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Introduction

Abstract

Inflammation plays a critical role in kidney ischemia—reperfusion injury but
mechanisms of increased proinflammatory cytokine expression are not com-
pletely understood. Kidney has a high expression of cystathionine-f-synthase
(CBS) and cystathionine-y-lyase (CSE) that can synthesize hydrogen sulfide.
CBE and CSE are also responsible for the synthesis of cysteine, an essential
precursor for glutathione, an antioxidant. Reduced hydrogen sulfide and
glutathione production is associated with multiple organ injury. Although
pro- and anti-inflammatory effects of hydrogen sulfide have been reported, its
role in ischemia—reperfusion-induced inflammation in the kidney has not been
well addressed. The aim of this study was to investigate the effect of CBS and
CSE-mediated hydrogen sulfide and glutathione production on kidney inflam-
matory response and the mechanism involved. The left kidney of Sprague-
Dawley rat was subjected to 45-min ischemia followed by reperfusion for
24 h. Ischemia-reperfusion caused a significant decrease in CBS and CSE
mRNA and protein levels with a concomitant reduction of glutathione and
hydrogen sulfide production in the kidney while the expression of proinflam-
matory cytokine expression (MCP-1, IL-6) was elevated. Hypoxia—reoxygen-
ation of proximal tubular cells led to a decrease in CBS and CSE expression
and an increase in proinflammatory cytokine expression. Supplementation of
glutathione or hydrogen sulfide donor (NaHS) effectively attenuated cytokine
expression in tubular cells. These results suggested that ischemia—reperfusion
impaired CBS and CSE-mediated glutathione and hydrogen sulfide production
in the kidney, which augmented the expression of proinflammatory cytokines.
Regulation of CBS and CSE expression may be therapeutically relevant in alle-
viating ischemia—reperfusion-induced inflammation and improving kidney
function.

pathogenesis of I/R-induced kidney injury is multifaceted.
Depletion of oxygen and nutrients, oxidative stress,

Kidney ischemia-reperfusion (I/R) is one of the common
causes for acute kidney injury (AKI) which is associated
with a high morbidity and mortality (Lameire et al. 2005;
Hoste and Kellum 2007; Bonventre and Yang 2011; Bel-
lomo et al. 2012). I/R injury occurs in many clinical con-
ditions including renal transplantation and surgery. The
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inflammatory response, and induction of cell death con-
tribute to kidney injury (Bonventre and Yang 2011; Shar-
fuddin and Molitoris 2011; Bellomo et al. 2012; Singh
et al. 2012). I/R elicits inflammatory response character-
ized by increased expression of proinflammatory cyto-
kines, which facilitates leukocyte recruitment into the
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kidney. The chain of events of I/R-induced inflammatory
response accelerates renal injury. Although inflammatory
response is known to play a crucial role in kidney I/R
injury, the mechanisms responsible for increased proin-
flammatory cytokine expression are not completely
understood.

Inflammation is recognized as a major pathogenic pro-
cess in kidney I/R injury (Bonventre and Zuk 2004; Thur-
man 2007; Kinsey et al. 2008; Sharfuddin and Molitoris
2011). I/R results in the generation of proinflammatory
cytokines that play an important role in leukocyte recruit-
ment and exacerbates kidney injury (Bonventre and Zuk
2004; Kinsey et al. 2008; Bonventre and Yang 2011).
Monocyte chemoattractant protein-1 (MCP-1) is a potent
chemotactic cytokine that stimulates monocyte recruit-
ment to the kidney (Sung et al. 2002; Munshi et al.
2011). We and others have observed an increased expres-
sion of MCP-1 and accumulation of leukocyte in rat kid-
ney subjected to ischemia—reperfusion injury (Sung et al.
2002; Munshi et al. 2011). Attenuation of MCP-1 expres-
sion significantly improved kidney function (Amann et al.
2003). Interleukin-6 (IL-6), one of the major inflamma-
tory mediators, has been shown to have a strong correla-
tion with the onset and severity of AKI (Kielar et al.
2005; Nechemia-Arbely et al. 2008). Despite recent
advances in AKI research, the mechanisms of kidney I/R-
induced inflammatory response remain to be further
investigated.

