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Ischemic stroke is a leading cause of death and disability worldwide, and
autophagy may be involved in the pathological process of cerebral ischemia/
reperfusion injury. Hydrogen sulfide (H,S) is an endogenous gasotransmit-
ter with protective effects against multiple diseases. Here, we tested the
effect of H,S on cerebral ischemia/reperfusion injury in rats. Sodium hydro-
sulfide (NaHS), an H,S donor, improved neurological function and reduced
the size of the infarcts induced by transient middle cerebral artery occlusion
(MCAO) followed by reperfusion in rats. NaHS treatment reduced the lac-
tate dehydrogenase (LDH) activity in the serum (a marker of cellular mem-
brane integrity) and the expression of cleaved caspase-3 (a marker for
apoptosis) in the brains of MCAO rats. We also found that autophagy was
overactivated in the brains of MCAO rats, as indicated by an increased ratio
of LC3 II to I, decreased expression of p62, and transmission electron
microscope detection. NaHS treatment significantly inhibited the autophagic
activity in the brains of MCAO rats. Furthermore, PC12 cells were sub-
jected to oxygen—glucose deprivation/reoxygenation (OGD/R) to mimic
MCAO in vitro. We found that NaHS treatment reduced cellular injury and
suppressed overactivated autophagy induced by OGD/R in PCI2 cells. An
autophagy stimulator (rapamycin) eliminated the protective effect of NaHS
against LDH release and caspase-3 activity induced by OGD/R in PCI12
cells. An autophagy inhibitor (3-methyladenine, 3-MA) also reduced the cel-
lular injury induced by OGD/R in PCI12 cells. In conclusion, the results
indicate that overactivated autophagy accelerates cellular injury after
MCAO in rats and that exogenous H,S attenuates cerebral ischemia/reper-
fusion injury via suppressing overactivated autophagy in rats.

Cerebral infarction is a main cause of death and per-
manent disability in adults worldwide [1].
ischemia-induced brain cell damage is further aggra-
vated when the blood supply is restored, and this is
referred to as ischemia/reperfusion (I/R) injury [2].

Abbreviations

Recently, many studies have focused on cerebral ische-
mia/reperfusion injury. However, the exact mechanism
of cerebral ischemia/reperfusion injury is still not com-
pletely understood, and effective therapeutic methods
for the treatment of ischemic stroke are needed.

Cerebral

3-MA, 3-methyladenine; CBS, cystathionine B-synthase; CSE, cystathionine y-lyase; H,S, hydrogen sulfide; I/R, ischemia/reperfusion; LDH,
lactate dehydrogenase; MCAO, middle cerebral artery occlusion; NaHS, sodium hydrosulfide; OGD/R, oxygen—glucose deprivation/
reoxygenation; TEM, transmission electron microscope.
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Autophagy is a highly regulated process involving the
bulk degradation of cytoplasmic macromolecules and
organelles in mammalian cells [3]. Autophagy is
involved in many pathophysiological situations, such as
inflammation [4], apoptosis [5], malignancy [6,7], and
cerebral ischemia/reperfusion injury [8]. However, the
exact role of autophagy in cerebral ischemia/reperfusion
injury remains controversial. Su et al. [9] report that
autophagy activation contributes to the neuroprotective
effect of remote ischemic preconditioning against focal
cerebral ischemia in rats. Fan ez al. [10] also found that
ischemic preconditioning enhances autophagy but sup-
presses autophagic cell death in rat spinal neurons fol-
lowing ischemia/reperfusion, while other reports have
found that inhibition of autophagy is protective against
ischemia/reperfusion injury. An NMDA glutamate
receptor antagonist, Ro025-6981, suppresses ischemic
brain injury by inhibiting autophagy [3]. Inhibition of
the mitochondrial calcium uniporter also protects neu-
rocytes against ischemia/reperfusion injury by downreg-
ulating excessive mitophagy [11]. Further investigating
the role of autophagy in cerebral ischemia/reperfusion
injury is an important priority. In this study, we pro-
pose that overactivated autophagy contributes to cere-
bral ischemia/reperfusion injury.

