
Generation of endogenous hydrogen sulfide by
cystathionine g-lyase limits renal ischemia/reperfusion
injury and dysfunction
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The generation of endogenous hydrogen sulfide may either limit or contribute to the degree of tissue injury caused by
ischemia/reperfusion. A total of 74 male Wistar rats were used to investigate the effects of endogenous and exogenous
hydrogen sulfide in renal ischemia/reperfusion. Administration of the irreversible cystathionine g-lyase (CSE) inhibitor,
dL-propargylglycine, prevented the recovery of renal function after 45min ischemia and 72 h reperfusion. The hydrogen
sulfide donor sodium hydrosulfide attenuated the (renal, tubular, and glomerular) dysfunction and injury caused by
45min ischemia and 6 h reperfusion. Western blot analysis of kidneys taken at 30min reperfusion showed that sodium
hydrosulfide significantly attenuated phosphorylation of mitogen-activated protein kinases (p-38, c-JUN N-terminal
protein kinase 1/2, and extracellular signal-regulated kinase 1/2) and activation of nuclear factor-kB. At 6 h reperfusion,
sodium hydrosulfide significantly attenuated the histological score for acute tubular necrosis, the activation of caspase-3
and Bid, the decline in the expression of anti-apoptotic Bcl-2, and the expression of nuclear factor-kB-dependent proteins
(inducible nitric oxide synthase, cyclo-oxygenase-2, and intercellular adhesion molecule-1). These findings suggest that (1)
the synthesis of endogenous hydrogen sulfide by CSE is essential to protect the kidney against ischemia/reperfusion
injury and dysfunction and aids in the recovery of renal function following ischemia/reperfusion, (2) hydrogen sulfide
generated by sodium hydrosulfide reduces ischemia/reperfusion injury and dysfunction, and morphological changes
of the kidney, and (3) the observed protective effects of hydrogen sulfide are due to both anti-apoptotic and
anti-inflammatory effects.
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Hydrogen sulfide (H2S) is a membrane-permeable, gaseous
mediator, which has specific cellular and molecular targets.1

H2S is synthesized through desulphhydration of cysteine that
is mainly catalyzed by the pyridoxal-50-phosphate-dependent
enzymes, cystathionine b-synthase (CBS) and cystathionine
g-lyase (CSE). Owing to differences in tissue distribution,
CBS is the predominant source of H2S in the nervous
system, whereas CSE is the predominant source of H2S in the
cardiovascular system.1

Although initially perceived as being merely a toxic gas2

that causes 85% mortality at high concentrations,3 H2S has
been reported to have complex roles (both detrimental and
beneficial) in biology, especially in the central nervous system
and cardiovascular system. H2S is known as a neuromodu-
lator as well as an intracellular neurological messenger.4

It activates NMDA receptors, regulates the redox status,
maintains the excitatory/inhibitory balance in neurotransmis-
sion, and inhibits oxidative damage through scavenging free
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radicals and reactive species. In fact, inhibitors of H2S
synthesis have shown to reduce the infarct volume caused
by middle cerebral artery occlusion.5 In contrast however,
endogenous H2S is produced by myocardial ischemia in
sufficient amounts to limit myocardial tissue injury6,7 and
impairment of H2S-negative-regulated b-adrenergic function
during ischemia may induce cardiac arrhythmias.8 In addi-
tion, generation of H2S by H2S donors is beneficial in animal
models of hypertension,9–11 whereas inhibition of the
endogenous synthesis of H2S is beneficial in endotoxic
and hemorrhagic shock.12–14 Moreover, transfecting a
recombinant-defective adenovirus containing the CSE gene
into human aorta smooth muscle cells stimulated apopto-
sis,15 whereas H2S promoted the survival of neutrophils
through inhibition of apoptotic pathways, caspase-3 cleavage
and p38 mitogen-activated protein kinase (MAPK) phos-
phorylation.16 Further contradictory data for the role of H2S
in the pathophysiology of inflammation has also been raised.
H2S has been reported to be a mediator of lipopolysacchar-
ide-induced inflammation,17 however, H2S can also produce
an anti-inflammatory effect against lipopolysaccharide, in
gastrointestinal,18 and neurological systems.19 Surprisingly,
an effect of H2S on the inhibition of cytochrome c oxidase,
which has previously been reported to cause toxicity,20 led
to the discovery of a suspended animation-like state in
which the oxygen consumption and metabolic rate of mice
decreased21 that could potentially be of benefit for ischemia-
related conditions.

