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Hydrogen sulphide (H2S) exerts a protective effect in hepatic ischemia-reperfusion (I/R) injury. However, the exact
mechanism of H2S action remains largely unknown. This study was designed to investigate the role of the PtdIns3K-AKT1
pathways and autophagy in the protective effect of H2S against hepatic I/R injury. Primary cultured mouse hepatocytes
and livers with or without NaHS (a donor of H2S) preconditioning were exposed to anoxia/reoxygenation (A/R) and I/R,
respectively. In certain groups, they were also pretreated with LY294002 (AKT1-specific inhibitor), 3-methyladenine (3MA,
autophagy inhibitor) or rapamycin (autophagy enhancer), alone or simultaneously. Cell viability, expression of P-AKT1,
T-AKT1, LC3 and BECN1 were examined. The severity of liver injury was measured by the levels of serum aminotrans-
ferase and inflammatory cytokine, apoptosis and histological examination. GFP-LC3 redistribution and transmission
electron microscopy were used to test the activity of autophagy. H2S preconditioning activated PtdIns3K-AKT1 signaling
in hepatocytes. LY294002 could abolish the AKT1 activation and attenuate the protective effect of H2S on hepatocytes
A/R and hepatic I/R injuries. H2S suppressed hepatic autophagy in vitro and in vivo. Further reducing autophagy by 3MA
also diminished the protective effect of H2S, while rapamycin could reverse the autophagy inhibitory effect and enhance
the protective effect of H2S against hepatocytes A/R and hepatic I/R injuries, consequently. Taken together, H2S protects
against hepatocytic A/R and hepatic I/R injuries, at least in part, through AKT1 activation but not autophagy. An autophagy
agonist could be applied to potentiate this hepatoprotective effect by reversing the autophagy inhibition of H2S.

Introduction

Hepatic ischemia-reperfusion (I/R) injury is an important clinical
problem, and usually occurs in liver transplantation, trauma,
shock and elective liver resection when inflow occlusion or total
vascular exclusion is used to minimize bleeding. The patho-
physiology of hepatic I/R injury includes direct cellular damage
resulting from the ischemic insult and delayed dysfunction and
damage caused by inflammatory pathway activation.
Histopathological changes such as cellular swelling, vacuolization,
endothelial cell disruption, neutrophil infiltration and cellular
apoptosis and necrosis were also found in hepatic I/R injury.

Hydrogen sulphide (H2S) was known as a “toxic gas.”
However, it is now a novel gaseous messenger.1 It possesses
important physiological and pathophysiological functions, and
exerts many effects on the pathogenesis of various diseases such as
hypertension, shock or myocardial ischemia reperfusion injury.2-5

Our previous study shows that H2S displays a protective role in a
rat model of hepatic I/R injury through anti-apoptosis and anti-
inflammatory activities.6 However, the exact mechanism of H2S-
attenuated hepatic I/R injury remains largely unknown.

The PtdIns3K-AKT1 pathway controls a variety of cellular
processes, including cell survival and proliferation, and modu-
lation of this pathway may be a potential strategy in clinical
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settings of ischemic liver injury to decrease organ damage.7

Recently, Hu et al. have reported that activation of the PtdIns3K-
AKT1 pathway is involved in the protective role of H2S
preconditioning in a mouse model of cardiac ischemia-reperfusion
injury.8 We hypothesized that the anti-inflammatory and anti-
apoptosis activities of H2S in hepatic I/R injury may be also
mediated by activation of the PtdIns3K-AKT1 pathway.

The role of autophagy in ischemic cellular damage has recently
begun to be investigated with the preponderance of work coming
in the realm of liver I/R models. Cardinal et al. suggested that
there is a protective role of cisplatin in ischemic liver injury caused
through induction of autophagy.9 Kim et al. also reported that
during anoxia/reoxygenation (A/R), CAPN2/calpain 2-mediated
degradation of ATG7 and BECN1 impairs mitochondrial auto-
phagy, and this subsequently leads to MPT-dependent hepatocyte
death after A/R.10 In this study, we further elucidate the role of
autophagy during the treatment of H2S in hepatic I/R injury.