Hydrogen sulfide (H,S) is the third endogenous gaso-
transmitter to be discovered, following nitric oxide (NO)
and carbon monoxide (CO) [12]. H,S is mainly produced
from L-cysteine by cystathionine B-synthase (CBS) and
cystathionine vy-lyase (CSE) in mammalian tissue [13].
H.,S influences cellular and organ functions by a number
of different mechanisms [14]. It is well known that H,S
protects nerves against oxidative stress [15], defends the
kidneys from ischemia/reperfusion injury [16], and regu-
lates endoplasmic reticulum stress [17]. Accumulated evi-
dence indicates that H,S exerts a protective effect against
ischemia/reperfusion injury, such as myocardial ischemia/
reperfusion injury [18] and kidney ischemia/reperfusion
injury [16]. Recently, it has been reported that H,S attenu-
ates cerebral ischemia/reperfusion injury in a mouse
model [19]. Nonetheless, the exact mechanisms and identi-
ties of molecules responsible for the neuroprotective effect
of H,S against cerebral ischemia/reperfusion injury
remain incompletely defined.

In this study, we propose that overactivated autop-
hagy contributes to cerebral ischemia/reperfusion
injury and that H,S attenuates cerebral ischemia/reper-
fusion injury by inhibiting autophagy. Therefore, we
investigated the alteration of autophagy in the brain
after ischemia/reperfusion in rats. Sodium hydrosulfide
(NaHS), a donor of H,S, was used to test the effect of
H,S on cerebral ischemia/reperfusion and autophagy
in a well-established rat model.

NaHS attenuates brain I/R injury

Materials and methods

Ethics statement

All experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Central South
University. No distress vocalization, prostration, or hyper-
activity was observed throughout the experiment.

Experimental animals

Forty adult male Sprague-Dawley rats, weighing between
250 and 270 g, were singly housed in smooth-bottomed
plastic cages in a colony room maintained on a 12-h light/
dark cycle. The animals were allowed free access to rodent
chow and water. To accustom the animals to the labora-
tory environment, an acclimation period of 1 week was
allowed before the initiation of the experiment. All rats
were grouped into the control group, the middle cerebral
artery occlusion (MCAO) group, and the MCAO+NaHS
group. The surgical procedure of MCAO was described
below. The concentration of NaHS used in this study was
5.6 mg/kg according to the previous research [20].

Surgical procedure: cerebral ischemia induced by
MCAO

Briefly, as described in a previous study [21], anesthesia
was induced with 5% isoflurane and maintained with 2.5%
isoflurane through a facemask. The rectal temperature was
monitored and kept at 37 + 0.5 °C using a feedback-regu-
lated heating system during surgery, supplemented with
oxygen. A 0.2 mL injection of 0.5% bupivacaine was given
subcutaneously at the prospective incision site. Permanent
focal ischemia was induced by intraluminally occluding the
right middle cerebral artery (MCA). A 4-0 nylon monofila-
ment suture (total length: 3 cm; silicon-coated tip length
and diameter: 5 mm and 0.39 £ 0.02 mm, respectively;
MCAO suture PK10, 40-333PK10, Redland, CA, USA)
with a slightly enlarged round tip was inserted into the
stump of the external carotid artery (ECA) and pushed
approximately 18-20 mm from the carotid bifurcation.
Blood flow was thus blocked at the MCA origin. The
monofilament was carefully removed 2 h later to restore
blood flow, and the tissue was reperfused for 24 h. Finally,
the skin was sutured and the animals were returned to their
cages. Sham-operated animals were subjected to the proce-
dures described above, except for suture insertion.

Evaluation of neurological functional score

Neurological functional scores were evaluated at 24 h
after reperfusion in six rats from each group, randomly
chosen by staff blinded to the group identities. The test
consists of two aspects of neurological function, as
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previously described [22]: (a) the postural reflex test to
examine upper body posture while the animal is sus-
pended by the tail and (b) the forelimb placing test to
examine sensorimotor integration in forelimb placing
responses to visual, tactile, and proprioceptive stimuli.
Neurological function was graded on a scale of 0 to 12
(normal score, 0; maximal score, 12).

Infarct size

Twenty-four hours after reperfusion, eight rats from each
group were chosen randomly by staff members. The rats
were decapitated under deep anesthesia, and the brains
were rapidly removed. The infarct sizes were measured by
staining with 1% 2,3,5-triphenyltetrazolium chloride (TTC;
Sigma-Aldrich, St. Louis, MO, USA). The brains were cut
into 2-mm-thick coronal sections in a cutting block. Then,
the slices were stained with 1% TTC solution for 30 min at
37 °C followed by overnight immersion in 4%
paraformaldehyde. The infarct area was measured in each
slice with NIH image analysis software (IMAGEJ, Bethesda,
MD, USA). As described previously [23], the size of the
brain infarct as a percentage was computed by normalizing
to the entire brain.