Although various effects of H2S in disease have been dis-
covered, the effects of H2S in ischemia/reperfusion injury
(IRI) of the kidney are unknown. Thus, we have investigated
the effects of endogenous H2S on the recovery of renal
function following IRI and the effects of exogenous H2S on
renal function following IRI.

MATERIALS AND METHODS
Animal Care
A total of 74 male Wistar rats (200–320 g) (Charles River Ltd,
Margate, UK) received a standard diet and water ad libitum,
and were cared for in accordance with both the UK Home
Office Guidance in the Operation of the Animals (Scientific
Procedures) Act 1986, published by Her Majesty’s Stationery
Office, London, UK and the Guide for the Care and Use of
Laboratory Animals, published by the American Physiological
Society.

Renal Ischemia/Reperfusion: Recovery Model
As homozygous knockout mice for CSE are not viable,22 we
chose to inhibit the activity of CSE by using the irreversible
CSE inhibitor dL-propargylglycine (PAG). Blood samples
were collected from the tail veins of rats before the experi-
ment. Rats were anesthetized (1.5ml/kg, i.p.) with a ketamine
(100mg/ml) and xylazine (20mg/ml) mixture (2:1) and
anesthesia was maintained for the duration of ischemia
(45min). Rats were randomly divided into four groups and

treated with either saline (IRI, 1ml/kg i.p., N¼ 8) or PAG
(IRI PAG, 50mg/kg, 1ml/kg i.p., 1 h before ischemia, N¼ 9).
Bilateral renal occlusion was performed by clamping the renal
pedicles for 45min with nontraumatic arterial clamps, which
was followed by reperfusion for 72 h as previously
described.23 Sham-operated rats underwent identical surgical
procedures to rats undergoing IRI except that arterial clamps
were not applied in the absence (Sham, N¼ 4) or presence of
PAG (Sham PAG, N¼ 4). The dose of PAG used was based on
that previously shown to increase infarct size in a rat model
of myocardial injury.6

Renal Ischemia/Reperfusion: Nonrecovery Model
Rats were anesthetized with sodium thiopentone (110 mg/kg i.p.)
and anesthesia was maintained by supplementary injections
(B10mg/kg i.v.) of sodium thiopentone for the duration of
the experiment. Rats were randomly divided and treated with
either saline (IRI, 2ml/kg, N¼ 12) or NaHS (IRI NaHS,
100 mmol/kg, 2ml/kg, N¼ 10) administered topically onto
the kidneys 15min before ischemia and 5min before
reperfusion. Bilateral renal occlusion was performed by
clamping the renal pedicles for 45min with nontraumatic
arterial clamps, which was followed by reperfusion for
6 h as previously described.25 Sham-operated rats underwent
identical surgical procedures to rats undergoing IRI except
that microvascular clamps were not applied in the absence
(Sham, N¼ 10) or presence of topical NaHS treatment
(Sham NaHS, N¼ 8). All groups received a continuous
infusion of 0.9% (w/v) saline (2.4ml/kg/h, i.v.) throughout
the reperfusion period. The dose of NaHS used was based on
that previously shown to attenuate inflammatory injury in
the rat.24

Three additional groups of rats were used to investigate the
effect of NaHS on intracellular signaling pathways during
45min ischemia and 30min reperfusion—IRI (N¼ 3), IRI
NaHS (N¼ 3), and Sham (N¼ 3).