Therefore, this study is designed to assess the role of AKT1 and
autophagy in the protective effect of H2S against hepatic I/R
injury. We show that preconditioning of NaHS (a donor of H2S)
can activate the PtdIns3K-AKT1 pathways and reduce the A/R or
I/R-induced injury both in vitro and in vivo. In addition, we also
found that H2S treatment can degrade the level of autophagy in
hepatocytes after A/R and I/R injuries. Furthermore, rapamycin
could reverse the autophagy inhibitory effect and consequently
enhance the protective effect of H2S against A/R and I/R injuries.

Results

In vitro and in vivo hepatotoxicity of H2S. Primary cultured
mouse hepatocytes were treated with escalating concentrations of
NaHS for 24 h, and then a cell proliferation and cytotoxicity assay
(CCK-8) was performed to assess the cell viability. NaHS
concentrations of less than 50 mm were not associated with
decreased cell viability, and treatments with relatively high con-
centrations of NaHS (100 mM) showed cytotoxicity (p , 0.05)
(Fig. 1A).

C57BL/6 mice were given an IP injection of either NSS or
NaHS (0, 1.0, 1.5 or 2.0 mg/kg). Liver functions were assessed 72
h after injection by measuring the levels of serum GPT [glutamic-
pyruvate transaminase/alanine aminotransferase (ALT)] and
GOT1 [glutamic-oxaloacetic transaminase 1, soluble/aspartate
aminotransferase (AST)]. NaHS doses of up to 2 mg/kg did not
raise the serum levels of GPT and GOT1 (Fig. 1B). Thus,
we applied NaHS in the concentrations of 5 mM in vitro and
1.5 mg/kg in vivo for the remaining experiments.

H2S activates PtdIns3K-AKT1 signaling in hepatocytes. To
determine the role of PtdIns3K-AKT1 signaling in the hepato-
protective effect of H2S, western blots for total-AKT1 (T-AKT1)
and phospho-AKT1 (P-AKT1) were performed. As is shown in
Figure 2A, A/R caused moderate activation of AKT1, and
P-AKT1 levels increased significantly (p , 0.05) in the NaHS
group compared with control, whereas pretreatment with NaHS
further increased the activation of AKT1 in the A/R group

Figure 1. The hepatotoxity of H2S administration in vitro and in vivo.
(A) Primary mouse hepatocytes were treated with escalating concen-
trations of NaHS for 24 h, and the cytotoxicity was assessed. (B) C57BL/6
male mice were given an ip injection of NSS or escalating doses of NaHS.
Liver function was assessed 72 h later. Data are expressed as mean ± SD
of 6 animals per group. *Significant difference in hepatocyte viability
from control, p , 0.05.

Figure 2. The effect of AKT1 in the protective effect of H2S on
hepatocyte A/R and I/R injuries. (A) Representative western blots and
quantitative evaluation of P-AKT1 expression of hepatocytes that were
subjected to control, NaHS, A/R, NaHS+A/R and NaHS+A/R+LY at 3 h
after reoxygenation; GAPDH was run as an internal standard (n = 3).
(B) Representative western blots and quantitative evaluation of P-AKT1
expression in liver tissues from the mice subjected to sham-operated,
NaHS, NSS+I/R, NaHS+I/R and NaHS+I/R+LY at 6 h after I/R. GAPDH was
run as an internal standard (n = 3). (C) Cell viabilities of the hepatocytes
that were subjected to control, A/R, NaHS+A/R and NaHS+A/R+LY were
determined at 24 h after reoxygenation. The results are expressed as
the mean ± SD (n = 3). #p , 0.05 compared with control, *p , 0.05
between two groups. LY, LY294002. (D) Liver function was assessed
in the mice subjected to sham-operated, NSS+I/R, NaHS+I/R and
NaHS+I/R+LY at 6 h after I/R; the results are expressed as the mean ± SD
of 6 animals per group. *Significant difference from control, p , 0.05;
#Significant difference from A/R or I/R group, p , 0.05; †Significant
difference from NaHS+A/R or NaHS+I/R group, p , 0.05. LY, LY294002.
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(p , 0.05), and T-AKT1 remains unchanged. To extend the in
vitro findings to the in vivo situation, we further investigated the
expression levels of P-AKT1 in liver homogenates, which
demonstrated that either NaHS or I/R could upregulate the
levels of P-AKT1 in liver tissues in comparison with the sham
control (p, 0.05), Administration of NaHS further increased the
upregulation of P-AKT1 caused by I/R (p , 0.05) (Fig. 2B).