Hydrogen sulfide (H,S) is a gasotransmitter that, at
physiological levels, exerts beneficial effects through anti-
oxidant and anti-inflammatory action, as well as serving
as a neurotransmitter (Abe and Kimura 1996; Elrod et al.
2007; Wallace et al. 2009; Gadalla and Snyder 2010; Wang
2012). Kidney is one of the major organs regulating
endogenous H,S generation through cystathionine-f-syn-
thase (CBS, EC 4.2.1.22) and cystathionine-y-lyase (CSE,
EC 4.4.1.1) (House et al. 1997; Prathapasinghe et al.

Table 1. Gene primer sequences used for real-time PCR.
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2007, 2008; Xu et al. 2009). These two enzymes catalyze
H,S production through desulthydration reactions (Fu
et al. 2012). Both CBS and CSE are also responsible for
the synthesis of cysteine through the transsulfuration
pathway (Paul and Snyder 2012). Cysteine is an essential
substrate for the biosynthesis of glutathione, a major
endogenous antioxidant (Paul and Snyder 2012).

In a recent study, we have observed that ischemia fol-
lowed by a short period of reperfusion (6 h) results in a
significant decrease in hydrogen sulfide (H,S) production
in rat kidney (Xu et al. 2009). Supplementation of exoge-
nous H,S is shown to be renal protective in AKI and in
chronic kidney disease (Xu et al. 2009; Lobb et al. 2012;
Perna and Ingrosso 2012). In mice with CSE depletion,
renal H,S production rate was markedly reduced (Bos
et al. 2013). Generation of endogenous H,S by CSE or
administration of H,S donor attenuates kidney I/R injury
(Tripatara et al. 2008; Hunter et al. 2012). H,S has been
implicated as a mediator exerting anti- and pro-inflam-
matory effects (Whiteman and Winyard 2011; Rivers
et al. 2012; Wang 2012; Chan and Wallace 2013).
Although administration of exogenous H,S is shown to
be cytoprotective in various organs of ischemia-reperfu-
sion (Nicholson and Calvert 2010), the role of H,S in
I/R-induced inflammatory response in the kidney is not
clear. The aim of this study was to investigate the effect
of downregulation of CBS and CSE expression on endog-
enous H,S and glutathione production and its impact on
kidney inflammatory response during ischemia followed
by a longer period of reperfusion (24 h) injury.

Materials and Methods

Renal ischemia-reperfusion (I/R)

Kidney ischemia was induced in male Sprague—Dawley rats
(250-300 g) by clamping the left renal pedicle for 45 min

Target gene

Forward Primer(5’-3’)

Reverse Primer(5’-3’)

Human

CBS GCAGATCCAGTACCACAGCA CTCCGGACTTCACTTCTGGT
CSE CAAGGTTTCCTGCCACACTT GCTATATTCAAAACCCGAGTGC
IL-6 AGGAGACTTGCCTGGTGAAA GTCAGGGGTGGTTATTGCAT
MCP-1 CCCAAAGAAGCTGTGATCTTCA GTGTCTGGGGAAAGCTAGGG
GAPDH GAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
Rat

CBS TCGTGATGCCTGAGAAGATG TTGGGGATTTCGTTCTTCAG

CSE GTATGGAGGCACCAACAGGT GTTGGGTTTGTGGGTGTTTC
IL-6 CCGGAGAGGAGACTTCACAG ACAGTGCATCATCGCTGTTC
MCP-1 CAGAAACCAGCCAACTCTCA AGACAGCACGTGGATGCTAC
p-actin ACAACCTTCTTGCAGCTCCTC GACCCATACCCACCATCACA
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followed by reperfusion for 24 h (Sung et al. 2002; Prathap-
asinghe et al. 2007; Wang et al. 2013). In brief, rats were
anesthetized by 3% isoflurane/oxygen gas prior to surgery.
Surgery was performed when rats reach the stage 3 anesthe-
sia. During the surgery, the 1-2% isoflurance/oxygen gas
was maintained via inhalation. Rats were kept on a heat pad
and the rectal temperature was maintained at 37°C through-
out the experimental procedure. To prevent a decrease in
body temperature, rats were placed in a warm incubator for
12 h after surgery. As a control, a sham-operated group of
rats were subjected to the same surgical procedure but with-
out inducing I/R and were sacrificed at corresponding time
points. A blood sample was collected and plasma was sepa-
rated by centrifugation of blood at 3,000 g for 20 min at
4°C. Plasma creatinine level was measured by using a com-
mercial assay kit (Genzyme diagnostics, Canada). Kidneys
were harvested in ice-cold potassium phosphate buffer. All
procedures were performed in accordance with the Guide to
the Care and Use of Experimental Animals published by the
Canadian Council on Animal Care and approved by the
University of Manitoba Protocol Management and Review
Committee. All chemicals were obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise indicated.