Measurement of Biochemical Parameters
At the end of the reperfusion period, 1ml blood samples were
collected from anesthetized animals. The samples were cen-
trifuged (6000 g for 3min) to separate plasma/serum. All
plasma/serum samples were frozen and stored at �801C
and analyzed for biochemical parameters as previously
described.25,26

Histological Evaluation
Histology and histological scoring of renal sections for acute
tubular necrosis (ATN) were performed as previously
described and used for the assessment of renal IRI.23 Briefly, 100
intersections were examined for each kidney and a score from
0 to 3 was given for each tubular profile involving an inter-
section: 0; normal histology, 1; tubular cell swelling, brush
border loss, nuclear condensation, with up to one-third of
tubular profile showing nuclear loss, 2; as for score 1, but
greater than one-third and less than two-third of tubular
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profile shows nuclear loss and 3; greater than two-third of
tubular profile shows nuclear loss. The total score for each
kidney was calculated by addition of all 100 scores with a
maximum score of 300.

Immunofluorescence for Activated Caspase-3
Immunofluorescence was performed as previously
described.27 Briefly, antigen unmasking by autoclaving of
histological sections for 10min in 10mM sodium citrate (pH
6.0) was performed before immunostaining with antibody
against cleaved caspase-3 (Asp175, no. 9661, 1:100; Cell
Signalling Technology, Danvers, MA, USA). Immune com-
plexes were detected with Alexa Fluors 488 goat anti-rabbit
IgG (1:300; Molecular Probe, Eugene, OR, USA). The ob-
servation was performed under a Biozero BZ-8000 fluores-
cent microscope (Keyence, Osaka, Japan) using the BZ
Viewer 2.5 under a magnification of � 100. A total of 10
fields were selected at random and the number of cleaved
caspase-3-positive cells was counted.

Western Blot Analysis for Apoptotic and Inflammatory
Markers
Tissue extraction of kidney samples was carried out as pre-
viously described above.28 Briefly, to determine the nuclear
translocation of p65 subunit of NF-kB, and hence the acti-
vation of NF-kB, both cytosolic and nuclear extractions were
used. Determinations of all other proteins—Bid, Bcl-2, iNOS,
COX-2, ICAM-1, phosphorylated p38, JNK1/2, and ERK1/2
—were made using only the cytosolic fraction. Approxi-
mately 60 mg total protein was loaded. Proteins were sepa-
rated on 8% (iNOS, COX-2, ICAM-1), 10% (NF-kB p65,
phosphorylated p38, JNK1/2, and ERK1/2) or 15% (Bid, Bcl-2)
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred to a polyvinylidene fluoride membrane,
which was then incubated with SuperBlock blocking buffer
(Pierce Biotechnology Inc., Rockford, IL, USA). Membranes
were incubated with primary antibody (rabbit anti-Bid,
Bcl-2, iNOS, COX-2, goat anti-ICAM-1, mouse anti-phos-
phorylated p38, JNK1/2, ERK1/2 and NF-kB p65). Blots were
then incubated with secondary antibody conjugated with
horseradish peroxidase and developed with the ECL detec-
tion system. The immunoreactive bands were visualized by
autoradiography and the density of the bands was evaluated
densitometrically using the Gel ProsAnalyzer 4.5, 2000
software (Media Cybernetics, Silver Spring, MD, USA). The
membranes were stripped and incubated with b-actin
monoclonal antibody and subsequently with secondary anti-
mouse antibody to assess gel-loading homogeneity.