H2S protects hepatocytes against A/R and I/R injuries.
Primary cultured mouse hepatocytes were treated with or without
NaHS (5 mM) 1 h before A/R. As shown in Figure 2C, after 4 h
of anoxia and 24 h of reoxygenation, the hepatocyte viability
decreased from 94.13% ± 5.29% to 41.67% ± 2.52% (p, 0.05).
However, H2S preconditioning significantly reduced the decrease
in cell viability caused by A/R, from 41.67% ± 2.52% to 66.54%
± 3.42% (p , 0.05), and thus appeared to be
protective.

To further confirm the hepatoprotective effect of
H2S, we performed an in vivo assay using a murine
hepatic I/R injury model. As is shown in Figure 2D,
I/R significantly increased the levels of GOT1 and
GPT 6 h after the operation in comparison with sham
operated mice (p , 0.05). Administration of NaHS
significantly reduced the GOT1 and GPT levels
(Fig. 2D) in comparison with untreated hepatic I/R
mice (p , 0.05). We further examined the histo-
pathological changes in liver tissues. The sham
operation did not show any effects on liver histology,
as the H&E stained liver sections exhibited normal
morphology (Fig. 3A). Histological alteration of the
liver from NSS-treated I/R mice was characterized as
inflammatory cell infiltration, hemorrhagic change and
focal necrosis (Fig. 3A). In contrast, pretreatment of
NaHS attenuated such pathological changes (Fig. 3A).

The injury scores of mouse livers in the I/R group
were significantly greater than those in the sham
group (p , 0.05), and NaHS significantly (p , 0.05)
decreased the histological scores, in comparison with
NSS-treated I/R mice (p , 0.05) (Fig. 3B). We also
analyzed both apoptosis and necrosis in the collected
tissues by TUNEL assay. The results of representative
images and cell counting are shown in Figure 3A and
C. While no TUNEL-positive cells were detected in
the sham control, hepatic I/R induced a percentage of
84.23% ± 8.32%, which was decreased to 39.34% ±
5.65% by NaHS (p , 0.05) (Fig. 3C). The serum
levels of inflammatory cytokines, including TNF and
IL6, were measured at the same time. As shown in
Figure 3D and E, hepatic I/R significantly increased
the two parameters in comparison with the sham con-
trol (p , 0.05). Administration of NaHS attenuated
these increases as the levels of the two parameters were
significantly lower than those in untreated hepatic I/R
mice (p , 0.05) (Fig. 3D and E).

AKT1 inhibition attenuates the hepatoprotec-
tive effect of H2S. To assess the relevance of the
PtdIns3K-AKT1 pathway activation in the protective

effect of H2S, both the cultured primary hepatocytes and mice
were treated with the PtdIns3K inhibitor LY294002. As is
shown in Figures 2 and 3, LY294002 administration significantly
(p , 0.05) reduced the increase of AKT1 phosphorylation
(Fig. 2A and B) as well as the hepatoprotective effect of H2S
(Fig. 2C and D; Fig. 3) both in vitro and in vivo (p , 0.05),
whereas T-AKT1 remains unchanged. The LY294002 was also
used alone to set a relative control, which inhibited the PtdIns3K-
AKT1 pathway without significant cytotoxicity (data not shown).

H2S suppressed hepatic autophagy in vitro and in vivo.
Autophagy is a highly conserved cellular process, which can
recycle long-lived and/or damaged proteins and organelles while
cells are suffering from cellular stress.11 We wondered whether
autophagy had been affected by NaHS treatment in vitro and in

