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Abstract. Endoplasmic reticulum stress (ERS) can be induced 
by a variety of physiological and pathological factors including 
oxidative stress, which triggers the unfolded protein response 
to deal with ERS. Autophagy has been hypothesized to be a 
means for tumor cells to increase cell survival under condi-
tions of hypoxia, metabolic stress and even chemotherapy. 
Although they may function independently from each other, 
there are also interactions between responses to oxidative 
stress injury induced by pathologic and pharmacological 
factors. The aim of the present study was to investigate the 
effects of ERS and autophagy on H2O2‑induced oxidative 
stress injury in human HepG2 hepatoblastoma cells. It was 
demonstrated that exposure of HepG2 cells to H2O2 decreased 
cell viability and increased reactive oxygen species (ROS) 
levels in a dosage‑dependent manner. In addition, apoptosis 
and autophagy rates were elevated and reduced following cell 
exposure to H2O2 + the ERS inducer Tunicamycin (TM), and 
to H2O2 + the ERS inhibitor Salubrinal (SAL), compared with 
the cells treated with H2O2 alone, respectively. Further studies 
revealed that TM enhanced the expression of ERS‑related 
genes including glucose‑regulated protein‑78/binding immu-
noglobulin protein, inositol‑requiring kinase‑I and activating 
transcription factor 6 and C/EBP‑homologous protein 10, 
which were attenuated by SAL compared with cells exposed to 
H2O2 alone. The data from the present study also demonstrated 
that LC3II/LC3‑I and p62, members of autophagy‑related 
genes, were increased and decreased in cells treated with 
H2O2 + TM compared with cells treated with H2O2, respec-
tively, indicating that autophagy was stimulated by ERS. 
Furthermore, a reduction in the levels of pro caspase‑3 and 
pro caspase‑9, and elevation level of caspase‑12 were observed 
in cells exposed to H2O2 + TM compared with cells treated 

with H2O2, respectively, suggesting apoptosis induced by H2O2 
was enhanced by ERS or autophagy triggered by H2O2. The 
above results suggest that the ERS inducer may be a potential 
target for pharmacological intervention targeted to ERS or 
autophagy to enhance oxidative stress injury of tumor cells 
induced by antitumor drugs.

Introduction

The endoplasmic reticulum (ER) is a common organelle 
demonstrated in eukaryotic cells, which is an important site for 
the synthesis and modification of proteins, lipids and carbohy-
drates (1,2). The ER is also involved in the regulation of the 
intracellular calcium ion concentration through the storage and 
release of calcium (3,4). The ER in eukaryotic cells has four 
main physiological functions: i) The synthesis of membrane 
proteins and secretory proteins; ii) the formation of the correct 
three‑dimensional conformation of proteins by folding; iii) the 
storage of Ca2+; and iv) the biology synthesis of lipid and choles-
terol. The correct synthesis and secretion of proteins in the ER is 
regulated by a variety of mechanisms, including the mechanisms 
by which the oxidative environment, the calcium ion concentra-
tion, ATP, protein disulphide isomerase (PDI), heavy‑chain 
binding protein and calprotectin are maintained (1,2,4).

When the ER homeostastic balance is disrupted by a 
variety of physiological and pathological factors, ER stress 
(ERS) can be induced in the ER with increased amounts 
of unfolded and misfolded proteins being formed, calcium 
depletion and disorder of lipid synthesis (5,6). ERS involves 
three pathways, namely the unfolded protein response (UPR), 
Ca2+ signaling and ER‑related degradation (5‑7). They are the 
main reactionary processes of ERS. ER homeostasis is ulti-
mately achieved through the UPR to reduce the synthesis of 
novel proteins, to promote folding of unfolded proteins and 
to increase the degradation of misfolded proteins (1,2,8). In 
mammalian cells, UPR is mediated by an ER chaperone protein 
glucose‑regulated protein‑78/binding immunoglobulin protein 
(Grp78/Bip) and three ERS‑sensing proteins: Protein kinase 
R‑like ER kinase (PERK), inositol‑requiring kinase‑I (IRE‑1) 
and activating transcription factor 6 (ATF6) (9,10). Bip, which 
belongs to the family of heat shock protein 70 (HSP70), is a 
molecular chaperone of the ER, also known as Grp78 (9,10). 
It serves an important role in the regulation of ERS, and its 
activation can be used as a marker of the ERS response (11). 
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Both PERK and IRE‑1 are ER type I transmembrane protein 
kinases and belong to UPR proximal receptors (1,10).