Materials
Unless otherwise stated, all compounds used in this study
were purchased from Sigma-Aldrich Company Ltd (Poole,
Dorset, UK). All solutions used were prepared using non-
pyrogenic saline (0.9% (w/v) NaCl; Baxter Healthcare Ltd,
Thetford, Norfolk, UK). Rabbit polyclonal antibodies against

iNOS and apoptosis markers, goat polyclonal antibody
against ICAM-1, mouse monoclonal antibody against p65
NF-kB, and horseradish peroxidase-conjugated donkey anti-
goat and anti-rabbit IgG were from Santa Cruz Biotechno-
logy (Santa Cruz, CA, USA). Rabbit polyclonal antibody
against COX-2 was from the Cayman Chemical Co. (Ann
Arbor, MI, USA). Antibodies against the phosphorylated
form of p38, JNK1/2, and ERK1/2 MAPKs were obtained
from Cell Signaling Technology (Beverly, MA, USA). The
anti-mouse IgG horseradish peroxidase-linked whole anti-
body and Luminol ECL detection reagents were from
Amersham (Little Chalfont, Buckinghamshire, UK).

Statistical analysis
All values described in the text and figures are expressed as
mean±s.e.m. for N observations. Each data point obtained
from up to 12 separate animals. One-way analysis of variance
with Dunnett’s post hoc test was performed on all data
(GraphPad Prism version 4.03 for Windows, GraphPad
Software, San Diego, CA, USA, www.graphpad.com). A
P-value of less than 0.05 was considered to be significant.

RESULTS
Inhibition of Endogenous H2S Synthesis by CSE Impairs
the Recovery of Renal Function after IRI in Rats
After 72 h of reperfusion, the levels of serum creatinine and
urea in rats that underwent 45min of renal ischemia had
returned to levels that were not significantly different from
those in sham-operated rats, indicating a complete recovery
of renal function (Figure 1). Compared to rats subjected to
IRI only, pretreatment of rats with PAG (1 h before ischemia)
significantly increased serum creatinine and urea (Figure 1).

Administration of PAG to sham-operated rats had no
effect on any of the biochemical markers measured. There
were no significant differences in baseline values of serum
creatinine (Sham 34.8±1.0, N¼ 4; Sham PAG 35.9±0.7,
N¼ 4; IRI 36.2±0.9, N¼ 8; IRI PAG 39.1±2.3, N¼ 9) or
serum urea (Sham 6.15±0.27, N¼ 4; Sham PAG 5.40±0.28,
N¼ 4, IRI 6.29±0.33, N¼ 8; IRI PAG 6.41±0.42, N¼ 9).

Exogenous H2S Attenuates the Renal Dysfunction and
Injury Caused by IRI in Rats
When compared to sham-operated rats, rats that underwent
45min renal ischemia and 6 h reperfusion exhibited a
significant increase in serum creatinine and aspartate
aminotransferase (AST), attenuation in creatinine clearance
(CCL) and urine flow, and increase in fractional excretion of
Naþ (FENaþ ) indicating renal dysfunction, reperfusion
injury, glomerular dysfunction, and tubular dysfunction,
respectively (Figure 2). Compared to rats subjected to IRI
only, pretreatment with NaHS (15min before ischemia and
5min before reperfusion) significantly attenuated the effects
of IRI on serum creatinine, serum AST, CCL and FENaþ , and
modestly improved urine flow, but this effect was not
significant (Figure 2). Administration of NaHS to
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sham-operated rats had no effect on any of the biochemical
markers measured vs sham-operated rats.

Exogenous H2S Reduces the Histological Signs of Injury
Caused by IRI in Rats
When compared with normal tubular histology in sham-
operated rats (Figure 3a), animals that underwent renal IRI
demonstrated the recognized features of severe acute tubular
damage (Figure 3d). These features included brush border
loss, nuclear condensation, cytoplasmic swelling, and con-
sistent loss of significant numbers of nuclei from tubular
profiles (Figure 3d). In contrast, renal sections obtained from
rats subjected to IRI and treated with NaHS demonstrated a
marked reduction of the histological signs of renal injury
(Figure 3c).