Figure 3. The histopathological changes and inflammatory cytokines production in
hepatic I/R. (A) Representative photographs (40�) of H&E-stained liver sections were
taken from mice subjected to sham-operated, NSS+I/R, NaHS+I/R and NaHS+I/R+LY
conditions, 6 h after reperfusion (upper), and representative photographs (200 � )
of liver sections stained by TUNEL were taken from the mice in sham-operated, NSS+I/R,
NaHS+I/R and NaHS+I/R+LY conditions (lower). (B) Histopathological scoring of hepatic
injury was performed. (C) TUNEL-positive cells were counted as described in Materials
and Methods. (D) Systemic IL6 and (E) TNF levels in sera from the blood samples of mice
were assessed by ELISA. Data are expressed as mean ± SD of 6 animals per group.
*Significant difference from control, p , 0.05; #Significant difference from A/R or I/R
group, p , 0.05; †Significant difference from NaHS+I/R group, p , 0.05. LY, LY294002.
Bar: 100 mm.
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vivo. The levels of LC3, a protein that is lipidated upon activation
of autophagy,12 and BECN1, a component of the PtdIns3K
complex that is required for autophagy,13 were examined by
western blotting analysis. As expected, both BECN1 and lipidated
LC3 (LC3-II) levels were significantly decreased in NaHS-treated

hepatocytes when compared with control (p , 0.05) (Fig. 4A).
A/R caused moderate activation of autophagy (p , 0.05), while
pretreatment of NaHS decreased the activation of autophagy in
the A/R group (p , 0.05). We further detected autophagy by
analyzing the formation of fluorescent puncta or autophagosomes

Figure 4. The activity of autophagy during the treatment of H2S in hepatic I/R in vitro and in vivo. (A) Representative western blots and quantitative
evaluation of the expression of LC3-II and BECN1 in hepatocytes that were subjected to control, NaHS, A/R, NaHS+A/R, Rap+A/R, NaHS+A/R+Rap, 3MA+A/R
and NaHS+A/R+3MA at 3 h after reoxygenation, with GAPDH as protein loading control (n = 3). (B) The average number of autophagosomes/cell ± SD
counted from confocal microscopy images of primary mouse hepatocytes expressing GFP-LC3 in (A). Bar: 5 mm. (C) Representative western blots
and quantitative evaluation of the expression of LC3-II and BECN1 in liver tissues from mice that were subjected to Sham, NaHS, I/R, NaHS+I/R, Rap+I/R,
NaHS+I/R+Rap, 3MA+I/R and NaHS+I/R+3MA at 6 h after I/R. GAPDH was run as an internal standard (n = 3). (D) Representative electron micrographs
showing autophagic vacuoles in liver sections from mice in (C) and the quantification of the number of autophagic vacuoles per 100 mm cytoplasm.
Data are expressed as mean ± SD of 6 animals per group. Bar: 2 mm. *Significant difference from control, p , 0.05; #Significant difference from A/R or I/R
group, p, 0.05; †Significant difference from single treatment of either agent, p, 0.05; 4Significant difference from NaHS+A/R or NaHS+I/R group, p, 0.05.
Rap, rapamycin; 3MA, 3-methyladenine.
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in GFP-LC3-transfected hepatocytes. Some autophagosomes were
detected, as characterized by punctate, green-fluorescing struc-
tures.14 As shown in Figure 4B, most control hepatocytes had an
even and diffuse GFP-LC3 staining with occasional puncta.
Similarly, there were almost no GFP-LC3 puncta in NaHS-
treated hepatocytes. On A/R conditions, some cells displayed
numerous unevenly distributed, cup- or ring-shaped green dots of
various sizes, whereas NaHS markedly decreased the number of
autophagosomes in A/R cells. The results indicated that A/R
increased GFP-LC3-positive autophagosomes number from the
basal level of 7.33 ± 1.53 to 15.33 ± 2.51 (p , 0.05), which was
decreased to 4.33 ± 1.53 (p , 0.05) by NaHS pretreatment.

To further assess autophagy activation in a murine hepatic I/R
model, the expression of LC3 and BECN1 in liver tissues had
been detected by western blotting. As expected in Figure 4C,
NaHS significantly decreased the levels of LC3-II and BECN1 in
comparison with sham-operated mice (p , 0.05), while hepatic
I/R could cause an increase (p , 0.05). Administration of NaHS
significantly reduced LC3-II and BECN1 levels 6 h after I/R (p,
0.05). To confirm the results of western blotting analysis, the
autophagosomes and related autophagic vacuoles were detected by
electron microscopy (Fig. 4D), the typical autophagosomes being
characterized by double- or multiple-membrane structures
containing cytoplasm or undigested organelles such as mitochon-
dria, while the autolysosomes were identified as single- membrane
structures with remnants of cytoplasmic components. The
autophagic vacuoles were evaluated by morphometric methods.15

The amount of autophagic vacuoles per unit cytoplasmic area of
100 mm was evaluated. Compared with the basal level of 3.02 ±
0.81 in the sham control, fewer autophagic vacuoles (1.41 ± 0.42)
(p , 0.05) were seen in NaHS-treated mice liver tissues.
However, autophagic vacuoles were drastically increased following
hepatic I/R, to 7.12 ± 0.82 (p , 0.05), which were decreased to
2.67 ± 0.91 (p , 0.05) by NaHS preconditioning. Thus,
autophagy is suppressed by H2S in vitro and in vivo.

