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1 Introduction
Ischemia/reperfusion (I/R) injury may occur in various 

organs, which is a common clinical problem. Although the 
pathophysiological mechanisms underlying I/R or hypoxia/
reoxygenation (H/R) injury are unclear, oxidative damage is 
considered a key factor in the initiation of I/R injury (Li et al., 
2018). Liver is sensitive to ischemia and hypoxia, thus, how to 
effectively relieve postoperative hepatic ischemia-reperfusion 
injury (HIRI) has become a hot topic in clinical research 
(Pagano et al., 2018; Rakić et al., 2018). The formation of reactive 
oxygen species (ROS) and pro-inflammatory cytokines, as well as 
oxidative stress, are thought to be the main mechanisms leading 
to HIRI. The molecular mechanisms mediating hepatocellular 
H/R injury are largely unknown, however, activation of cell 
apoptosis play an important role in its pathology (Ge  et  al., 
2019; Katwal et al., 2018). Apoptosis, a process of programmed 
cell death, significantly contributes to both hepatocellular loss 
during liver I/R injury and liver failure after ischemia (Gao et al., 
2018). Animal studies have demonstrated that antioxidants can 
improve HIRI injury by increasing expression of antioxidant 
enzymes, and increasing antioxidant capacity during early phase 
of I/R may be a potential therapeutic approach to reduce the 
incidence of HIRI and hepatic fibrosis.

Heme Oxygenase-1 (HO-1), also known as heat shock protein 
32, is mainly distributed in the tissues and organs of haemocytes 
that are actively metabolized, such as liver, spleen and bone 
marrow, and plays a key role as an important antioxidant enzyme. 
When the body is subjected to oxidative stress, HO-1 expression 
is enhanced to strengthen the antioxidant capacity of the body 
(Ge et al., 2017b; Luo et al., 2020; Wang et al., 2020). This protection 
is primarily achieved by reducing ROS formation, stabilizing 
cell membranes, and reducing cell apoptosis in the early stage of 
HIRI. It is the main mechanism of body self‑protection during 
oxidative stress (Gao et al., 2015; Ge et al., 2017a; Ma et al., 2015).

As an antioxidant, GSH has been widely used for the 
treatment of liver damage caused by viral infection, drug 
toxicity, alcohol toxicity and other chemical toxicity, but it is 
rarely used in hepatic ischemia-reperfusion injury in clinic 
(Moss et al., 2018; Xu et al., 2018; Zhang et al., 2009). The main 
function of G SH is to eliminate oxidation products in the late 
HIRI, which seems to have little effect in the early stage of the 
disease, and thus application of GSH was rare during acute 
liver injury. Many drugs, such as curcumin, Swertiamarin and 
Tanshinol have been shown not only promote GSH synthesis 
in vivo but also activate the HO-1 pathway in oxidative stress 
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process. However, there are few studies on whether there is a 
relationship between the increase of GSH and the activation of 
HO-1 pathway during oxidative stress and in particular during 
liver I/R. Thus, this study was aimed to investigate the beneficial 
effects and its underlying mechanism of GSH on hepatocyte 
during H/R injury.

2 Materials and methods
2.1 Cell culture

Human hepatocyte HL7702 was purchased from Cellbank 
corporation (ShangHai, China). HL7702 cells (2*106 cells per 
well in six well tissue culture plate) were cultured in an incubator 
(Esco, Singapore) with 4.5 g/L DMEM (Thermo Fisher Scientific, 
USA) + 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, 
USA) + 100 units/mL penicillin and 100 mg/mL streptomycin 
(Thermo Fisher Scientific, USA) under the condition of 37°C 
5% CO2 and 95% O2.