Cell cultures

PC12 cells (Culture Collection of the Chinese Academy of
Science, Shanghai, China) were cultured with RPMI-1640
(Gibco, Carlsbad, CA, USA) containing 10% heat-inacti-
vated fetal bovine serum (Gibco). The cells were incubated
under an atmosphere of 95% air and 5% CO, at 37 °C.

Oxygen-glucose deprivation/reoxygenation

As described previously [24], PC12 cells were washed
once with phosphate-buffered saline (PBS) and incubated
in RPMI-1640 containing no glucose or serum. Subse-
quently, the cells were incubated in a hypoxia chamber
(Thermo Scientific, Waltham, MA, USA) with nitrogen
(95% N», 5% CO,) in a 60% humidified airtight cham-
ber for 5 min. This process of oxygen-glucose depriva-
tion/reoxygenation (OGD/R) routinely achieved O, levels
between 0% and 1% within the chamber. The cells were
incubated within the chamber for an additional 4.5 h at
37 °C. After hypoxia, the cells were transferred back to
full culture media with oxygen for 24 h. As a control,
normal cells were incubated in a regular cell culture
incubator under normal conditions.

Transmission electron microscope

The brain tissue and PCI12 cells were fixed with 2%
paraformaldehyde/2% glutaraldehyde/0.5% CaCl, (pH 7.4)
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for more than 6 h. After being washed with 0.1 m phos-
phate buffer, the samples were fixed in 1% OsO, for
2 h. Then, the samples were dehydrated and embedded
in araldite. Portions of the embedded tissue containing
suitable cells were selected by light microscopy, cut out,
and affixed to a small metal dowel. The tissue was sec-
tioned in a Porter-Blum microtome with glass knives,
mounted on bare grids, stained with 1.0% KMnO,, and
observed with a JEM-1011 JEOL transmission electron
microscope.

Lactate dehydrogenase release assays

Cellular membrane integrity was monitored with a perme-
ability assay based on the release of lactate dehydrogenase
(LDH) into the media. Briefly, serum of rats or the super-
natants of PC12 cells after treatment were transferred to a
new 96-well plate for LDH activity analysis. Next, 100 pL
of LDH reaction solution was added to each well, the plate
was incubated at room temperature for 30 min, and the
absorbance was read at 490 nm using a Varioskan Flash
3001 microplate reader (Thermo Fisher Scientific). The
intensity of the red color represented the LDH activity in
the serum or supernatant.

Flow cytometric detection of apoptosis

PC12 cells were plated in six-well plates (Costar, New
York, NY, USA) in duplicate with 1 x 10° cells per well in
1 mL media, then incubated for 24 h. After OGD/R treat-
ment, the media were removed. The cells were collected
after trypsinization with 1x trypsin/EDTA, and then they
were placed in 15-mL tubes and centrifuged (600 g for
3 min). The media were removed, and the cells were
washed twice with sterilized PBS and suspended in 1x
binding buffer at a concentration of 1 x 10° cellsmL™"'.
One hundred microliters of the solution was transferred to
a fresh tube, and then 5 pL of FITC annexin V (BD Bio-
sciences, Franklin Lakes, NJ, USA) and 5 pL of propidium
iodide (BD Biosciences) at 10 pg-mL ™' final concentration
were added to each tube. All cells were incubated for
15 min at room temperature in the dark, and the cell distri-
bution was analyzed using a FACScan Flow Cytometer
(Becton Dickinson, North Ryde, Australia) and rLowso
analysis software (Ashland, OR, USA).

Caspase-3 fluorescence assay

PC12 cells (I x 10* cells per well) were seeded into sterile
white (opaque) 96-well plates (Costar). After treatment, a
study of caspase-3 activity was performed in triplicate using
Caspase-Glo 3 assay kits (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. Briefly, 100 pL
of Caspase-Glo reagent was added and incubated at room
temperature for 30 min. Activated caspases-3/7 cleaved the
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aminoluciferin-labeled synthetic tetrapeptide, releasing the
luciferase substrate. Caspase-3 activity was measured using
a Varioskan Flash 3001 microplate reader (Thermo Fisher
Scientific).