Autophagy activation enhanced the hepatoprotective effect of
H2S. Because impaired autophagy contributes to mitochondrial
dysfunction in redox-stressed hepatocytes both in vitro and in
vivo,10 we wondered whether the protective effect of NaHS could
be enhanced if autophagy was activated by rapamycin, an
autophagy inducer. As expected, rapamycin administration
increased both BECN1 and LC3-II levels, which were decreased
by NaHS pretreatment in A/R cells and hepatic I/R mice (Fig. 4A
and C). The GFP-LC3-positive autophagosome number was
increased from 15.33 ± 2.51 to 37.66 ± 3.05 (p , 0.05) and
4.33 ± 1.53 to 27.33 ± 2.52 (p , 0.05) by rapamycin in A/R and
NaHS-treated A/R cells, respectively (Fig. 4B). Rapamycin
significantly increased the number of autophagic vacuoles from
7.12 ± 0.82 to 32.48 ± 3.74 (p , 0.05) and 2.67 ± 0.91 to
27.48 ± 2.63 (p , 0.05) in liver tissues of normal saline solution
(NSS)-treated and NaHS-treated hepatic I/R mice, respectively
(Fig. 4D).

As is shown in Figure 5A, after 4 h of anoxia and 24 h of
reoxygenation, the cell viability was further increased from
40.13% ± 2.14% to 52.16% ± 3.33% (p , 0.05) and
65.34% ± 3.39% to 78.76% ± 4.11% (p , 0.05) by rapamycin

in the A/R and NaHS-treated A/R cells, respectively. The severity
of liver injury was also measured.

As is shown in Figure 5, both NaHS and rapamycin used alone
significantly reduced the increase of GOT1 and GPT levels
caused by hepatic I/R (Fig. 5B) in mice (p , 0.05). The
combined NaHS+rapamycin treatment I/R group demonstrated
an improved hepatoprotective effect, as compared with the
monotherapy group (p , 0.05). The injury scores of mouse livers
in the NSS-treated and NaHS-treated hepatic I/R mice were
decreased from 13.67 ± 2.52 to 9.67 ± 2.08 (p , 0.05) and
6.33 ± 1.53 to 3.33 ± 0.58 (p , 0.05) by rapamycin
administration, respectively (Fig. 5C). The pathological changes
of mouse livers in NaHS-treated mice were further attenuated by
rapamycin (Fig. 5D). For the TUNEL assay, rapamycin admini-
stration decreased the percentage of TUNEL-positive cells in liver
tissue sections, from 78.67% ± 6.11% to 56.33% ± 7.09% (p ,
0.05) and 43.67% ± 5.51% to 27.33% ± 4.04% (p , 0.05) in
NSS-treated and NaHS-treated I/R mice, respectively (Fig. 5D
and E). Serum obtained from rapamycin + NaHS-treated mice
contained significantly less TNF and IL6 at the protein level than
that obtained from monotherapy mice (p , 0.05) (Fig. 5F and
G). To further evaluate the role of autophagy in the
hepatoprotective effect of H2S, we applied 3-methyladenine
(3MA), an autophagy inhibitor, to further decrease the activity of
autophagy during the treatment with H2S in hepatic I/R.16 As is
shown in Figures 4 and 5, 3MA administration significantly
reduced the activity of autophagy (p , 0.05) as well as the
hepatoprotective effect of H2S (p , 0.05). It is worth noticing
that 3MA alone significantly aggravated the severity of hepatocyte
A/R and hepatic I/R injuries. The rapamycin and 3MA were also
used alone under normoxia or in a sham group to set the relative
control, which showed activation or inhibition of autophagy
without significant cytotoxicity (data not shown).