On comparison with the histological score for ATN mea-
sured from kidneys obtained from sham-operated rats, renal
IRI produced a significant increase in histological score

(Figure 3e), indicating necrosis of tubular cells. Administra-
tion of NaHS significantly reduced the histological ATN score
when compared to that obtained from rats subjected to renal
IRI only (Figure 3e), indicating a reduction in renal tubular
cell necrosis.

Exogenous H2S Prevents Activation of Caspase-3 and
the Decline in the Expression of the Apoptotic Markers
Bid and Bcl-2 Caused by IRI in Rats
When compared to sham-operated rats, renal IRI produced a
significant increase in the activation of caspase-3 (Figure 4a),
indicating the development of apoptosis. Administration of
NaHS significantly reduced the activation of caspase-3 when
compared to that obtained from rats subjected to renal IRI
only (Figure 4a), indicating a reduction in apoptosis.

Using an antibody against the intact form of the pro-
apoptotic protein Bid, western blot analysis revealed
that kidneys obtained from rats subjected to IRI showed a
significant reduction in Bid expression, when compared to
sham-operated rats (Figure 4b), thus demonstrating its
activation by cleavage of intact Bid into truncated forms of
Bid. The administration of NaHS prevented the IRI-induced
activation of Bid, when compared to 45min ischemia control
(Figure 4c). The basal expression of Bcl-2 protein, a well-
known suppressor of apoptosis, was also significantly
reduced by IRI (Figure 4c), and this effect was abolished by
exogenous NaHS (Figure 4c).

Exogenous H2S Prevents the Increase in
Phosphorylation of MAPKs p-38, JNK1/2, and
ERK1/2 Caused by IRI in Rats
When compared to sham-operated rats, kidneys obtained
from rats subjected to IRI demonstrated a significant increase
in the phosphorylation of p-38 (Figure 5a), JNK1/2 (Figure 5b),
and ERK1/2 (Figure 5c). This increase was significantly
attenuated in kidneys of rats subjected to IRI that had been
treated with NaHS (Figures 5a–c).

Exogenous H2S Prevents the Nuclear Translocation of
the NF-jB p65 Subunit and on the Expression of iNOS,
COX-2, and ICAM-1 Caused by IRI in Rats
When compared to sham-operated rats, kidneys obtained
from rats subjected to IRI demonstrated a significant increase
in the nucleus/cytosol ratio of the NF-kB p65 subunit. The
rise in this ratio suggested the translocation of p65 to the
nucleus (activation of NF-kB) (Figure 6a). When compared
to IRI control, administration of NaHS attenuated the rise
in ratios, hence, indicating reduced activation of NF-kB
(Figure 6a).

When compared to sham-operated rats, kidneys obtained
from rats subjected to IRI, demonstrated significant
increases in the expression of iNOS (Figure 6b), COX-2
(Figure 6c) and ICAM-1 (Figure 6d). When compared to IRI
control, the expression in all three proteins was attenuated in

Figure 1 Inhibition of endogenous H2S synthesis with PAG impairs the

recovery of renal function after IRI in rats. (a) Serum creatinine and (b)

serum urea were measured subsequent to sham operation (Sham, N¼ 4),

renal IRI (45min ischemia followed by 72 h reperfusion) (IRI, N¼ 8), or renal

IRI with PAG (50mg/kg, 1ml/kg, i.p.) administered 1 h before ischemia

(IRI PAG, N¼ 9). A separate group of rats subjected to sham IRI received

PAG (Sham PAG, N¼ 4) same dose and time as IRI PAG. Data are expressed

as means±s.e.m. for N number of observations. *Po0.05 vs IRI.
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kidneys of rats subjected to IRI subsequent to administration
of NaHS (Figures 6b–d).