Protein extraction and western blot analysis

PC12 cells were washed twice with cold PBS, scraped on
ice, and centrifuged at 5000 g for 5 min. The resulting pel-
let was then sonicated in lysis buffer (62.5 mm Tris/HCI,
pH 6.8 at 25 °C), 2% w/v SDS, 10% v/v glycerol) with a
protease inhibitor cocktail. Immediately after being har-
vested, whole-cell lysates were boiled for 10 min. Fifty
micrograms of total protein was electrophoresed on SDS/
12% polyacrylamide gels and transferred to a PVDF mem-
brane (Millipore, Billerica, MA, USA). The membranes
were blocked with 5% nonfat milk at room temperature
for 2 h. Afterward, the membranes were incubated with
primary antibodies against LC3 (1:500, Cell Signaling Tech-
nologies, Boston, MA, USA), p62, caspase-3, or B-actin as
loading control (1:1000, Santa Cruz Biotechnology, Dallas,
TX, USA) overnight at 4 °C. The PVDF membranes were
then washed three times for 10 min at room temperature
and incubated for 1 h with a horseradish peroxidase
(HRP)-linked anti-rabbit IgG secondary antibody (1:5000)
(Cell Signaling). After three-time washes, the membranes
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were developed using the ECL Prime Western Blotting
Detection reagent as specified by the manufacturer (Amer-
sham Pharmacia, Buckinghamshire, UK). Band intensities
were analyzed using imaging software (Bio-Rad, Hercules,
CA, USA), and the results were normalized to the B-actin
loading control.

Statistical analysis

The results were expressed as the mean + SEM. Statistical
analysis was performed using spss 15.0 (Chicago, IL, USA).
Intergroup differences were tested with ANOVA. For all
tests, a P < 0.05 was considered significant.

Results

NaHS attenuated cerebral ischemia induced by
MCAO in rats

To determine whether NaHS supplementation could
protect neurons against ischemic damage, we examined
neurological deficits and infarct volume in MCAO
rats. The results showed that NaHS (5.6 mg-kg ") sup-
plementation significantly improved neurological func-
tion (Fig. 1A) and reduced infarct size (Fig. 1B).
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NaHS also reduced the LDH activity in the serum of
MCAO rats (Fig. 1C) and the protein expression of
cleaved caspase-3 in the brains of MCAO rats
(Fig. 1D,E). These results indicate that NaHS attenu-
ates cerebral ischemia induced by MCAO in rats.

NaHS inhibited autophagy in the brains of MCAO
rats

Then, we investigated the activation of autophagy in
the brains of MCAO rats. MCAO increased the ratio
of LC3 II to I and decreased the protein expression of
p62 (Fig. 2A-C), indicating an increase in autophagy
in MCAO rats. NaHS supplementation decreased the
ratio of LC3 II to I but increased p62 expression
(Fig. 2A-C). In addition, the transmission electron
microscope (TEM) images showed that NaHS
decreased the number of autophagolysosomes in
MCAGO-treated rat brains. These results indicate that
NaHS inhibits overactivated autophagy in the brains
of MCAO rats, contributing to the protective effect of
this compound against cerebral ischemia.

NaHS reduced the cellular injury induced by
OGD/R in PC12 cells

To confirm the protective effect of NaHS against
MCAO rats, PCI2 cells were subjected to OGD/R,
which was used to mimic MCAO in vitro, with or
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without NaHS (100 um). The LDH activity in the
supernatant was monitored to reflect cellular mem-
brane integrity. We found that OGD/R increased the
LDH activity in the supernatant of PC12 cells, which
was attenuated by NaHS (Fig. 3A). This indicated that
H,S protected PC12 cells against OGD/R-induced cel-
lular injury. Apoptosis plays a vital role in cell fate
under stress. Active caspase-3 and fragmented DNA
are the markers for cells undergoing apoptosis. Inter-
estingly, NaHS treatment significantly reduced the cas-
pase-3 activity and the percentage of fragmented DNA
in PC12 cells subjected to OGD/R (Fig. 3B,C). We also
assessed cell apoptosis using flow cytometry with FITC
annexin V and propidium iodide staining. These results
showed that OGD/R increased the percentage of apop-
totic cells of PCI12 cells. NaHS treatment attenuated
the percentage of apoptosis (Fig. 3D,E). These findings
suggest that NaHS has a protective effect against cellu-
lar injury induced by OGD/R in PC12 cells.

NaHS suppressed autophagy induced by OGD/R
in PC12 cells

We sought to clarify whether NaHS attenuated the
PCI12 cellular injury induced by OGD/R by suppressing
autophagy. First, TEM was employed, and the results
showed that NaHS treatment reduced the number of
autophagolysosomes (Fig. 4A). Then, we detected the
expression of LC3 and p62 by western blotting. We

Fig. 2. Sodium hydrosulfide inhibited
autophagy in the brains of MCAO rats. (A)
The expression of LC3 II/l and p62,
detected by western blotting. (B) NaHS
decreased the ratio of LC3 Il to | in the
brains of MCAO rats (n = 6). (C) NaHS
increased the expression of p62 in the
brains of MCAO rats (n = 6). (D)
Transmission electron microscope images
of brain sections (white arrow:
autophagolysosome). *P < 0.05 compared
with the sham group; #P < 0.05 compared
with the MCAO group.