2.2 HL7702 Cells Hypoxia/Reoxygenation (H/R) model

Hypoxic environment was a moist and closed plastic vessel 
(Billups Rothenberg, Inc., Del Mar, CA). Replaced with sugar-free 
medium, then cells were placed onto the hypoxic vessel, filled 
with the mixture of 94% N2, 5% CO2 and 1% O2 for 15 minutes 
(min), and subjected to hypoxia for 6 hours under 37 °C. Replaced 
the medium (DMEM+10% fetal bovine serum (FBS) (Gibco, 
Thermo Fisher Scientific, USA) +100 units/mL penicillin and 
100 mg/mL streptomycin (Thermo Fisher Scientific, USA), 
reoxygenated for 4h by exposing the cells to a cell incubator 
(Esco, Singapore). The cells were assigned to the following 
groups: Control (C) group, which did not undergo H/R and 
were cultured in the normal sugar medium; H/R group, which 
with 6-hour and 4-hour reoxygenation; GSH group, with the 
same treatment as the I/R group but added GSH (20mmol/L) 
before H/R injury; HO-1 siRNA group, treated the same as the 
GSH group but with 24 hours HO-1siRNA transfection before 
the H/R injury.

2.3 GSH’s optimal protection concentration

HL7702 cells were planted in 96 well plates (Corning, USA) 
at a density of 6000 cells/well. Before H/R injury, cells were treat 
with different concentrations of GSH (Beyotime, China) (0, 
5, 10, 20, 40, 80 and 160 mmol/L). After 6-hour hypoxia and 
4-hour reoxygen, 10 μl/well of Cell Counting Kit-8 (Dojindo, 
Japan) were added and incubated with the cells at 37 °C for 2h, a 
microplate reader (REAGEN, USA) was used to measure optical 
densities at 450 nm. LDH release was detected by Cytotoxicity 
Detection Kit  (Thermo Fisher Scientific, USA) as described in 
the instructions.

2.4 HO-1 small interfering RNA transfection model

HL7702 cells were transfected with human HO-1 siRNA 
(Santa Cruz Biotechnology, USA). Briefly, cells were trypsinized 
and plated on 6-well plates at 50% to 60% confluence 24 h before 
transfection. HO-1 siRNA (50 nmol/L), transfection medium 
and reagent were mixed and incubated at room temperature for 

40 min. HO-1 siRNA-reagent complexes were added and the 
medium was replaced with general medium after transfection 
for 6 h. Experiments were performed 24h after transfection. 
The changes of HO-1 protein expression was analyzed by 
Western blot.

2.5 DAPI staining and Dihydroethidium (DHE) fluorescence

After 4% paraformaldehyde fixation, HL7702 cells were 
incubated with DAPI (Solarbio, China) for 10 min and DHE 
(YEASEN, China) for 15 min at 37 °C respectively and then rinsed 
twice in PBS for nuclear staining and reactive oxygen species 
(ROS) detection. A fluorescence microscope (Olympus, Japan) 
was used to observe DAPI and DHE fluorescence. The number 
of positive cells marked with DHE staining per mm2 was counted 
in each group.

2.6 Hoechst 33258 staining

HL7702 cells were seeded into 24-well plates at a density 
of 5 × 104 cells/ml in 1 ml volumes and then incubated for 
24hous under a humidified atmosphere of 5% CO2 at 37 °C. 
After incubated with DMEM (Thermo Fisher Scientific, USA) 
containing 5.5 mmol/L glucose for 48h, cells were rinsed twice 
in PBS (Life Technologies, Thermo Fisher Scientific, USA) for 
5 min and then fixed with 4% paraformaldehyde (YEASEN, 
China) for 15 min at room temperature (RT). After washed twice 
in PBS for 5 min, cells were incubated with 0.5 µg/ml Hoechst 
33258 (Beyotime, China) solution in the dark for 5 min at RT. 
Finally, the cells were washed twice with PBS and were observed 
under a fluorescence microscope (Olympus, Japan).

2.7 ELISA kit assay

The level of superoxide radical were determined by MDA 
and T-SOD ELISA kit (JIANGLAI, China) as the respective 
manufacturers’ protocols. The liver cell levels of ALT and AST 
were detected by ELISA kit (JIANGLAI, China) as the respective 
manufacturers’ protocols.