In vitro model of hypoxia-reoxygenation
(HR) in cell culture

A hypoxia—reoxygenation (HR) model was used to simulate
in vivo I/R injury. Human kidney cortex proximal tubular
cells (HK-2; CRL-2190, American Type Culture Collection)
were cultured in keratinocyte serum-free medium supplied
with human recombinant epidermal growth factor and
bovine pituitary extract (Gibco/Invitrogen, Carlsbad, CA) at
37°C in a normal atmosphere of 95% air and 5% CO.,.
Hypoxia was induced in cells by oxygen—glucose deprivation
(Wuet al. 2010). In brief, tubular cells were incubated for 2 h
in a modified Krebs buffer (137 mmol/L NaCl, 3.8 mmol/L
KCl, 0.49 mmol/L MgCl,, 0.9 mmol/L CaCl,, 4 mmol/L
HEPES) supplemented with 10 mmol/L 2-deoxyglucose,
20 mmol/L sodium lactate, 12 mmol/L KCl, and 1 mmol/L
sodium dithionite (pH 6.2) in a hypoxia chamber (Billups-
Rothenberg, Inc., Del Mar, CA) containing 95% N,/5% CO,
at 37°C. Control cells were incubated in a modified Krebs
buffer (pH 7.4) containing D-glucose at 37°C in a normal
atmosphere. After incubation for 2 h, the Krebs buffer was
replaced with keratinocyte serum-free medium and cells
were cultured for another 2448 h.

Measurement of mRNA expression

Total RNAs were isolated from the kidney tissue with Trizol
reagent (Invitrogen) according to the manufacturer’s
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Figure 1. Effect of ischemia-reperfusion on plasma creatinine
level, kidney H,S production, and glutathione level in rats. The
left kidney of rats was subjected 45-min ischemia followed by
24-h reperfusion (I/R). As a control, rats were subjected to a
sham operation but without inducing ischemia-reperfusion.

(A) Plasma creatinine levels were determined. (B) H,S production
and (C) glutathione level were measured in the kidney tissue.
Results are expressed as mean + SEM (n =5 for each group).
*P < 0.05 when compared with the value obtained from the
sham-operated group.
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instruction. Total RNA (2 ug) was converted to cDNA by
reverse transcription. The mRNA expression of CBS, CSE,
and cytokines was determined by a real-time PCR analysis.
The real-time PCR reaction mixture contained 0.4 umol/L
of 5 and 3’ primers and 1 uL of cDNA product in iQ-SYBR
green supermix reagent (Bio-Rad, Mississauga, ON,
Canada). The relative changes in mRNA expression were
determined by the fold change analysis. The primers
(Invitrogen) used in this study are listed in Table 1.

Western immunoblotting analysis of CBS
and CSE proteins, measurement of
cytokines