DISCUSSION
To the best of our knowledge, there is no information relating
to the role of H2S in renal IRI. H2S formation is pre-
dominantly catalyzed by the pyridoxal-50-phosphate depen-
dent enzymes, CSE in the cardiovascular system.1 We report
here for the first time that (1) the synthesis of endogenous
H2S by CSE is essential for the recovery of renal function and

integrity following IRI and (2) the H2S-donor NaHS reduces
the renal injury and dysfunction caused by renal IRI in rats.

Specifically, we demonstrate that the CSE inhibitor PAG
does not affect renal function when administered to sham-
operated animals. Interestingly, after 72 h of recovery, the
irreversible inhibition of CSE not only impaired the recovery
of renal function, but also increased the renal dysfunction
caused by IRI. This observation suggests that, endogenous
H2S synthesis catalyzed by CSE is essential for the recovery
from renal dysfunction caused by IRI in rats and favors the

Figure 2 Exogenous H2S attenuates the renal dysfunction and injury caused by IRI in rats. (a) Serum creatinine, (b) serum aspartate aminotransferase (AST),

(c) creatinine clearance (CCL), (d) urine flow, and (e) fractional excretion of Naþ (FENaþ ) were measured subsequent to sham operation (Sham, N¼ 10), renal

IRI (IRI, N¼ 12), or renal IRI with NaHS (100 mmol/kg, 2ml/kg, onto kidneys) administered 15min before 45min ischemia and 5min before 6 h reperfusion (IRI

NaHS, N¼ 10). A further group of rats subjected to sham IRI received NaHS, same doses and times as IRI NaHS (Sham NaHS, N¼ 8). Data are expressed as

means±s.e.m. for N number of observations. *Po0.05 vs IRI.
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Figure 3 Exogenous H2S reduces the histological signs of injury caused by IRI in rats. Histology of acute tubular necrosis (ATN) (a) score 0: a normal

proximal tubule; (b) score 1: tubules revealing brush border loss, nuclear condensation, and cytoplasmic swelling, and loss of nuclei up to one-third of the

tubular profile; (c) score 2: more severe cellular loss, with between one-third and two-thirds of the tubular profile denuded of nuclei, and (d) score 3: greater

than two-thirds of nuclei loss. Hematoxylin and eosin, figures are representative of at least three experiments performed on different days. (e) ATN score out

of a total of 300 (see ‘Materials and Methods’) subsequent to sham operation (Sham, N¼ 3), renal IRI (IRI, N¼ 4), or renal IRI with NaHS (100 mmol/kg, 2ml/kg,

onto kidneys) administered 15min before 45min ischemia and 5min before 6 h reperfusion (IRI NaHS, N¼ 5). Data are expressed as means±s.e.m. for N

number of observations. *Po0.05 vs IRI.
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conclusion that CSE is responsible for the production of H2S
in the kidney during IRI.

We used a nonrecovery model of renal IRI in the rat to
investigate the effects of H2S-donor NaHS on injury, renal
function, glomerular function, and tubular function. In
addition to the reduction of renal dysfunction (serum
creatinine), administration of NaHS (15min before ischemia
and 5min before reperfusion) also attenuated reperfusion
injury (serum AST), renal injury (histology), glomerular
dysfunction (CCL), and tubular dysfunction (FENaþ ) caused
by renal IRI. What, then, is (are) the molecular mechanism(s)

by which H2S protects the kidney against IRI? At least two
pathophysiological mechanisms lead to tubular cell death in
ischemic renal injury.29–31 Necrosis is characterized by loss of
membrane integrity, cytoplasmic swelling, nuclear pyknosis,
cellular fragmentation, and an inflammatory response.
Apoptosis is characterized by cytoplasmic and nuclear
shrinkage, DNA fragmentation, and breakdown of the cell
into apoptotic bodies that are rapidly removed by phago-
cytosis. Mounting evidence now indicates that apoptosis
is the major mechanism of early tubular cell death in
contemporary clinical acute kidney injury. Caspase-3 is one

Figure 4 Exogenous H2S prevents caspase-3 activation and the decline in the expression of the apoptotic markers Bid and Bcl-2 caused by IRI in rats.