2.8 Western blot analysis

After treatment, cells were washed with PBS, lysed in RIPA 
buffer (Sigma-Aldrich) containing 1% protease inhibitor cocktail 
and 1% of the phosphatase inhibitor cocktails 2 and 3 (Sigma-
Aldrich), and then solubilized proteins were collected after 
centrifugation at 13,000 × g for 15 min at 4 °C and stored at 
–80 °C. The protein concentration of each sample was measured 
by using the enhanced BCA Protein Assay kit (Thermo Scientific, 
USA) with bovine serum albumin (BSA) as a standard. Thereafter, 
an equal volume of protein sample and sample buffer was mixed 
and the samples were boiled for 12 min at 100 °C. To detect 
the changes of HO-1, caspase-3 and GAPDH, protein lysates 
from each group of cells were separated by SDS-PAGE and 
electrotransferred onto a PVDF membrane (Millipore, Frankfurt, 
Germany). After blocking with 3% BSA in TBST with 10 mM 
Tris-HCl, 250 mM NaCl, and 0.05% Tween 20 (pH 7.5) for 
2 hour, the membranes were probed with the primary antibodies 
against HO-1, caspase-3 and GAPDH (1:1000) (Cell Signaling 
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Technology, Danvers, USA) overnight at 4 °C, The membranes 
were washed thoroughly for 3 × 15 minutes with TBST and 
then probed with secondary IgG antibodies (Cell Signaling 
Technology, Danvers, USA) at a 1:5000 dilution in the shaker 
at RT for 2 hous, and then washed with TTBS three times each 
for 15 min. Finally, the immunoreactive bands were detected 
by an ECL kit (Beyotime, China) and visualized after exposure 
to X-ray film (Beyotime, China). The volume of the protein 
bands was quantified using a Bio-Rad Chemi EQ densitometer 
and Bio-Rad Quantity One software (Bio-Rad laboratories, 
Hercules, CA, USA). The ratios of HO-1, caspase-3 to GAPDH 
were then determined.

2.9 Statistical analysis

Each experiment was performed in duplicate or triplicate 
and was repeated at least three times. All quantitative data are 
expressed as mean ± the standard error of the mean ± S. E. M. 
All statistical tests were performed with the Prism software 
(GraphPad Prism, San Diego, USA). One-way ANOVA test 
was used to determine significant differences within group 
and between groups, respectively, followed by Tukey’s test for 

multiple comparisons of group means. P < 0.05 was accepted 
as statistically significant.

3 Results
3.1 Effect of different concentrations of GSH on cell viability 
and LDH release in HL7702 cells

Whether GSH has protective effect on hypoxic-reoxygenated 
liver cells and the optimal concentration is the first question to 
be answered in the experiment. Comparing with non-treated 
cells, 5 µmol/L concentration of GSH began to protect the 
hypoxic-reoxygenated hepatocytes, manifested by increased cell 
viability and decreased LDH release (Figure 1A and B, P < 0.01). 
As the concentration increased, the protective effect gradually 
increased; when the concentration reached 20 µmol, hepatocyte 
damage was minimal. As the concentration continued to increase, 
the protective effect did not further and even be weakened. 
The effect of GSH and HO-1 siRNA on HO-1 expression in 
hypoxic-reoxygenated liver cells is the key to the experiment. 
The results of western blot assay showed that the expression 
of HO-1 in H/R hepatocytes could be regulated by GSH or 
HO-1 siRNA. Comparing with H/R group, the treatment of GSH 

Figure 1. Effects of various contractions of GSH on H/R induced cell injury. (A, B) By administrating different concentrations of GSH before H/R, 
we found that GSH at 20 µmol/L was the most suitable protective concentration as reflected in the results of CCK-8 and LDH release analyses. 
(C) The expression of HO-1 was detected by western blot. Results are presented as mean ± S. E. M., n = 6, **P < 0.01.
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in the early stage of H/R significantly enhanced the expression 
of antioxidant enzyme HO-1, and such effect of GSH was 
weakened or even disappeared in hepatocyte transfected with 
HO-1 siRNA (Figure  1C, P < 0.01).