MCAOQO + NaHS
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Fig. 3. Sodium hydrosulfide reduced the cellular injury induced by OGD/R in PC12 cells. (A) NaHS reduced the LDH activity induced by OGD/R
in the supernatant of PC12 cells (n = 6). (B) NaHS reduced the caspase-3 luminescence induced by OGD/R in PC12 cells (n = 8). (C) NaHS
decreased the percentage of fragmented DNA induced by OGD/R in PC12 cells (n = 6). (D,E) NaHS reduced the apoptosis induced by OGD/R
in PC12 cells, as detected by flow cytometry (n = 6). *P < 0.05 compared with the normal group; #P < 0.05 compared with the OGD/R group.

found that OGD/R treatment increased the ratio of
LC3-II to I and decreased the expression of p62, indi-
cating an increase in autophagy in PCI12 cells. NaHS
treatment partly reversed the change in the LC3-II/I
ratio and restored the expression of p62 to a normal
level (Fig. 4B-D). These results suggest that NaHS sup-
presses autophagy induced by OGD/R in PC12 cells.

NaHS attenuated the PC12 cellular injury induced
by OGD/R by suppressing autophagy

An autophagy stimulator (rapamycin) and inhibitor
(3-methyladenine, known as 3-MA) were used. Wes-
tern blot results showed that rapamycin decreased the
expression of p62, and 3-MA increased this expression
(Fig. 5A,B). In addition, rapamycin eliminated the

FEBS Open Bio 7 (2017) 1686-1695 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

protective effect of NaHS against caspase-3 activity
(Fig. 5C) and LDH release (Fig. 5D) induced by
OGD/R in PCI2 cells. Interestingly, 3-MA treatment
without NaHS also reduced the supernatant LDH
activity and caspase-3 activity of PCI12 cells (Fig. 5C,
D). These results indicate that overactivated autop-
hagy contributes to cellular injury caused by OGD/R
in PCI12 cells and that NaHS attenuates the cellular
injury partly by suppressing overactivated autophagy.

Discussion

Although the effect of H,S on cerebral ischemia/reper-
fusion injury has attracted the interest of researchers,
the exact underlying mechanism remains unclear. There-
fore, the hypothesis of this study is that H,S protects the
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Fig. 4. Sodium hydrosulfide suppressed
autophagy induced by OGD/R in PC12
cells. (A) Transmission electron
microscope was used to detect
autophagolysosomes in PC12 cells. (B) A
western blot detecting LC3 and p62. (C)
NaHS reduced the LC3 II/I ratio in OGD/R-
treated PC12 cells (n = 6). (D) NaHS
increased the expression of p62 in OGD/R-
treated PC12 cells (n = 6). *P < 0.05
compared with the normal group;

#P < 0.05 compared with the OGD/R
group.

Fig. 5. Sodium hydrosulfide attenuated
the PC12 cellular injury induced by OGD/R
by suppressing autophagy. (A) A western
blot detecting p62 in PC12 cells. (B)
Rapamycin, a stimulator of autophagy,
decreased the expression of p62, but 3-
MA, an inhibitor of autophagy, increased
the expression of p62 (n = 4). (C)
Rapamycin increased the caspase-3
luminescence compared with NaHS
treatment, but 3-MA decreased the
caspase-3 luminescence compared with
OGD/R treatment (n = 4). (D) Rapamycin
increased the LDH activity in the
supernatant compared with NaHS
treatment, but 3-MA decreased the LDH
activity in the supernatant compared with
OGD/R treatment (n = 4). *P < 0.05
compared with the normal group;

#P < 0.05 compared with the OGD/R
group; &P < 0.05 compared with the
OGD/R + NaHS group.