Discussion

Recently, several research groups, including ours, have reported
that H2S displays anti-inflammatory and cytoprotective activities
in various I/R injuries.4,17 However, the underlying mechanism
remains largely unknown.

PtdIns3K-AKT1 is one of the most potent cell survival
signaling pathways and has been shown to be involved in the
ischemic tolerance seen in heart and in neurons.18-21 It has been
shown that the PtdIns3K-AKT1-RPS6KB2/p70S6 kinase path-
way promotes cell survival against oxidative stress-induced
apoptosis in H9c2 cells.18 Yano et al. suggest that AKT1
activation is induced by a sublethal ischemic insult in gerbil
hippocampus and contributes to neuroprotective ischemic
tolerance in CA1 pyramidal neurons.19 Takatani et al. reported
that taurine prevents ischemia-induced apoptosis in cardiomyo-
cytes through an AKT1-mediated CASP9 inactivation.20 Jonassen
and coworkers reported that insulin administration at reperfusion
reduces myocardial infarction, and that this is mediated via
AKT1- and RPS6KB2-dependent signaling pathways.21

A recent study reported that H2S preconditioning produces
cardioprotective effects against ischemia in rat cardiac myocytes by
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activating the PtdIns3K-AKT1 pathway.8 In addition, studies
have also demonstrated a protective role of AKT1 activation
against ischemic injury in the liver.22,23 Izuishi et al. reported that
the PtdIns3K-AKT1 pathway plays an essential role in the
protective effects of ischemic preconditioning in hepatic I/R
injury, and modulation of this pathway may be a potential
strategy in clinical settings of ischemic liver injury to decrease
organ damage.24 Therefore, the PtdIns3K signaling cascade may

contribute to the recruitment of multiple endogenous protective
pathways to reduce tissue damage and inflammatory cytokines
production after ischemia and reperfusion.25,26 However, whether
the activation of AKT1 is the key mechanism of the protection
conferred by H2S preconditioning in liver I/R injury remains
unclear. Therefore, the aim of our study was to determine if the
PtdIns3K-AKT1 pathway mediates the protective effects of H2S
preconditioning in the liver. In the current study, we found that

Figure 5. Evaluation of the role of autophagy in the protective effect of H2S on hepatic I/R in vitro and in vivo. (A) Cell viabilities of the hepatocytes
that treated as described in Figure 4A were determined at 24 h after reoxygenation. Data are expressed as mean ± SD (n = 3). (B) The levels of GPT and
GOT1 were measured in sera from the mice treated as described in Figure 4C . (C) Histopathological scoring of hepatic injury was performed.
(D) Representative photographs (100�) of H&E-stained liver sections were taken from mice in (B) at 6 h after I/R(upper) and Liver sections stained
by TUNEL were illustrated(lower). Histopathological scoring of hepatic injury was performed. (E) TUNEL-positive cells were counted as described in
Materials and Methods. (F) Systemic IL6 and (G) TNF levels in sera from the blood samples of mice in (B) were assessed by ELISA. Data are expressed
as mean ± SD of 6 animals per group. *Significant difference from control, p , 0.05; #Significant difference from A/R or I/R group, p , 0.05;
†Significant difference from single treatment of either agent, p , 0.05; 4Significant difference from NaHS+A/R or NaHS+I/R group, p , 0.05. Bar: 100 mm.
Rap, rapamycin; 3MA, 3-methyladenine.
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(1) H2S preconditioning resulted in increased AKT1 activation in
hepatocytes in vitro and in vivo (Fig. 2); (2) the protective effects
of H2S preconditioning were abolished with AKT1 inhibition in
vitro and in vivo (Figs. 2 and 3). These findings reveal that the
hepatoprotective effect of H2S against hepatic I/R injury depends,
at least in part, on the activation of the PtdIns3K-AKT1 pathway.

