S has a powerful anti-oxidant and anti-apoptotic effects (Tab. 2, Fig. 6, Ref. 45). Text in PDF www.elis.sk.
KEY WORDS:Hydrogen sulfi de, ischemia/reperfusion injury, nitric oxide, tumor necrosis factor α, malondialde-
hyde, total antioxidant capacities.
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Introduction

Ischemia reperfusion (IR) injury affects O2-dependent cells 
of tissues and organs such as the heart, brain, liver, kidney, and 
intestine and it is the major reason for organ dysfunction or even 
non-function that follows the transplantation(1). Renal IR is a com-
mon cause of acute kidney injury (AKI) which occurs in many 
clinical situations such as transplantation, partial nephrectomy, 
sepsis, hydronephrosis, or elective urological operations. The mor-
tality during AKI is largely due to extra-renal manifestations (2).

The pathophysiology of IR-induced AKI is highly complex. In 
addition to the hypoxic hit consequent to ischemia, the reperfusion 
phase has been associated with additional renal injury. IR-induced 
activation of infl ammatory pathways has been shown to worsen 
AKI. Furthermore, increased production of radical oxygen species 
(ROS) and regional imbalance between vasoactive mediators are 
believed to be of great importance in the development of AKI by 

causing impaired microcirculatory perfusion, apoptosis, cellular 
damage, and irreversible organ failure(3).

Several studies started to investigate mechanisms that under-
lie distant organ effects of renal IR injury and found a signifi cant 
infl ammatory effect of renal IR on the lung, liver, and heart (4, 5). 
Evidence suggests that the deleterious effects of AKI on remote 
organ function could, at least in part, be due to the loss of normal 
balance of immune, infl ammatory, and soluble mediator metabo-
lism pathways including nitric oxide that mediates injury of the 
tubular epithelium (6). Accurate identifi cation of these pathways 
will be critical in developing the therapeutic approaches in order 
to improve outcomes in AKI.

Hydrogen sulfi de (H2S) is the third member of the growing 
family of gaseous signaling molecules that include nitric oxide 
(NO) and carbon monoxide (CO). Together, these molecules play 
a major role in regulating numerous vital biological functions 
in mammals (7). H2S is produced by cystathionine-β-synthase 
(CBS), cystathionine-γ-lyase (CSE) and 3-mercapto-pyruvate-sul-
fur-transferase (3MST) in mammalian cells (8). H2S is abundantly 
produced in the kidney and liver (9). The diverse physiological 
functions of H2S make it capable of protecting the heart (10), 
brain (11), liver (12), and lung (13) against IR injury when given 
at low micromolar or nanomolar (i.e. physiological) doses(14). 
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In the liver, the underlying mechanisms of the protection appear 
to includesuppression of the oxidative stress via antioxidant ac-
tivities, reduction of the infl ammatory mediators such as tumor 
necrosis factor-α (TNF-α), interleukin-10 (IL-10), and reduction 
ofhepatocyte apoptosis (8).

In the kidney, H2S exerts signifi cant diuretic, natriuretic and 
kaliuretic effects by raising the glomerular fi ltration rate and in-
hibiting the tubular sodium re-absorption (15). Sen et al(16) re-
ported that H2S supplementation has been shown to inhibit the 
up-regulation of adhesion molecules and infl ammatory media-
tors, and reduce the macrophage infi ltration, interstitial fi brosis, 
and glomerulosclerosis. 

Nitric oxide (NO), which is generated by three different iso-
forms of NO synthase enzymes, namely neuronal (nNOS), induc-
ible (iNOS), and endothelial (eNOS), has been extensively studied 
for its role in vascular functions and as a signaling molecule. How-
ever, the role of this gaseous molecule is being reevaluated with the 
appreciation of a new gasotransmitter H2S that also serves many 
important regulatory roles in physiological systems. The interre-
lation of NO–H2S and their subsequent biochemical interactions 
are complex and currently unclear. To date, only a small number 
of reports suggest that NO–H2S molecules may infl uence each 
other in their production and pathophysiological functions(17). 
Since there is a lack of information on the effect of H2S on renal 
IR injury including its distant organ affection, the mechanisms of 
action of H2S are still open to debates, and as it is still not known 
whether NO production is involved in these mechanisms, this 
study was designed to investigate the effects of administration of 
a water soluble H2S donor; sodium hydrosulfi de (NaHS), to a rat 
model of renal IR.