brain against ischemia/reperfusion injury through an injury. Exogenous supplementation of NaHS attenuated
autophagy-associated pathway. In the present study, MCAO-induced cerebral ischemia/reperfusion injury in
our data demonstrated that autophagy was overacti- rats and OGD/R-induced cellular injury in PC12 cells,
vated in rat brains subjected to ischemia/reperfusion partially by inhibiting overactivated autophagy.
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Autophagy is a highly regulated process that is
involved in many pathophysiological situations,
including cerebral ischemia/reperfusion injury [8,25].
Autophagy has been considered a double-edged sword
with prosurvival or prodeath potential in cerebral
ischemia/reperfusion injury [26]. Although ischemic
preconditioning-induced autophagy contributes to
neuroprotection against ischemia/reperfusion injury
[9,10], the data in this study indicate that autophagy
is overactivated in rat brains subjected to MCAO and
PC12 cells subjected to OGD/R and that inhibition
of autophagy by NaHS attenuates ischemia/reperfu-
sion injury both in vivo and in vitro. Mounting evi-
dence indicates that cerebral ischemia/reperfusion
injury induces autophagy-like cell death, also called
type II programmed cell death [27]. For example,
NMDA receptor antagonists suppress brain ischemic
injury by inhibiting autophagy, and rapamycin, a
stimulator of autophagy, aggravates cerebral ische-
mia/reperfusion injury [3]. In addition, inhibition of
autophagy by 3-MA prevents neuronal injury [28]. In
consideration of these reports and our findings, we
believe that overactivated autophagy is a crucial fac-
tor for cell injury during cerebral ischemia/reperfusion
injury.

Hydrogen sulfide is the third gasotransmitter. In this
study, the data indicate that NaHS attenuates cerebral
ischemia/reperfusion injury induced by MCAO in rats
and protects PC12 cells against OGD/R-induced cellu-
lar injury. During the preparation of this article, Shui
et al. [19] reported that H,S attenuates cerebral ische-
mia/reperfusion injury by inhibiting autophagy in
mice. In combination with that work, the present
study provides solid evidence that H,S is a protective
factor against cerebral ischemia/reperfusion injury. In
addition to the animal study, we also investigated the
effects of H,S on neuronal cell injury induced by
OGD/R, the in vitro model of ischemia/reperfusion,
while Shui ef al. did not test the protective effect of
H,S in vitro. Our findings give more detail, demon-
strating that H,S attenuates cerebral ischemia/reperfu-
sion injury by inhibiting overactivated autophagy in
rats.

Aside from autophagy, other mechanisms may also
be involved in the protective effect of H,S against
cerebral ischemia/reperfusion injury. Preconditioning
with H,S inhalation protects against cerebral ische-
mia/reperfusion injury by inducing HSP70 through
the PI3K/Akt/Nrf2 pathway [29]. In an in vitro study,
it was found that the protective effects of H,S are
mediated by thiosulfate, which exerts antiapoptotic
effects via persulfidation of caspase-3 [30]. Further-
more, NaHS protects the brain against ischemia/
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reperfusion injury by inhibiting oxidative stress and
apoptosis [31]. In the present study, we demonstrate
a new mechanism in which H,S attenuates cerebral
ischemia/reperfusion injury by inhibiting overactivated
autophagy.

One limitation of this study is that the endogenous
H,S was not detected. The CBS, CSE, and 3-mercap-
topyruvate sulfur transferase/cysteine aminotransferase
(3-MST/CAT) pathways are involved in the generation
of endogenous H,S. CBS, 3-MST/CAT, and 3-MST/
D-amino acid oxidase (DAO) can be found in the
brain [31]. In chronic kidney disease, the renal and
hepatic H,S-producing enzymes and capacity are
downregulated [32]. Given the potent antioxidant,
anti-inflammatory, and cytoprotective properties of
H,S, its downregulation may contribute to the pro-
gression of cerebral ischemia/reperfusion injury. In fur-
ther research, the expression and capacity of H,S-
producing enzymes will be investigated.

In conclusion, this study demonstrates that H,S
attenuates cerebral ischemia/reperfusion injury both
in vivo and in vitro. The mechanism of the protective
effect of H,S is partially associated with suppression
of overactivated autophagy.

Acknowledgements

This work was supported by the National Natural
Science Foundation of China (81472160).

Author contributions

LXW and WWIJ conceived and designed the experi-
ments. WWJ and LHD performed the experiments.
WWIJ, BSH, and YH analyzed the data. LXW and
WWIJ contributed reagents/materials/analysis tools.
LXW and WWIJ wrote the manuscript. LXW and YH
critically reviewed the manuscript.

References

1 Yan A, Zhang T, Yang X, Shao J, Fu N, Shen F, Fu Y
and Xia W (2016) Thromboxane A2 receptor antagonist
SQ29548 reduces ischemic stroke-induced microglia/
macrophages activation and enrichment, and
ameliorates brain injury. Sci Rep 6, 35885.