TF6, an ER type II transmembrane protein kinase, is 
located on the outside of the ER (12). When the ER is in a 
state of stress, a large number of unfolded or misfolded 
proteins accumulate in the ER, while GRP78 dissociates from 
ATF‑6 and PERK‑induced proteins and binds to unfolded 
proteins (12,13). The activation of IRE‑1 is unclear, and studies 
had demonstrated that IRE‑1 can be directly activated by 
unfolded proteins (14). UPR is then simulated by activated free 
PERK, IRE‑1 and ATF6 via their specific pathways, thereby 
reducing the synthesis of novel proteins and decreasing the 
accumulation of unfolded and misfolded proteins in the ER to 
restore the stability of the environment within the ER (12‑14).

However, when ERS is too intense or too long, the steady 
state of ER cannot be restored, UPR can activate the apoptosis 
signaling pathway to induce apoptosis (15,16). ERS has been 
previously demonstrated to be a novel way to initiate apop-
tosis (16). In the early stage of the ERS response, UPR helps to 
promote cell survival, but if the ERS is too great, the internal 
environment cannot be restored in time and this leads to apop-
tosis (16,17). ERS‑induced apoptosis is achieved mainly through 
the following three ways: The activation of transcription factors 
C/EBP‑homologous protein (CHOP)/growth inhibition and 
DNA damage‑inducible gene 153 (GADD153), activation of 
ASK1/JNK kinase pathway and activation of caspase 12 (18‑20). 
The UPR pathway promotes cell survival and induces apoptosis, 
however the mechanisms of the transition from pro‑survival to 
pro‑apoptotic are unclear (18,20).

Previous studies had demonstrated that autophagy can be 
induced by ERS through a variety of ways (21,22). From yeasts 
to mammals, the mutual regulation of ERS and autophagy is 
a highly conserved process (23). Cell autophagy, also known 
as type II programmed cell death, had been demonstrated 
to induce autophagy under conditions of starvation, ERS, 
hypoxia, and radiation (21,22). In mammalian cells, autophagy 
is induced by increased levels of PERK, IRE‑I and Ca2+ (24). 
During autophagy, a autophagosome bilayer is formed, which 
separates the cytosol and proteins from the cytoplasm (25). 
The outer membrane of the autophagosome then fuses with 
lysosomes to dissolve the endolyses and their solutes (25). 
Up to now, >30 autophagy‑associated genes have been identi-
fied (26,27). These genes are named autophagy‑related genes 
(ATG). The ATG12‑ATG5 and LC3‑modified ubiquitin‑like 
protein binding systems serve an important role in the forma-
tion of autophagosomes in mammals (28,29).

An increasing number of studies have demonstrated that 
autophagy has an inhibitory effect on tumors and mutations 
or deletions of related autophagy genes are involved in this 
process (30,31). A single allelic deletion or mutation of Beclinl 
was observed in 40‑75% of human breast, ovarian and prostate 
cancer, and but only a low level of expression occurs in brain 
tumors (31). In addition, investigations have demonstrated that 
inhibition of the accumulation of autophagy substrate‑p62 can 
prevent the damage caused by autophagy defects, indicating 
that autophagy can also inhibit the occurrence of tumors by 
reducing p62 accumulation (32,33). Other studies revealed that 
cell autophagy can be induced by high expression of ATG1/4, 
resulting in a significant reduction in cell volume and inhibi-
tion of tumor growth (34‑36).

It has been demonstrated that nutritional deficiencies, ERS 
and other factors can cause cell autophagy  (37). Previous 
investigations have demonstrated that autophagy caused by 
starvation causes degradation of a large number of misfolded 
proteins, but is not specific (37,38). Autophagy caused by anti-
neoplastic agents and oxidative stress may be different from 
starvation because they degrade misfolded proteins through 
the ubiquitination process (28,29). Therefore, the mechanisms 
of autophagy induced by drugs or oxidative stress, such as 
protection or cytotoxicity, and autophagy‑regulating cell 
death, need to be further investigated.

Materials and methods

Cell culture. Human hepatoblastoma cell line HepG2 (39) 
were purchased from Chinese Academy of Sciences Cell 
Bank (Shanghai, China). All cells were cultured in Dulbecco's 
modified Eagle medium (DMEM; Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) containing 10% fetal bovine 
serum (Sigma‑Aldrich; Merck KGaA), 100 U/ml penicillin 
and 100  µg/ml streptomycin and placed in a cell culture 
chamber at 37˚C and under a humidified atmosphere with 
5% CO2. After the cells adhered and were grown to 80% 
confluence, the culture medium was removed and washed with 
appropriate amount of PBS and digested with 0.25% trypsin 
(Sigma‑Aldrich; Merck KGaA). Cells in the logarithmic phase 
of growth were selected for following experiments.