The protein levels of CBS and CSE in the kidney were
measured by Western immunoblotting analysis. In brief,
kidney proteins (20 ug) were separated by electrophoresis
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in 10% SDS polyacrylamide gels. Proteins in the gel were
transferred to a nitrocellulose membrane. The membrane
was probed with (Abe and Kimura 1996) mouse anti-CBS
monoclonal (1:3,000; Abnova Corporation, Taipei, Tai-
wan) or rabbit anti-CSE monoclonal antibodies (1:3,000;
GeneTex, Irvine, CA) for rat proteins. HRP-conjugated
anti-mouse or anti-rabbit IgG antibodies (Cell Signaling
Technology, Danvers, MA) were used as the secondary
antibodies (1:5,000). The corresponding protein bands
were visualized using enhanced chemiluminescence
reagents and analyzed with a gel documentation system
(Bio-Rad Gel Doc1000). To confirm the equal loading of
proteins for each sample, the same membranes were rep-
robed with mouse anti-f-actin monoclonal antibodies
(1:5,000, Cell Signaling Technology). Proinflammatory
factors (MCP-1, IL-6) in the kidney and plasma as well as
plasma neutrophil gelatinase-associated lipocalin (NGAL)
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Figure 2. Effect of ischemia-reperfusion on CBS and CSE expression in the kidney. The left kidney of rats was subjected 45-min ischemia
followed by 24-h reperfusion (I/R). As a control, rats were subjected to a sham operation but without inducing I/R. The mRNA (A) and protein
(B) of CBS and CSE in the kidney tissue were determined by a real-time PCR and Western immunoblotting analysis, respectively. Results are
expressed as mean + SEM (n = 5 for each group). *P < 0.05 when compared with the value obtained from the sham-operated group.
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were measured using the MesoScale Discovery electro-
chemiluminescence platform (Rockville, MD).

Measurement of H,S production and
glutathione levels in the kidney

H,S production was measured based on a method
described by Stipanuk and Beck (Stipanuk and Beck
1982). Kidney tissue was homogenized in 50 mmol/L
potassium phosphate buffer (pH 6.9) followed by cen-
trifugation at 15,000 g for 30 min at 4°C. The superna-
tant was collected and H,S production was measured
in a reaction mixture containing 0.3 mL supernatant,
10 mmol/L i-cysteine, 10 mmol/L DL-Hcy, 2 mmol/L
pyridoxal-5'-phosphate, and 0.05 mmol/L S-adenosylme-
thionine and prepared in 100 mmol/L potassium phos-
phate buffer (pH 7.4). The reaction was carried out in
an Erlenmeyer flask that was fitted with a septum stop-
per and contained a plastic center well. A folded filter
paper was soaked in 0.5 ml mixture of 1% zinc acetate
and 12% NaOH. The tube was placed in the flask and
the flask was blown with N,. The flask was immediately
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covered and incubated in a water bath for 30 min at
37°C. The reaction was stopped with the injection of
30% trichloroacetic acid into the flask. The flask was
incubated for an additional 60 min at 37°C. The filter
paper was removed and transferred to a test tube con-
taining 3.5 mL water to which 0.4 mL of 20 mmol/L
N,N,dimethyl-p-phenylenediamine sulfate dissolved in
7.2 M HCl and 0.4 mL of 30 mmol/L FeCl; dissolved
in 1.2 M HCI were added. The reaction was allowed to
proceed for 10 min in the dark and the absorbance of
the resulting solution was measured at 670 nm. Sodium
hydrosulfide hydrate was used as standard (Xu et al.
2009; Hwang et al. 2013). Total glutathione was mea-
sured in liver tissue and cell lysates as previously
reported (Rahman et al. 2006).

Statistical analysis

Results were analyzed using one-way ANOVA followed by
Newman—Keuls test. Data presented as the
means = SEM. The level of statistical significance was
determined when a P value was less than 0.05.
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Figure 3. Effect of ischemia—reperfusion on cytokine expression in the kidney. The left kidney of rats was subjected 45-min ischemia followed
by 24-h reperfusion (I/R). As a control, rats were subjected to a sham operation but without inducing ischemia-reperfusion. The mRNA (A)
levels and protein (B) of cytokines (MCP-1, IL-6) were measured in the kidney tissue. Results are expressed as mean £ SEM (n = 5 for each
group). *P < 0.05 when compared with the value obtained from the sham-operated group.
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Results

Effect of ischemia-reperfusion on kidney
function, H,S production, and glutathione
level

The induction of kidney ischemia (45 min) followed by
reperfusion for 24 h resulted in a marked elevation of
plasma creatinine (Fig. 1A), indicating that kidney func-
tion was impaired. Upon ischemia—reperfusion, the H,S
production in the kidney tissue was significantly
decreased (Fig. 1B). Total glutathione level was signifi-
cantly lower in ischemia-reperfused kidneys than that in
the sham-operated group (Fig. 1C).