3.2 GSH reduced the production of ROS in HL7702 cells H/R 
injury

DHE staining combined with DAPI staining were applied to 
monitor intracellular ROS. Excessive ROS can further increase 
the production of MDA, one of the important products of 
membrane lipid peroxidation, which can aggravate membrane 
damage (Hu et al., 2020). Superoxide dismutase is an antioxidant 
metal enzyme that exists in the body. It can remove excess ROS 
and plays a vital role in the body’s oxidation and antioxidant 
balance. Compared with controls, ROS production as reflected by 
intensity of DHE staining and MDA production were significantly 
increased in cells subjected to H/R (Figure 2A and B, P < 0.01), 
and early addition of GSH to cell before inducing H/R significantly 
reduced the excessive production of ROS, thereby reducing the 

production of MDA and cell membrane damage; this protective 
effect was weakened after HO-1siRNA transfection compared with 
GSH-treated H/R cells. H/R resulted in significant reduction of 
SOD activity, which was reversed by GSH treatment (Figure 2C, 
P < 0.01). However, GSH mediated restoration of post-hypoxic 
SOD activity was abolished by HO‑1siRNA transfection.

3.3 GSH enhanced liver cell membrane stability and 
improves cell viability after H/R injury through HO-1 
signaling.

We assessed the effects of H/R injury and GSH therapy on 
the viability of HL7702 cells. The CCK8 assay was used for cell 
viability assay, and the supernatant LDH, AST and ALT assay was 
used to detect the degree of cell membrane damage. The results 
showed that compared with H/R group, GSH treatment in the 
early stage significantly enhanced the viability of liver cells 
and the destruction of cell membranes, which is shown by the 
increase of CCK8 readings and the decrease of LDH release 
(Figure 3A and B, P < 0.01). However, the protective effects of 

Figure 2. GSH reduced the production of ROS induced by H/R injury in HL7702 cells. (A) DHE staining showed that H/R injury led to more 
production of ROS, and reduced by GSH. While when HO-1 expression was reduced by siRNA transfection, though H/R group was treated 
with GSH, a over production of ROS was still observed. The length of yellow line segment in the figure indicates 200 μm. All images are at ×200 
magnification. (B, C) The changes of plasma MDA and T-SOD were detected by ELISA kit assays. All the results are presented as mean ± S. E. 
M. (n = 6), **P < 0.01.
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GSH decreased sharply or were diminished when HO-1 was 
silenced (Figure 3A and B, P < 0.01).

3.4 GSH enhanced the expression of HO-1 against hepatic 
H/R injury by reducing apoptosis

HO-1 enhanced the ability of early hepatocytes to resist 
oxidative stress by reducing cell apoptosis. Hoechst 33258 staining 
(Figure 4A, P < 0.01) and western blot (Figure 4B, P < 0.01) 
showed that compared with H/R group, GSH significantly reduced 
hepatocyte apoptosis and H/R injury. However, the protective 

effects of GSH was negated if we inhibiting the expression of 
HO-1. The red arrows indicate apoptotic cells as shown in the 
blow figure.

4 Discussion
Hepatic ischemia-reperfusion (I/R) injury is a common 

cause of organ dysfunction in clinical liver transplantation, 
mainly involving inflammation and apoptosis (Chen et al., 2021; 
Moss et al., 2018; von Platen et al., 2021). Development of H/R 
is associated with metabolic acidosis, calcium overloading, and 
changes of mitochondrial membrane permeability. Hypoxia-induced 

Figure 3. H/R injury disrupts cell membrane stability and reduced the cell viability which manifests as increased release of LDH (B), AST (C) 
and ALT (D). GSH significantly protected HL7702 cells from H/R injury by enhancing liver cell membrane stability and improves cell viability 
(A). However, the protective effects of GSH was negated if we inhibiting the expression of HO-1. Results are presented as mean ± S. E. M. (n = 6), 
**P < 0.01.
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Recently, studies on the treatment of hepatic H/R injury 
have been focused on drugs. Many drugs have been shown 
to not only increase the GSH content in the body, but also 
enhance the expression of HO-1, thereby protecting the liver. 
Whether there is any kind of interaction between the two is 
not a clinical hot spot. Interestingly, the protective effect of 
GSH on hepatocytes in this study was always accompanied by 
an increase in the expression of HO-1. The protective effect of 
GSH disappeared when HO-1 expression was reduced by gene 
silencing, and there was an interaction relationship between 
GSH and HO-1. In summary, HL7702 cells treatment with GSH 
(20 mmol/L) increases the expression of HO-1, HO-1 enhanced 
the antioxidative activity and played a protective role against 
cells H/R injury. The protective effects of GSH were significantly 
associated with greater intrahepatic HO-1 expression. Thus, it 
can be concluded that GSH alleviates hepatocellular H/R injury 
through activating the HO-1 pathway. Future study is merited to 