Recently, many studies have shown that autophagy is
upregulated during hepatic IR injury.10 Autophagy is an essential
cellular process that mediates continuous recycling of intracellular
components. As a response to stress conditions such as I/R,
autophagy can digest cytoplasmic materials to generate essential
metabolic substrates and energy to keep the cells alive.27-31 There
are profound interactions between autophagy and apoptosis:
apoptosis is inhibited when autophagy is activated, whereas
inhibition of autophagy can promote cell death and the activity of
caspase proteins.32,33 Recent evidence supports the view that
enhancing autophagy may be a novel approach to improve
hepatocyte viability and function after I/R injury, and such a
hepatoprotective role of autophagy may be associated with its
anti-apoptotic and anti-inflammatory activity.9 In the present
study, we found that: (1)Autophagy was inhibited by H2S
preconditioning in hepatocytes in vitro and in vivo (Fig. 4); (2)
rapamycin alone afforded protection during hepatocyte A/R and
hepatic I/R, and it could reverse the autophagy inhibition of H2S.
The combined NaHS+rapamycin treatment group contributes an
improved hepatoprotective effect, which is significantly different
from the monotherapy group; (3) Further inhibition of autophagy
by 3MA reduced the protective effect of H2S during hepatocyte
A/R and hepatic I/R injuries (Figs. 4 and 5). These results suggest
that autophagy is also a key mediator in the hepatoprotective
effect of H2S.

Interestingly, a recent paper has shown that in three different in
vitro models of insulin-induced necrotic cell death, activation of
PtdIns3K-AKT1 signaling can promote necrotic cell death via
suppression of autophagy.34 One of the key regulators of
autophagy is the mechanistic target of rapamycin, MTOR kinase,
which is the major inhibitory signal that shuts off autophagy in
the presence of growth factors and abundant nutrients.35 The class
I PtdIns3K-AKT1 signaling molecules link receptor tyrosine
kinases to MTOR activation.36 Thereby, the activation of the
PtdIns3K-AKT1 pathway may work as a double-edged sword; it
plays a protective role against hepatic I/R, but on the other hand,
it also inhibits autophagy, which is another important protective
mechanism against hepatic I/R. This may be applied to interpret
our findings that although autophagy was inhibited by H2S, H2S
still showed a protective role against I/R. So, reversing the
autophagy inhibitory effect of H2S by rapamycin could enhance
its protective effect against hepatocyte A/R and hepatic I/R injury.

In summary, our findings demonstrate that H2S protects
against hepatocyte A/R and hepatic I/R injuries, at least in
part, through AKT1 activation but not autophagy. The
autophagy agonist rapamycin could be applied to potentiate this
hepatoprotective effect by reversing the autophagy inhibition of
H2S. Therefore, enhancing autophagy may be a promising
strategy to improve the hepatoprotective ability of H2S in hepatic
I/R injury.

Materials and Methods

Chemicals and antibodies. The following reagents were pur-
chased from Sigma-Aldrich: NaHS (161527), LY294002
(L9908), rapamycin (R0395), 3-MA (M9281) and sodium
pentobarbital (P3761). All culture media were purchased from
HyClone China Ltd: DMEM (HyClone, SH30022. 01B),
fetal bovine serum (GIBCO, 16000). The following antibodies
were purchased from Cell Signaling Technology: P-AKT1
(Ser473, 9271), T-AKT1 (Ser473, 9272), BECN1 (3738),
LC3 (2775) and GAPDH (2118). Both LY294002 and
rapamycin were dissolved in DMSO to make a stock solution
of 50 mM.

Animals. Male C57BL/6 (18–20 g) mice were supplied by the
Animal Research Center at the First Clinical Medical School of
Harbin Medical University (Harbin, China). All surgical
procedures and care administered to the animals were approved
by the institutional ethic committee, and this study also complied
with the criteria in Guide for the Care and Use of Laboratory
Animals.37

Hepatocyte isolation. Mouse hepatocytes were isolated by a
modified in situ collagenase perfusion technique as described.9

Hepatocyte purity and viability typically exceeded 99% and 95%,
respectively.

A/R and Cell viability assay. To simulate tissue I/R,
hepatocytes were treated as described previously.10 Some
hepatocytes were pretreated with NaHS (5, 10, 50, 100 mM)
alone, or together with LY294002 (25 mM) or rapamycin (1 mM)
or 3MA (10 mM), respectively, before A/R. Twenty-four h after
A/R, the cell viability was measured with Cell Counting Kit-8
(CCK-8, Dojindo Molecular Technologies, CK04–13) according
to the instructions of the manufacturer. The experiments were
repeated three times.