2 Molina CA and Alvarez-Sabin J (2009) Recanalization
and reperfusion therapies for acute ischemic stroke.
Cerebrovasc Dis 27 (Suppl 1), 162-167.

3 Dong F, Yao R, Yu H and Liu Y (2017)
Neuroprotection of Ro25-6981 against ischemia/
reperfusion-induced brain injury via inhibition of
autophagy. Cell Mol Neurobiol 37, 743-752.

FEBS Open Bio 7 (2017) 1686-1695 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1693



NaHS attenuates brain I/R injury

4

10

11

12

13

14

15

16

1694

Messer JS (2017) The cellular autophagy/apoptosis
checkpoint during inflammation. Cell Mol Life Sci 74,
1281-1296.

Li M, Gao P and Zhang J (2016) Crosstalk between
autophagy and apoptosis: potential and emerging
therapeutic targets for cardiac diseases. Int J Mol Sci
17, 332.

LiJ, Yang Z, Li Y, Xia J, Li D, Li H, Ren M, Liao Y,
Yu S, Chen Y et al. (2016) Cell apoptosis, autophagy
and necroptosis in osteosarcoma treatment. Oncotarget
7, 44763-44778.

Dong Z, Liang S, Hu J, Jin W, Zhan Q and Zhao K
(2016) Autophagy as a target for hematological
malignancy therapy. Blood Rev 30, 369-380.

Fan T, Huang Z, Chen L, Wang W, Zhang B, Xu Y,
Pan S, Mao Z, Hu H and Geng Q (2016) Associations
between autophagy, the ubiquitin-proteasome system
and endoplasmic reticulum stress in hypoxia-
deoxygenation or ischemia-reperfusion. Eur J
Pharmacol 791, 157-167.

Su J, Zhang T, Wang K, Zhu T and Li X (2014)
Autophagy activation contributes to the
neuroprotection of remote ischemic perconditioning
against focal cerebral ischemia in rats. Neurochem Res
39, 2068-2077.

Fan J, Zhang Z, Chao X, Gu J, Cai W, Zhou W, Yin
G and Li Q (2014) Ischemic preconditioning enhances
autophagy but suppresses autophagic cell death in rat
spinal neurons following ischemia-reperfusion. Brain
Res 1562, 76-86.

Yu S, Zheng S, Leng J, Wang S, Zhao T and Liu J
(2016) Inhibition of mitochondrial calcium uniporter
protects neurocytes from ischemia/reperfusion injury via
the inhibition of excessive mitophagy. Neurosci Lett
628, 24-29.

Chen J, Gao J, Sun W, Li L, Wang Y, Bai S, Li X,
Wang R, Wu L, Li H et al. (2016) Involvement of
exogenous H2S in recovery of cardioprotection from
ischemic post-conditioning via increase of autophagy in
the aged hearts. Int J Cardiol 220, 681-692.

Szczesny B, Marcatti M, Zatarain JR, Druzhyna N,
Wiktorowicz JE, Nagy P, Hellmich MR and Szabo C
(2016) Inhibition of hydrogen sulfide biosynthesis
sensitizes lung adenocarcinoma to chemotherapeutic
drugs by inhibiting mitochondrial DNA repair and
suppressing cellular bioenergetics. Sci Rep 6, 36125.
Panthi S, Chung HJ, Jung J and Jeong NY (2016)
Physiological importance of hydrogen sulfide: emerging
potent neuroprotector and neuromodulator. Oxid Med
Cell Longev 2016, 9049782.

Kimura H (2013) Physiological role of hydrogen sulfide
and polysulfide in the central nervous system.
Neurochem Int 63, 492-497.

Lobb I, Jiang J, Lian D, Liu W, Haig A, Saha MN,
Torregrossa R, Wood ME, Whiteman M and Sener

17

18

19

20

21

22

23

24

25

26

W.-W. Jiang et al.

A (2017) Hydrogen sulfide protects renal grafts
against prolonged cold ischemia-reperfusion injury via
specific mitochondrial actions. Am J Transplant 17,
341-352.

Barr LA, Shimizu Y, Lambert JP, Nicholson CK and
Calvert JW (2015) Hydrogen sulfide attenuates high fat
diet-induced cardiac dysfunction via the suppression of
endoplasmic reticulum stress. Nitric Oxide 46,

145-156.