Effect of ischemia-reperfusion on the
expression of CBS, CSE, and
proinflammatory cytokines in the kidney

To investigate whether a decrease in H,S levels was due
to downregulation of CBS and CSE expression in the kid-
ney, CBS, and CSE mRNA was measured by a real-time
PCR analysis. The levels of CBS and CSE mRNA were sig-
nificantly lower in I/R kidneys than that in the sham-
operated group (Fig. 2A). In accordance, the protein lev-
els of these two enzymes were significantly decreased in
those kidneys (Fig. 2B). We then examined the effect of
I/R on inflammatory response in the kidney. There was a
significant increase in proinflammatory cytokines (MCP-
1, IL-6) mRNA and protein levels in kidneys subjected to I/R
(Fig. 3). The level of MCP-1 was also significantly elevated in
the plasma of rats subjected to kidney I/R (Fig. 4A). Neutro-
phil gelatinase-associated lipocalin (NGAL) is a small (25-kd)
protein that belongs to the lipocalin protein family. NGAL is
produced by epithelial cells and neutrophils in response to
tubular epithelial damage (Sharfuddin and Molitoris 2011).
Plasma NGAL has been proposed as a marker of tubular
damage in AKI (Sodha et al. 2009; Singh et al. 2012). The
level of plasma NGAL was significantly elevated (Fig. 4B),
indicating tubular damage in I/R-induced kidney injury.

Role of the transsulfuration pathway in
ischemia-reperfusion-stimulated cytokine
expression in the kidney and in tubular cells

To investigate whether downregulation of CBS and CSE
expression contributed to increased cytokine expression,
experiments were conducted in human proximal tubular
cells, the type of cells in the kidney where CBS and CSE
are highly expressed. Tubular cells were subjected to
hypoxia followed by reoxygenation with regular culture
medium (reperfusion). There was a significant reduction
of CBS and CSE mRNA levels in cells subjected to 2 h of
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hypoxia followed by reoxygenation with a regular culture
medium for 24 h (Fig. 5A) while the levels of proinflam-
matory cytokines MCP-1 and IL-6 were significantly ele-
vated (Fig. 5B). Next, tubular cells were incubated with a
CBS inhibitor aminooxyacetic acid (AOAA) or a CSE
inhibitor DL-propargylglycine (PAG). Inhibition of CBS
and CSE led to an elevation of MCP-1 and IL-6 mRNA
in these cells (Fig. 6A). Inhibition of rate-limiting enzyme
CBS in the transsulfuration pathway caused a significant
reduction of intracellular glutathione levels in tubular
cells (Fig. 6B). To further investigate whether a reduction
of CBS and CSE-mediated H,S and glutathione produc-
tion played a crucial role in proinflammatory cytokine
expression, hydrogen sulfide donor sodium hydrosulfide
(NaHS) and glutathione (GSH) were added to the culture
medium prior to induction of hypoxia-reoxygenation.
Addition of NaHS or GSH attenuated hypoxia—reoxygen-
ation-induced MCP-1 and IL-6 expression in tubular cells
(Fig. 7).

Plasma

A 25- N

3 201

>

2

nl_—E| 15 1

ga

s = 101

E I

8

O]

0 T

Sham IR

B 1400- *

w 1200 -

2

3 1000

IE 8001

9%

Z 3 600-

o=

& 400 1

S

o 200 -

0 [ -

Sham IR

Figure 4. Effect of ischemia-reperfusion on plasma MCP-1 and
NGAL levels. The left kidney of rats was subjected 45-min ischemia
followed by 24-h reperfusion (I/R). As a control, rats were subjected to
a sham operation but without inducing ischemia-reperfusion. The
MCP-1 (A) and NGAL (B) levels were measured in plasma. Results are
expressed as mean + SEM (n = 5 for each group). *P<0.05 when
compared with the value obtained from the sham-operated group.
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Figure 5. Effect of hypoxia-reoxygenation on the expression of CBS, CSE and cytokines in tubular cells. Human proximal tubular cells were
subjected to 2-h hypoxia followed by 24-h reoxygenation (HR). Cells cultured in the regular medium without being subjected to HR were used
as a control. A real-time PCR analysis was used to measure the mRNA of CBS and CSE (A) and cytokines (MCP-1, IL-6) (B). Results are
expressed as mean £ SEM (n = 5 for each group). *P < 0.05 when compared with the value obtained from control cells.