Material and methods

Animals
Four-month-old adult male albino (Sprague Dawley strain) 

rats, weighing 230–280 g were used throughout the present study. 
Rats were purchased from the National Research Center, Cairo, 
Egypt. Rats were housed in stainless steel cages offering individual 
housing. Each rat had a tag number. They were left freely wander-
ing in their cages for two weeks with normal hours of dark/light 
cycle for acclimatization before starting the experiment. They 
were allowed free access to tap water and normal rats’ diet (El-
Nile Company, Egypt). All experimental protocols were approved 
by the animal care committee of Minia University that coincides 
with international guidelines.

Chemicals
Sodium hydrosulfi de (NaHS) powder was purchased from 

Sigma Company, Germany; all other chemicals were of analytical 
grade and were obtained from commercial sources.

Surgical procedure
The surgical technique was followed according to the method 

described by Choket al(18). Following anesthesia induced by in-
traperitoneal injection of xylazine (10 mg/kg bw) and ketamine 

(50 mg/kg bw), minimal laparotomy was made using minimal 
dissection. The anesthetized rat was placed on a heating pad to 
maintain constant rectal temperature (37°C) throughout the sur-
gery. Total normothermic renal ischemia was induced for 45 min 
by occluding the renal pedicle using a sterile non-traumatizing 
vascular clamp, and then subjected to reperfusion for 60 min by 
removing the clamp.

Experimental groups
Animals were randomly divided into three groups (per 6 ani-

mals each), namely (1) Sham-control group (C); rats were subject-
ed to laparotomy and manipulation of the kidney hilum but without 
vascular occlusion; (2) renal IR group (IR), (3) renal IR+NaHS 
group (IR+NaHS); NaHS was administered i.p. at a dose of 100 
μmol/kg 30 min before ischemic insult(19). The experiment was 
terminated by sacrifi cing the rats by decapitation and collecting 
blood samples. The kidneys, liver, lung, and heart were excised, 
weighed, and instantly stored at −80 °C for biochemical assay.

Biochemical analyses
Sera were separated and stored in aliquots at –80°C till used 

for estimation of serum urea by Berthelot enzymatic colorimetric 
method, serum creatinine by Jaffé calorimetric-end point meth-
od(20), and serum TNF-α by a RIA-IRMA (radioimmunoassay-
immuno-radiometric assay) method. 

Preparation of tissue homogenates
Specimens from each organ were weighed and homogenized 

separately in potassium phosphate buffer, 10 mM; pH (7.4). The 
ratio of tissue weight to homogenization buffer was 1:10. The ho-
mogenates were centrifuged at 5,000 rpm for 10 min at 4°C. The 
resulting supernatant was used for determination of malondial-
dehyde (MDA) according to the method of Ohkawaet al(21) and 
total antioxidant capacities (TAC) using colorimetric assay kit ac-
cording to the manufacturer’s instructions (Biodiagnostic, Egypt).

Histological examination
Specimens were fi xed in 10% neutral-buffered formalin, de-

hydrated, cleared, and embedded in paraffi n wax. Tissue sections 
of 5–6μm thickness were obtained and deparaffi nized. Some sec-
tions were stained with hematoxylin and eosin (22).

For immunohistochemical detection of inducible nitric oxide 
synthase (iNOS) and endothelial nitric oxide synthase (eNOS), 
we used iNOS, and eNOS monoclonal mouse antibody (Lab Vi-
sion Laboratories) according to the manufacturer’s protocol. The 
slides were then counterstained, dehydrated, and mounted (23).