(a) Number of apoptotic cells per 10 high powered fields (HPF) in histological sections processed under immunofluorescence for caspase-3, and western

blot analyses of (b) Bid and (c) Bcl-2 expression in kidney homogenates. Histological sections and kidney homogenates were taken from sham-operated rats

(Sham), rats subjected to renal IRI (IRI), or rats subjected to renal IRI with NaHS (100 mmol/kg, 2ml/kg, onto kidneys) administered 15min before 45min

ischemia and 5min before 6 h reperfusion (IRI NaHS). Densitometric analysis of the related bands is expressed as relative optical density (OD), corrected for

the corresponding b-actin contents and normalized using the related sham-operated bands. Densitometric data are expressed as means±s.e.m. and each

immunoblot is representative of three separate experiments. *Po0.05 vs IRI. Note that we used an antibody against the intact form of Bid. Thus, its

reduction demonstrates Bid activation by cleavage of intact Bid into truncated forms of tBid.
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of the key executioners of apoptosis. Pancaspase (including
caspase-3) inhibition prevents apoptosis in cold ischemic
mouse kidney32 and the combination of caspase-3 and
complement 3 gene silencing prevents renal IRI.33 In addi-
tion, inhibition of caspase-3 and -7 effectively reduces graft
IRI and improves survival in liver transplantation.34 Thus, we
have measured the activation of caspase-3 in sections of the

kidney as an indicator of the development of apoptosis. We
provide clear evidence that H2S attenuated the increase in
renal caspase-3 activation caused by IRI indicating that
H2S attenuates the formation of apoptosis caused by IRI. In
addition, we have shown that Bid (a proapoptotic marker),
which on activation translocates to mitochondria and
induces damage to organelles, is activated during renal IRI

Figure 5 Exogenous H2S prevents the increase in phosphorylation of mitogen-activated protein kinase p-38, JNK1/2, and ERK1/2 caused by IRI in rats.

Western blot analyses of phosphorylated (a) p-38, (b) JNK1/2, and (c) ERK1/2 in kidney homogenates from sham-operated rats (Sham), rats subjected to

renal IRI (IRI), or rats subjected to renal IRI with NaHS (100 mmol/kg, 2ml/kg, onto kidneys) administered 15min before 45min ischemia and 5min before

30min reperfusion (IRI NaHS). Densitometric analysis of the related bands is expressed as relative optical density (OD), corrected for the corresponding

b-actin contents and normalized using the related sham-operated bands. Densitometric data are expressed as means±s.e.m. and each immunoblot is

representative of three separate experiments. *Po0.05 vs IRI.
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Figure 6 Exogenous H2S prevents the nuclear translocation of the NF-kB p65 subunit and the expression of iNOS, COX-2, and ICAM-1 caused by IRI in rats.

(a) Western blot analyses of NF-kB p65 subunit and b-actin expression in cytosolic and nuclear fractions in kidney homogenates from sham-operated rats

(Sham), rats subjected to renal IRI (IRI), or rats subjected to renal IRI with NaHS (100 mmol/kg, 2ml/kg, onto kidneys) administered 15min before 45min

ischemia and 5min before 30min reperfusion (IRI NaHS). The results are expressed as nucleus/cytosol ratio of p65 NF-kB from densitometric analysis of the

related bands. Western blot analyses of (b) iNOS, (c) COX-2, and (d) ICAM-1 expression in kidney homogenates from sham-operated rats (Sham), rats

subjected to renal IRI (IRI), or rats subjected to renal IRI with NaHS (100 mmol/kg, 2ml/kg, onto kidneys) administered 15min before 45min ischemia and