Discussion

Acute inflammatory response is a hallmark of I/R-induced
kidney injury. Uncontrolled inflammatory response can
exacerbate I/R injury. However, the mechanisms responsi-
ble for aberrant inflammatory response are not completely
understood. This study for the first time demonstrates
that reduced CBS and CSE expression contributes to
inflammatory response in the kidney upon 45-min ische-
mia followed by 24-h reperfusion. Inhibition of CBS and
CSE leads to reduced glutathione and H,S production in
the kidney and in proximal tubular cells, which correlates
with increased expression of proinflammatory cytokines.
Supplementation of glutathione or H,S donor effectively
attenuates the expression of proinflammatory cytokines in
tubular cells.

Both CBS and CSE in the transsulfuration pathway are
highly expressed in the kidney. These two enzymes
are mainly located in the proximal tubule segments
which are more susceptible to I/R injury (Beltowski

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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2010). In this study, tubular damage persisted 24 h after
ischemia insult as indicated by a significantly elevated
plasma NGAL level. The expression of CBS and CSE was
significantly reduced in I/R kidney. Cysteine lies down-
stream of the transsulfuration pathway and serves as an
essential substrate for glutathione biosynthesis. A decrease
in CBS and CSE expression in the transsulfuration
pathway could lead to a reduction of cysteine level and
subsequently limit glutathione generation. In this study, I/
R caused a significant reduction in glutathione levels in
the kidney. Such an inhibitory effect on glutathione levels
was also observed in tubular cells subjected to hypoxia—
reoxygenation. Inhibition of the rate-limiting enzyme CBS
also led to a decrease in intracellular glutathione levels in
tubular cells. These results suggested that reduction of
CBS and CSE expression in the transsulfuration pathway
was responsible for glutathione depletion in the kidney
upon I/R injury. Glutathione is a major endogenous
nonenzymatic antioxidant that has anti-inflammatory
property through the regulation of redox-sensitive signaling
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Figure 6. Effect of CBS and CSE inhibitors on proinflammatory cytokine expression and glutathione levels in tubular cells. Human proximal
tubular cells were incubated in the absence (control) or presence of a CBS inhibitor aminooxyacetic acid (AOAA, 0.2 mmol/L) or a CSE inhibitor
DL-propargylglycine (PAG, 0.5 mmol/L). The mRNA of MCP-1 and IL-6 was measured by a real-time PCR analysis (A). Total intracellular
glutathione levels were measured (B). Results are expressed as mean &+ SEM (n = 5 for each group). *P < 0.05 when compared with the value

obtained from control cells.

pathways. Acute inflammatory response is recognized as
one of the major factors of kidney I/R injury, which is
characterized by increased expression of proinflammatory
cytokines and recruitment of leukocytes. In this study,
supplementation of glutathione to tubular cells effectively
attenuated the expression of proinflammatory cytokines.
Such beneficial effect of glutathione might be mediated
via its antioxidant action.

Aside from their roles in the transsulfuration pathway,
CBS and CSE are also a major source of H,S production
through desulfhydration reactions (Xu et al. 2009). In
accordance with a reduction in CBS and CSE expression,
there was a marked decrease in H,S production in the kid-
ney subjected to 45-min ischemia and 24-h reperfusion.
H,S has been shown to have protective effects against I/R
injury in various organs including heart, brain, kidney, and
liver (Calvert et al. 2009; Kang et al. 2009; Xu et al. 2009;
Gheibi et al. 2014). Anti- and pro-inflammatory effects of
endogenous H,S or exogenous H,S donor are reported in
various animal models (Whiteman and Winyard 2011). The
mechanisms by which H,S exerts inflammatory response
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are complex including attenuation of nuclear factor-xB
(NF-xB) activation, reduction of proinflammatory factor
expression, and inhibition of leukocyte adhesion (Zhang
et al. 2008; Dongo et al. 2011; Whiteman and Winyard
2011). For example, in a myocardial I/R injury porcine
model, administration of H,S donor (NaHS) prior to reper-
fusion limited inflammatory response and attenuated myo-
cardial injury in Yorkshire pigs (Sodha et al. 2009). In a
cerebral I/R injury rat model, administration of NaHS
exerted a protective effect against severe cerebral injury
induced by a global I/R through attenuation of oxidative
stress, inflammation, and apoptosis in the brain tissue (Yin
et al. 2013). In mouse mesangial cells, increased endoge-
nous H,S generation or supplementation of exogenous H,S
partially inhibited Hcy-induced expression of proinflam-
matory cytokines (Sen et al. 2011). We previously reported
acute inhibition of CBS-mediated H,S production in I/R
kidney 6 h after the onset of reperfusion (Xu et al. 2009).
Results obtained from this study indicated that the expres-
sion of both CBS and CSE was reduced in the kidney sub-
jected to 45-min ischemia followed by 24-h reperfusion.
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Figure 7. Effects of H,S donor and glutathione on
proinflammatory cytokine expression in tubular cells. Human
proximal tubular cells were subjected to hypoxia 2 h followed by
48-h reoxygenation in the absence (HR) or presence of NaHS