Statistical analysis
Data were represented as means ± standard errors of the mean 

(SEM). Statistical analysis was performed using Graph pad Prism 
5 software and signifi cant difference between groups was done by 
one-way ANOVA followed by Tukey–Kramar post hoc test for 
multiple comparisons with a value of p ≤ 0.05 considered statisti-
cally signifi cant.
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Results

Effect of NaHS pretreatment on serum levels of urea, creatinine, 
and TNF-α in renal ischemic rats

Renal injury markers (serum urea and creatinine) and serum 
TNF-α level were signifi cantly higher in IR group than those in 
sham control group. However, the pretreatment with NaHS sig-
nifi cantly decreased the serum urea, creatinine and TNF-α levels 
as compared with untreated rats exposed to renal IR injury(Tab. 1). 

Effect of NaHS pretreatment on oxidative status in renal, hepatic, 
pulmonary, and cardiac tissues in renal ischemic rats

Renal, hepatic, pulmonary, and cardiac tissue levels of MDA 
were signifi cantly higher in IR group than those in sham control 
group, while renal, hepatic, pulmonary and cardiac tissue levels 
of TAC were signifi cantly lower in IR group than those in sham 
control rats. On the other hand, NaHS pretreatment signifi cantly 

Groups Urea 
(mmol/l)

Creatinine 
(μmol/l)

TNF-α 
(pg/ml)

Control 31.4±1.1 0.9±0.07 12.25±0.62
IR 87.4±2.5a 13.2±0.8a 41.38±1.32a

IR+NaHS 58.3±2.2ab 3.00±0.3ab 19.88±0.52ab

Data are expressed as mean ± S.E.M. of 6 rats in each group. a) Signifi cant from 
sham operated control group; b) Signifi cant from renal IR group (p < 0.05), IR ‒ re-
nal Ischemia/reperfusion; NaHS ‒ Sodium hydrosulfi de.

Tab. 1.Effect of NaHS pretreatment on the serum levels of urea, cre-
atinine, and TNF-α in renal ischemic rats.

Parameters Control IR IR+NaHS

MDA 
(pg/mg tissue)

Renal MDA 31±1.7 96±3.6 a 53±2.5 ab

Hepatic MDA 50.1±2.0 145.7±7.1 a 87.3±2.5 ab

Pulmonary MDA 83.1±3.8 240.2±6.1 a 170.3±4.5 ab

Cardiac MDA 49.23±3.1 99.7±6.1 a 59.3±2.5 ab

TAC 
(μM/mg tissue)

Renal TAC 82.8±4.3 42.1±2.2 a 63.8±3.0 ab

Hepatic TAC 86.4±4.3 42±1.6 a 78.2±4.3 ab

Pulmonary TAC 80.4±4.1 55±1.6 a 66.2±3.3 ab

Cardiac TAC 96.4±4.6 52±2.0 a 78.2±4.5 ab

Data are expressed as mean ± S.E.M. of 6 rats in each group. a) Signifi cant from 
sham-operated control group; b) Signifi cant from renal IR group (p < 0.05).IR ‒ renal 
Ischemia/reperfusion; MDA ‒Malondialdehyde; TAC ‒ total antioxidant capacity; 
NaHS ‒ Sodium hydrosulfi de.

Tab. 2. Effect of NaHS pretreatment on the oxidative status in renal, 
hepatic, pulmonary, and cardiac tissues in renal ischemic rats.

Fig. 1. A photomicrograph of a section in the kidney cortex of a) Control group showing normal structure of renal glomerulus (G) and renal 
tubules DCT (d)&PCT (p); b) IR group showing severe renal damage with degeneration of the epithelial cells lining the dilated renal tubules 
(T), congestion of renal glomerulus (g) and hemorrhage in between the renal tubules (arrow); c) IR+NaHS-treated group showing mild mor-
phological changes in the form of areas of hemorrhage (h) and few degenerated epithelial cells (arrow); H&E; X400.