Donnarumma E, Ali MJ, Rushing AM, Scarborough
AL, Bradley JM, Organ CL, Islam KN, Polhemus DJ,
Evangelista S, Cirino G et al. (2016) Zofenopril
protects against myocardial ischemia-reperfusion injury
by increasing nitric oxide and hydrogen sulfide
bioavailability. J Am Heart Assoc S, e003531.

Shui M, Liu X, Zhu Y and Wang Y (2016) Exogenous
hydrogen sulfide attenuates cerebral ischemia-
reperfusion injury by inhibiting autophagy in mice. Can
J Physiol Pharmacol, 22, 1-6, https://doi.org/10.1139/
cjpp-2016-0100.

Snijder PM, Frenay AR, Boer RAD, Pasch A,
Hillebrands JL, Leuvenink HGD and Goor HV (2015)
Exogenous administration of thiosulfate, a donor of
hydrogen sulfide, attenuates angiotensin II-induced
hypertensive heart disease in rats. Br J Pharmacol 172,
1494.

Mu J, Ostrowski RP, Soejima Y, Rolland WB, Krafft
PR, Tang J and Zhang JH (2013) Delayed hyperbaric
oxygen therapy induces cell proliferation through
stabilization of cAMP responsive element binding
protein in the rat model of MCAo-induced ischemic
brain injury. Neurobiol Dis 51, 133-143.

Belayev L, Alonso OF, Busto R, Zhao W and Ginsberg
MD (1996) Middle cerebral artery occlusion in the rat
by intraluminal suture. Neurological and pathological
evaluation of an improved model. Stroke 27, 1616~
1622; discussion 1623.

Li ZY, Liu B, Yu J, Yang FW, Luo YN and Ge PF
(2012) Ischaemic postconditioning rescues brain
injury caused by focal ischaemia/reperfusion via
attenuation of protein oxidization. J Int Med Res 40,
954-966.

Minter MR, Zhang M, Ates RC, Taylor JM and Crack
PJ (2014) Type-1 interferons contribute to oxygen
glucose deprivation induced neuro-inflammation in BE
(2)M17 human neuroblastoma cells. J
Neuroinflammation 11, 43.

Tian R, Li Y and Yao X (2016) PGRN suppresses
inflammation and promotes autophagy in keratinocytes
through the Wnt/beta-catenin signaling pathway.
Inflammation 39, 1387-1394.

Wei K, Wang P and Miao CY (2012) A double-edged
sword with therapeutic potential: an updated role of
autophagy in ischemic cerebral injury. CNS Neurosci
Ther 18, 879-886.

FEBS Open Bio 7 (2017) 1686-1695 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


https://doi.org/10.1139/cjpp-2016-0100
https://doi.org/10.1139/cjpp-2016-0100

W.-W. Jiang et al.

27

28

29

FEBS Open Bio 7 (2017) 1686-1695 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Luo T, Park Y, Sun X, Liu C and Hu B (2013) Protein
misfolding, aggregation, and autophagy after brain
ischemia. Transl Stroke Res 4, 581-588.

Zhao G, Zhang W, Li L, Wu S and Du G (2014)
Pinocembrin protects the brain against ischemia-
reperfusion injury and reverses the autophagy
dysfunction in the penumbra area. Molecules 19,
15786-15798.

Ji K, Xue L, Cheng J and Bai Y (2016) Preconditioning
of H2S inhalation protects against cerebral ischemia/
reperfusion injury by induction of HSP70 through
PI3K/Akt/Nrf2 pathway. Brain Res Bull 121,

68-74.

30

31

32

NaHS attenuates brain I/R injury

Marutani E, Yamada M, Ida T, Tokuda K, Ikeda K,
Kai S, Shirozu K, Hayashida K, Kosugi S, Hanaoka K
et al. (2015) Thiosulfate mediates cytoprotective effects
of hydrogen sulfide against neuronal ischemia. J Am
Heart Assoc 4, e002125.

YuQ,LuZ, TaoL, Yang L, Guo Y, Yang Y, Sun X and
Ding Q (2015) ROS-dependent neuroprotective effects of
NaHS in ischemia brain injury involves the PARP/AIF
pathway. Cell Physiol Biochem 36, 1539-1551.
Aminzadeh MA and Vaziri ND (2012) Downregulation
of the renal and hepatic hydrogen sulfide (H2S)-
producing enzymes and capacity in chronic kidney
disease. Nephrol Dial Transplant 27, 498-504.

1695



	Outline placeholder
	a1
	a2
	a3
	fig1
	fig2
	fig3
	fig4
	fig5
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32