5min before 6 h reperfusion (IRI NaHS). Densitometric analysis of the related bands is expressed as relative optical density (OD), corrected for the

corresponding b-actin contents and normalized using the related sham-operated bands. Densitometric data are expressed as means±s.e.m. and each

immunoblot is representative of three separate experiments. *Po0.05 vs IRI.
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and is attenuated with NaHS administration. Activation of
Bid depends on its proteolytic processing into truncated
forms of tBid. Bid activation has previously been reported
both in vivo following renal IRI in the rat and in vitro in
primary cultures of rat proximal tubular cells following ATP
depletion,35 which would be in agreement with our data. In
addition, Bid cleavage has been shown to be abolished in cells
overexpressing Bcl-2 (an antiapoptotic marker).35 Failure of
Bcl-2 upregulation in proximal tubular epithelial cells of donor
kidney biopsy specimens is associated with apoptosis and de-
layed graft function,36 and augmentation of Bcl-2 protein in-
hibits proximal and distal tubular apoptosis and improved renal
function.37 We have shown here that NaHS administration,
which has exhibited protective effects in this study, prevented
the decrease in Bcl-2 protein levels evoked by IRI.

It has been proposed that activation of MAPK p-38 and
JNK contributes to cell death, whereas activation of
ERK1/2 contributes to protection against cell injury in many
organs.38,39 However, it has also been suggested that ERK1/2
activation may drive cell apoptosis in a number of cell types
including renal epithelial cells.40 The importance of MAPKs
in enhancing the tissue damage associated with IRI has been
clearly demonstrated,41 and the activation of p-38, JNK and
ERK1/2 is maximal within the first 30min of reperfusion.42

Here, we confirm that ischemia for 45min and reperfusion
for 30min results in activation (ie phosphorylation) of p38,
JNK1/2 and ERK1/2 and, most notably, we show that these
effects are attenuated by NaHS.

Several points of evidence suggest that MAPKs participate
in the regulation of NF-kB transcriptional activity.43

MAPK activation contributes to the development of the
inflammatory process by modulating NF-kB activity and
transcriptional processes of proinflammatory genes.44 Acti-
vation of NF-kB leads to the expression of numerous genes
and mediators implicated in the development of renal IRI.
Inhibitors of NF-kB reduce the expression of iNOS, COX-2
and ICAM-1, and exert beneficial effects in various models of
IRI.45–48 As we have demonstrated in this study that NaHS
attenuates MAPK activation, we have conducted further
experiments and found that NaHS attenuates the activation
NF-kB (measured as nuclear translocation of p65) and
consequently the expression of the NF-kB-dependent pro-
teins iNOS, COX-2, and ICAM-1 caused by IRI in the kidney.
Although H2S has been reported to exhibit proinflammatory
activities in endotoxic shock,17 H2S also has potent anti-
inflammatory effects. For instance, the H2S donor (S-diclofe-
nac) downregulates the expression of iNOS, COX-2, CSE,
and NF-kB in a rat model of endotoxic shock.18 Thus, we
propose that MAPK inhibition by NaHS is, at least in part,
responsible for the antiapoptotic and anti-inflammatory ef-
fects of H2S in our models of renal IRI. In addition, it is
possible that NaHS interferes with the MAPK signaling cas-
cade and, hence, affects NF-kB activation. However, the re-
lationship between these signaling pathways in renal IRI still
needs to be investigated further.

In conclusion, this article reports for the first time that (1)
endogenous H2S synthesis by CSE is essential to prevent
further renal dysfunction and aids recovery of renal function
and integrity following IRI, (2) exogenous H2S protects the
rat kidney against renal IRI, and (3) the observed beneficial
effects of H2S are due to both antiapoptotic and anti-
inflammatory effects of H2S, secondary to modulation of the
signaling pathways leading to activation of MAPK and
NF-kB. Thus, this study demonstrates for the first time a vital
role of the formation of endogenous H2S by CSE in IRI of the
kidney, and implies that agents that release H2S may be of
benefit in conditions associated with renal IRI, such as renal
transplantation.
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