a b c

Fig. 2. A photomicrograph of lung sections of a) Control group showing normal alveoli and bronchioles (arrow); X100; b)IR group showing 
alveolar septal thickening, septal infi ltration by erythrocytes and infl ammatory cells (arrow), destruction of alveolar septa wall (A), and peri-
vascular infl ammatory cells infi ltration (*); X100; also IR rat showing alveoli fl ooded with exudate and red blood cells; X400; c) IR+NaHS-
treated group showing the lumen of the alveoli retained patent while septal infi ltration (arrow), perivascular infl ammatory cells infi ltration (*) 
and vascular congestion are greatly improved as compared with that of IR group and most of the alveoli appeared empty; X100.

a b c d

decreased the renal, hepatic, pulmonary, and cardiac MDA levels 
and increased the renal, hepatic, lung and cardiac TAC levels as 
compared with IR group. Nevertheless, there still was a signifi cant 
difference when compared with the sham control group (Tab. 2).

Effect of NaHS on histological fi ndings in renal, hepatic, pulmo-
nary, and cardiac tissues

Renal tissue of IR group showed marked morphological chang-
es in the renal cortex, degeneration of cells of the proximal and 
distal tubules, and hemorrhage in between the renal tubules. In 
addition, some tubular cells became exfoliated and glomerular 
capillaries were congested. On the other hand, in IR+NaHS-treated 
group, the renal cortex exhibited mild morphological changes in 
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Fig. 3. A photomicrograph of cardiac muscle sections of a)Control group showing branched striated cardiac muscle fi bers cut longitudinally 
with acidophilic sarcoplasm and centrally located pale oval nuclei; b)IR groupwavy widely separated myofi bers with infl ammatory cellular 
infi ltration (*); c)IR+NaHS-treated group showing myocardial fi bers with nearly normal morphology; H&E; X400.

a b c

Fig. 4. A photomicrograph of liver sections of; a)Control group showing hepatocytic plates (arrow) radiating from the central vein (CV); b)
IR group showing the central vein (CV) and the blood sinusoids (*) are congested. Notice hepatocytes with fatty degeneration (arrow), also IR 
group showing portal tract with infl ammatory cellular infi lteration (P). Notice hepatocytes with fatty changes (arrow); c)IR+NaHS-treated 
group showing mild dilated sinusoids (*), few infl ammatory cells infi ltration (arrow) No fatty degeneration is observed; Hx&E; X400.

a b c d

Fig. 5. Localization of iNOSimmunoreactivity in the kidney cortex of; a) Control group showing negative immunoreactivity; b) IR group show-
ing high positive cytoplasmic reaction within epithelial cells of degenerated renal tubules (arrows); c) IR+NaHS-treated group showing posi-
tive cytoplasmic reaction in the cells of the degenerated tubules (arrow), while the apparent normal tubules show negative reaction (*); X400.

a b c

Fig. 6. Localization of eNOSimmunoreactivity in the kidney cortex of; a) Control group showing eNOSimmunoreactivity in the capillary tuft 
(arrows) and some renal tubules (*); b) IR group showing a positive cytoplasmic reaction within the epithelial cells of some degenerated renal 
tubules (arrow), with a negative reaction in the capillary tuft (C); c) IR+NaHS-treated group showing positive cytoplasmic reaction in some 
tubules (arrow) and in the capillary tuft (C); X400.

a b c
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form of scattered areas of hemorrhage and some degenerated tu-
bular cells (Fig. 1).

Hepatic lesions in IR group showed congestion of the central 
vein and blood sinusoids with infl ammatory cellular infi ltration in 
the portal tract. The hepatocytes also showed signs of fatty degen-
eration, while in IR+NaHS-treated group, mild sinusoidal dilata-
tion with few infl ammatory cells infi ltration was observed. The 
hepatocytes appeared normal with no fatty degeneration (Fig. 4).

In the lungs, alveolar septa became thickened with septal in-
fi ltration by erythrocytes and infl ammatory cells. In some areas, 
the alveolar septa were destructed and the alveolar lumen became 
fl ooded with exudate and red blood cells; these changes were evi-
dent in IR group. On the other hand, in IR+NaHS-treated group, the 
lumen of the alveoli retained patent, while septal infi ltration, peri-
vascular infl ammatory cells infi ltration, and vascular congestion 
were greatly improved as compared with those of IR group (Fig. 2).