activation of Kupffer cells results in generation of reactive oxygen 
species (ROS) (Cannistrà et al., 2016; Peralta et al., 2013). These 
processes lead to the activation of inflammation and immune 
responses, related with multiple cells and signaling molecules, 
and eventually result in increased level of apoptosis and necrosis 
(Fu et al., 2019). Current pharmocological research on reducing 
liver ischemia-reperfusion injury is mainly focused on some 
Chinese herbal medicines, including whether the concerned 
drugs could clear ROS or reduce apoptosis. However, further 
studies on the investigation of effective drugs or components 
against H/R-induced liver injury are still in an urgent request.

In the past, GSH was generally considered to protect the late 
stage of oxidative damage by removing oxidative stress products 
and stabilizing cell membranes. GSH does not seem to enhance 
the anti-oxidative stress of hepatocytes in the early stage. Thus, 
to determine the protective effects of GSH on liver cells in the 
early stages of oxidative stress still remains further clarifications.

Figure 4. Hoechst staining (A) showed that GSH can reduce the apoptosis of HL7702 cells in the early stage of oxidative stress injury, and western 
blot showed that this protective effect was related to the decreased expression of caspase3 (B); Similar to our previous results, this protective 
effect was reduced by regulating the reduction of HO-1 expression. Results are presented as mean ± S. E. M. (n = 6). The length of yellow line 
segment in the figure indicates 200 μm. All images are at ×200 magnification. **P < 0.01.
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further verify the relationship between GSH and HO-1 through 
in vivo animal model of hepatic H/R injury, which shall greatly 
promote the application of GSH in hepatic ischemia-reperfusion 
injury, while avoiding abandoning GSH and HO-1.

In this regard, we believe that the key to reducing liver 
ischemia-reperfusion injury is to improve the anti-oxidative capacity 
of liver cells in the early stage ischemic insult. The protective 
effect of HO-1 in the early stage of hypoxia-reperfusion injury is 
relatively clear, and the problem that needs to be solved is to find 
drugs that can enhance the expression of HO-1 at an early stage. 
Based on these theories, our study was designed to determine 
the protective effect of GSH on liver cells, and clarified whether 
HO-1 upregulation in the early stage underlies its beneficial 
potential. We observed that the damage of hepatocytes by hypoxia-
reoxygenation was mainly as follows: Firstly, a large amount 
of ROS was formed in the early stage of reoxygenation which 
promoted the further inflammation development, and MDA was 
increased and SOD was consumed. Secondly, the cell membrane 
is destroyed, then the cell viability decreased and ALT, AST were 
released from hepatocytes. Thirdly, Hepatocellular inflammation 
progresses further and early apoptosis increases. Meaningfully, We 
demonstrated that administration of GSH before H/R enhanced 
the early antioxidant capacity of hepatocytes, and the optimal 
concentration of GSH is 20 µmol/L. The protective effect of 
GSH on H/R hepatocytes is mainly reflected in the following 
aspects: 1) GSH reduced the formation of ROS in early stage of 
reoxygenation to prevented further development of inflammation. 
2) It increased cell viability and decreased the release of Stable 
cell membrane. 3) It reduced apoptosis and prevented further 
inflammation. Thus, our discovery initially demonstrated the 
beneficial effects of GSH on H/R-impaired liver cells, as well as 
the determination of its underlying mechanism by regulating 
HO-1 expression and apoptosis, providing a potential strategy 
against H/R-induced ROS overload or apoptosis.

5 Conclusions
The results demonstrate that GSH alleviates H/R injury 

of liver cells apoptosis through regulating the expression of 
HO-1. The findings strengthen the idea that GSH might be a 
novel agent to improve the clinical treatment of H/R-induced 
liver impairments.
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