Analysis of autophagy by GFP-LC3 redistribution. To
monitor the formation of GFP-LC3 puncta, primary hepatocytes
were transiently transfected with 1.0 mg GFP-LC3 plasmid and
then treated as described above. After treatment, the number of
autophagosomes/cell was recorded for quantification as described
previously.38

Hepatic I/R model. The procedures of hepatic I/R have been
described previously.9 Briefly, the mice were anesthetized by
intraperitoneal injection of sodium pentobarbital (60 mg/kg), and
a midline laparotomy was performed. Then, the left lateral and
median lobes of the liver were clamped at its base using an
atraumatic clip. Throughout anesthesia, body temperature was
monitored by a rectal probe and maintained at 37°C by a heating
lamp. After 90 min of ischemia, the clip was removed, initiating
hepatic reperfusion.

In vivo design. The mice in hepatic I/R group and NaHS+I/R
group were given an intraperitoneal injection(ip) of NSS and
NaHS (1.5 mg/kg) 1 h before the onset of liver I/R, respectively; a
NaHS+I/R+LY294002 group in which mice were given a tail vein
injection of LY294002 (1.5 mg/kg) 0.5 h before the administra-
tion of NaHS and subsequent liver I/R; an I/R+NaHS+rapamycin
group in which rapamycin (1 mg/kg, ip) were given 0.5 h
before the administration of NaHS and subsequent liver I/R; an
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I/R+NaHS+3MA group in which 3MA (30 mg/kg, ip) was given
0.5 h before the administration of NaHS and subsequent liver
I/R. Sham operations (control) involved administration of
anesthesia, laparotomy and exposure of the portal triad without
hepatic ischemia. Mice were sacrificed at 6 h after reperfusion for
serum and liver samples.

Measurement of parameters in sera. The levels of GPT and
GOT1 in sera were measured with an autobiochemical analyzer
(Toshiba, TBA-200FR), as described previously.39 The serum
levels of TNF (TNFa) and IL6 (interleukin 6) were measured
with enzyme-linked immunosorbent assay (ELISA) kits: TNF
(R&D Systems, MTA00B) and IL6 (R&D Systems, M6000B)
according to the manufacturer’s instructions.

Histological examination. Liver specimens were fixed in 10%
buffered formalin, embedded in paraffin, stained with hema-
toxylin and eosin (H&E), and examined with a light microscope.
The histopathological scoring analysis was performed blindly
according to previously described methods.6

Western blotting analysis. Protein lysates of liver or primary
hepatocytes were prepared, separated onto SDS-polyacrylamide
gels and transferred to PVDF membrane as previously described.6

western blotting was performed using appropriate primary anti-
bodies and horseradish peroxidase-conjugated suitable secondary
antibodies, followed by detection with enhanced chemilumi-
nescence (Pierce Chemical, 34080). GAPDH was used as protein
loading control, and the levels of proteins were normalized with
respect to GAPDH band density.

Transmission electron microscopy. Mice were treated as
described above and after 6 h of reperfusion, laparotomy was
performed under isoflurane anesthesia. The liver was flushed with
1 ml NSS, then perfused with 2 ml 2.5% glutaraldehyde in PBS.
Livers were sectioned and photographed using a transmission
electron microscope (JEOL, JEM 1210) at 80 or 60 kV onto

electron microscope film (Kodak, ESTAR thick base) and printed
onto photographic paper. For quantification, 20 to 30 fields of
low magnification (�1000) were randomly selected from each
liver, and digital images with scale bars were taken. Using Axio-
Vision 4.0 software, the amount of autophagic vacuoles per unit
cytoplasmic area of 100 mm was evaluated.

Terminal dUTP Nick-End Labeling (TUNEL) assay. The
methodology has been described previously.6 The TUNEL
(Roche, 11684795910) staining of sections was performed
according to manufacturer’s instructions, and the TUNEL-
positive cells were counted in 10 randomly selected �400 high-
power fields under microscopy and expressed as a percentage of
the total hepatocytes.

Statistics analysis. Qualitative data including immunoblots and
cell images are representatives of at least three experiments.
Quantitative data were expressed as means ± SD. Statistical
differences in multiple groups were determined by multiple
comparisons with analysis of variance followed by Tukey’s post-
tests. Statistical differences between two groups were determined
by two-tailed unpaired Student’s t-test. p , 0.05 was considered
significantly different.
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