In cardiac muscle, myofi bers became wavy and widely sepa-
rated with infl ammatory cellular infi ltration in IR group. However, 
in IR+NaHS-treated group, myocardial fi bers had nearly normal 
morphology (Fig. 3).

Effect of NaHS on iNOS and eNOS expression in renal tissues
Sham control group showed negative iNOSimmunoreactiv-

ity, while IR group showed a highly positive cytoplasmic reac-
tion within the epithelial cells of the degenerated renal tubules. 
However, IR+NaHS group showed negative reaction in apparently 
normal tubules, while the cells of the degenerated tubules showed 
a positive cytoplasmic reaction (Fig. 5).

Regarding eNOSimmunoreactivity in the renal cortex, sham 
control and IR+NaHS groups showed eNOSimmunoreactivity in 
the capillary tuft and some renal tubules. On the other hand, IR 
group showed a negative reaction in the capillary tuft and a posi-
tive cytoplasmic reaction within the epithelial cells of some de-
generated renal tubules (Fig. 6).

Discussion

Renal IR injury is a common cause of acute renal failure and 
it contributes considerably to morbidity associated with surgery 
and anesthesia. Although several decades of research have greatly 
improved the understanding of the mechanisms underlying the 
renal IR injury, effective drugs for treatment are still unavailable. 
Therefore, it is necessary to actively explore other approaches to 
this problem (24).

In the present study, we report the benefi cial effects of NaHS 
as an H2S donor, prior to IR, in a rat model, because it can dis-
solve into Na+ and HS− in solution. HS− is released and forms H2S 
with H+. This provides a solution of H2S at a concentration that 
is about 33% of the original concentration of NaHS(25). H2S is a 
membrane-permeable gaseous mediator, which has specifi c cel-
lular and molecular targets. For many years, H2S was considered 
a toxic agent that causes 85% mortality at high concentrations. 
Recently, H2S has been recognized as being the third inorganic 
gaseous mediator and can thus infl uence various cellular pro-
cesses(8).

The deterioration in renal functions following renal IR injury 
was evidenced in our study and those of others (26, 27) by sig-
nifi cant elevation in serum urea, creatinine, and renal MDA lev-
els as well as by reduction in the renal TAC level with extensive 
renal damage shown upon histological examination. This could 
be explained by many causes. Firstly, by the combination of re-
nal vasoconstriction, tubular obstruction, tubular back-leakage 
of glomerular fi ltrate, and reduced glomerular permeability that 
was observed with renal IR(28), Secondly, IR injury results in 
activation of multiple cell injury pathways that contribute to or-
gan dysfunction, including those resulting in the production of 
free radicals that are considered to cause cellular injury by at-
tacking the membranes through peroxidation of polyunsaturated 
fatty acids(29) during IR injury. This lipid peroxidation results 
in increased membrane permeability in cells, mitochondria, and 
lysosomes(30).

Finally, infl ammation contributes substantially to the patho-
genesis of IR with a central role for particular cells, adhesion 
molecules, and cytokines. Neutrophils are the infl ammatory cells 
that abundantly produce ROS during IR injury. Renal IR causes 
tissue injury by oxygen radicals and oxidative stress, caused by 
an imbalance between the production of ROS and antioxidant ca-
pacity(5), ROS produced during renal reperfusion have diverse 
cytotoxic effects, including DNA damage, protein oxidation, lipid 
peroxidation, and induction of apoptosis (30). 

On the other hand, NaHS administration signifi cantly reversed 
this deterioration in renal function with improvement in the extent 
of renal damage observed upon histological examination. These 
results are in line with Tripataraet al (32) who reported for the fi rst 
time that the synthesis of endogenous H2S by CSE is essential for 
the recovery of renal function and integrity following IR, hence the 
H2S-donor NaHS in the present work reduced the renal injury and 
dysfunction caused by renal IR in rats. This reno-protective effect 
of H2S could be explained according to Perna and Ingrosso(33) by 
greater vasodilatation in pre-glomerular arterioles, which increases 
the renal blood fl ow and glomerular fi ltration rate.