(10 umol/L) or glutathione (GSH 0.01 mmol/L). Cells cultured in a
regular medium without being subjected to HR were used as a
control. The mRNA levels of MCP-1 (A) and IL-6 (B) were measured
by a real-time PCR analysis. Results are expressed as mean + SEM
(n =5 for each group). *P < 0.05 when compared with the value
obtained from control cells. *P < 0.05 when compared with the
value obtained from cells subjected to hypoxia—reoxygenation.

Although H,S has been implicated in the regulation of
inflammatory response, its role in the expression of proin-
flammatory cytokines in AKI has not been well defined.
Our recent study has demonstrated that administration of
H,S donor (NaHS) can restore I/R-impaired kidney func-
tion (Xu et al. 2009). This study provided several lines of
evidence indicating that changes in CBS and CSE-mediated
H,S production had a profound effect on I/R-induced pro-
inflammatory cytokine expression. First, low CBS and CSE

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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expression along with decreased H,S production was inver-
sely associated with I/R-induced expression of proinflam-
matory cytokines (i.e., MCP-1, IL-6) in the kidney. Second,
the expression of CBS and CSE was decreased in proximal
tubular cells subjected to hypoxia—reoxygenation, while the
expression of proinflammatory cytokines such as IL-6 and
MCP-1 was elevated in these cells. Exogenous H,S donor
effectively attenuated I/R-induced cytokine expression in
tubular cells. Third, inhibition of H,S production by CBS
and CSE inhibitors also led to an increase in proinflamma-
tory cytokine expression in tubular cells. Taken together,
these results suggested that reduced endogenous H,S gener-
ation due to downregulation of CBS and CSE contributed
to increased expression of proinflammatory cytokines in
the kidney upon I/R injury. Given the anti-inflammatory
property of H,S, its deficiency could potentially exacerbate
I/R injury in the kidney. Our results indicated that CBS and
CSE played an important role in regulating H,S generation
in the kidney. Reduction in CBS and CSE-mediated H,S
production during I/R contributed to inflammatory
response in the kidney (Fig. 8). Proper restoration of
endogenous H,S production and/or administration of
exogenous H,S donor may represent one of the therapeutic
targets in I/R-mediated tissue injury.

In conclusion, this study clearly demonstrates that I/R
injury decreases CBS and CSE expression leading to a sig-
nificant reduction of endogenous H,S and glutathione
production in the kidney. Reduction of H,S and glutathi-

Ischemia-
reperfusion

Proposed
mechanism
of CBS/CSE
in AKI

Figure 8. Role of CBS and CSE mediated H,S and glutathione
production in inflammatory response in kidney ischemia-reperfusion
injury. The role of the CBS/CSE system in proinflammatory cytokine
expression is summarized in the context of kidney ischemia—
reperfusion (I/R)-induced acute kidney injury (AKI).
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one contributes to increased proinflammatory cytokine
expression in the kidney and in tubular cells upon I/R or
hypoxia-reoxygenation insult. Regulation of endogenous
H,S and glutathione homeostasis plays an important role
in anti-inflammatory response in the kidney. Our results,
for the first time, suggest that downregulation of CBS and
CSE mediated H,S and glutathione production contrib-
utes to the pathogenesis of I/R-induced kidney injury.
Restoration of CBS and CSE expression appears to be
therapeutically relevant for AKI.
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