Tumor necrosis factor (TNF)-α is a primary cytokine that is 
produced primarily by activated monocytes/macrophages which 
play a crucial role in the initiation and continuation of infl amma-
tion and immunity. In the kidney, TNF-α is expressed, synthesized, 
and released by infi ltrating macrophages and intrinsic kidney 
cells, namely, endothelial, mesangial, glomerular, and tubular 
epithelial cells(34).

TNF-α may up-regulate other cytokines and pro-infl ammatory 
mediators, and thereby cause tissue damage through the gradual 
rise in serum IL-1β and iNOS levels(35). The authors postulated 
that iNOS-induced tissue damage might contribute to excessive 
NO generation and signifi cant production of ROS (36). Higher 
concentrations of local NO may have no effect on iNOS activity 
but might actually auto-inhibit eNOS activity, and this came in line 
with our immune-histological fi ndings that the kidney is rendered 
more susceptible to actions by vasoconstrictors and the reduced 
renal blood fl ow results from increased renal vascular resistance. 
The decrease in eNOS activity is completely prevented by selec-
tive iNOS inhibition in vitro and in vivo(37).
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A strong link has been established between TNF-α production 
and oxidative stress during the IR injury process. Thus, infl am-
matory mediators such as the cytokine TNF-α is thought to have 
a central role in the pathophysiology of renal injury. TNF-α is 
consistently up-regulated in response to renal ischemic injury as 
shown in our study. Activation of TNF-α may induce apoptosis, 
cell death, as well as infl ammation. TNF-α is implicated in the 
pathogenesis of different renal diseases and can promote renal 
dysfunction by direct cytotoxicity, vasoconstriction, and infl am-
matory cells recruitment. Up-regulation of mRNA and protein 
levels of TNF occurs at a level of whole organ within minutes to 
hours of the onset of IR injury (38).

The data of the present study clearly demonstrated that NaHS 
pretreatment signifi cantly reversed this increase in serum TNF-α 
level as observed in renal ischemic rats. These results are in accor-
dance with Sodhaet al(39) who reported that H2S has been shown 
to have anti-infl ammatory effect by mechanisms which include 
the limitation of neutrophil adhesion and activation in response 
to infl ammatory stimuli, as well as by suppressing the release of 
the pro-infl ammatory cytokines such as IL-6, IL-8, TNF-α. On the 
other hand, it stimulated the synthesis of the anti-infl ammatory 
chemokine IL-10 (40). In addition,King and Lefer(41) reported 
that H2S down-regulated the pro-infl ammatory cytokines such as 
iNOS. This came in line with our immune-histological fi ndings 
as well as in line with the fi nding that infl ammatory cytokines/
chemokines and adhesion molecules react through a mechanism 
involving nuclear factor κB (NF-κB) down-regulation(42).

In the present study and those of others (27, 43, 4), it is re-
ported that renal IR signifi cantly elevated the MDA level in he-
patic, pulmonary and cardiac tissues while the TAC level was 
signifi cantly decreased when compared to control group, thus 
suggesting oxidative stress-induced injury of the liver, lung and 
heart in IR renal injury. Additionally, the infl ammatory cell infi l-
tration, degeneration, and congestion shown in the histological 
examination of distant organs indicate organ damage following 
IR injury. Here comes the question as to why renal IR led to dam-
age in the distant organs.

Studies had identifi ed a close relationship between renal injury 
and other organ system failures. Lung functional and structural 
changes, brain infl ammation and functional changes, liver apop-
tosis, cardiac damage, and infl ammation were seen after AKI. 
Humoral or cellular factors are thought to be the causes of remote 
organ failure, but their exact pathophysiological mechanisms are 
not completely understood(2). Grams and Rabb(4) reported that 
the deterioration in the distant organ› functions occurs during 
ischemic kidney injury, at least in part, from systemic infl amma-
tory changes that involve cell adhesion molecule and cytokine-
chemokine expression, activation of the pro-apoptotic pathways, 
increase in leukocyte infi ltration, and oxidative stress. 

On the other hand, the data of the present study clearly dem-
onstrated that NaHS signifi cantly decreased MDA and increased 
TAC levels in liver, lung and heart tissues while improving the 
histological fi nding as compared with ischemic rats. Perna and 
Ingrosso(33)andAminzadeh and Vaziri (9) reported that the H2S 
donor, NaHS, has been shown to lower ROS production by sup-

pressing the expression of ROS-generating enzyme, NADPH 
oxidase (NOX) and simultaneously by raising antioxidant ac-
tivities of GSH, catalase and superoxide dismutase. In addition, 
H2S can scavenge and/or degrade lipid peroxides, up-regulate 
GSH synthesis and increase nuclear factor E2-related factor-2 
(Nrf2) signaling, which confers protection against tissue injury 
by increasing anti-oxidant and detoxifi cation responses to oxi-
dative stress. 

The role of NO in the kidney is complex. It can either attenu-
ate or exacerbate renal injury, depending on the balance between 
benefi cial hemodynamic effects and cytotoxic effects. The site 
and rate of NO production, its chemical fate, and differences in 
the temporal expression patterns of NOS determine this balance 
(37). Both NO and H2S are chemically reactive gaseous molecules 
that are generated and distributed across various tissues. The im-
portance of endothelium-derived NO in the regulation of vascular 
tone and homeostasis has been well documented. NO has been 
reported to contribute to the maintenance of renal circulation and 
urine formation. NO was also reported to inhibit stress-induced 
endothelial cell apoptosis and diminish apoptosis induced by renal 
IRI (44). Nevertheless, NO can also react with oxygen radicals to 
form secondary reactive nitrogen species such as ONOO−. Here 
comes the question as to how NO participates in H2S-mediated 
reno-protection. 

As shown in our study, at therapeutic concentrations (low to 
mid micromolar), H2S has been reported to decrease iNOS ex-
pression while it prevents eNOS degradation and induces eNOS 
phosphorylation. This leads to subsequent NO production with 
inhibition of its cytotoxic effects due to peroxynitrite formation, 
possibly through sulfi nyl nitrite formation. This novel product of 
H2S and ONOO− has the potential to release NO in physiological 
concentrations suffi cient to dilate blood vessels, increase blood 
fl ow, and ameliorate IRI, but at the same time it suppresses per-
oxynitrite formation with its pro-apoptotic and toxic oxidative 
effects(45). These observations indicate that H2S can mediate its 
effects through a NO-dependent pathway.

In conclusion, we have shown that a single i.p. NaHS bolus 
immediately before renal IR (i) limited the IR-induced deteriora-
tion in renal functions and (ii) was associated with reduced in-
fl ammatory response by acting primarily through a decrease in 
both pro-infl ammatory cytokines and iNOS expression, as well as 
with up-regulation of the eNOS pathway and (iii) decrease in the 
oxidative stress response in the renal tissues and distant organs as 
the liver, heart and lung (iv). It was also associated with improved 
histological fi ndings in the kidney and distant organs. This dis-
covery suggests that H2S could be an agent useful for preserving 
the kidney function and protecting distant organs from effects of 
IR especially during surgical settings such as transplantation or 
tumor resections requiring vascular clamping.

Limitations

Despite providing the effects of H2S therapy in renal IR in-
jury, this study has several limitations. Our time course for renal 
IR is not able to account for long-term effects of sulfi de on renal 
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function and its distant organ effects. Another limitation of the 
current study was that the focus on functional data and infl am-
matory markers did not include a mechanistic investigation into 
sulfi de’s method of action in providing renal protection. This 
will open the door for further future studies, in which multiple 
dosing groups can be established, and genetically modifi ed ani-
mals used. 
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