Cell Counting Kit‑8 (CCK‑8) assay. The liver cancer cells in 
the logarithmic growth phase were seeded in 96‑well plates at 
2x105 cells per well and cultured overnight at 37˚C. After the 
cells were completely adhered and grown to 80% confluence, 
the culture medium was removed and replaced with culture 
medium containing different concentrations of H2O2 (0, 100, 
200, 400, 800 and 1,000 µmol; Sigma‑Aldrich; Merck KGaA). 
After 6, 12, 24 and 48 h with H2O2 treatment, 20 µl CCK‑8 
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan) 
was added and the cells were cultured at 37˚C for another 4 h. 
The absorption of cell solution was measured at a wavelength 
of 450 nm.

Reactive oxygen species (ROS) assay. The cells in the loga-
rithmic growth phase were seeded in 96‑well plates at 2x105 
cells per well and cultured overnight at 37˚C. After the cells 
were grown to 80% confluence, the culture medium was 
removed and the cells were divided into several groups with 
medium containing different concentrations of H2O2 (0, 200, 
400, 600 and 1,000 µmol), respectively. After cultured for 
another 24 h, cells were harvested, and washed with PBS. Cells 
were incubated in 20 µM DCFH‑DA solution (Sigma‑Aldrich; 
Merck KGaA) at 37˚C for 1 h according to manufacturer's 
protocol. The cells were washed with PBS, ROS production in 
cells was determined using a flow cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA). The data was analyzed using FlowJo 
software version 7.6.1 (FlowJo LLC, Ashland, OR, USA).

Experimental design. The liver cancer cells in logarithmic 
growth phase were seeded in 96‑well plates at 2x105 cells 
per well and cultured overnight at 37˚C. After the cells were 
completely adhered and grown to 80% confluence, the culture 
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medium was removed and then the cells were divided into 
four groups as follows: i) Cells cultured in culture medium 
without drugs and used as a control; ii), cells cultured in 
medium containing 600  µmol H2O2 and named the H2O2 
group; iii), cells cultured in medium containing 600 µmol 
of H2O2 and ERS inhibitor Salubrinal (SAL; Sigma‑Aldrich; 
Merck KGaA), and called the H2O2 + SAL group; iv), cells 
cultured in medium containing 600  µmol H2O2 and ERS 
inducer Tunicamycin (TM; Sigma‑Aldrich; Merck KGaA), and 
expressed as H2O2 + TM group. After the cells were cultured 
for 24 h, they were used for the following assays.

Apoptosis detection by flow cytometry. The cells from all 
groups were harvested and digested, and then were washed 
twice with PBS and collected at 1x105 cells per tube. 
Apoptosis was detected using a Fluorescein isothiocyanate 
(FITC) Annexin V Apoptosis Detection kit (BD Biosciences). 
After 5 µl Annexin V‑FITC and 5 µl propidium iodide dyes 
were added to each well, the cells were incubated at room 
temperature for 15 min. Then apoptosis was detected by flow 
cytometry within 1 h. The upper left quadrant represents a 
mechanically injured cell and the upper right quadrant is a late 
apoptotic cell. The lower left quadrant is a normal cell and the 
lower right quadrant is an early apoptotic cell. In this experi-
ment, the proportion of the upper right quadrant + the lower 
right quadrant was used as the percentage of apoptotic cells. 
The data was analyzed using FlowJo software version 7.6.1.

Autophagy rate detection by flow cytometry assay. Minimum 
essential medium (MEM; Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) containing 2 ml monodansylcadav-
erine (MDC; final concentration 50 NM) was added to each 
group and incubated for 30 min in a constant temperature 
incubator at 37˚C, 5% CO2. The supernatant was collected at 
500 x g for 5 min at 4˚C. Then the obtained supernatant was 
discarded and 500 µl MEM containing MDC (final concentra-
tion of 50 NM) was added to each group and then incubated 
at 37˚C for 30 min. Cells were washed twice with PBS and 
digested with 0.25% trypsin for 2 min, then 1 ml PBS was 
added and mixed. The cells obtained were then collected in 
1.5 ml centrifuge tubes and centrifuged at 500 x g for 5 min 
at 4˚C. The supernatants were discarded, 1 ml PBS was added 
to re‑suspend the supernatant. The solutions were then centri-
fuged at 500 x g for 5 min at 4˚C. A total of 800 µl supernatant 
was sucked out and the remaining 200 µl was mixed. The fluo-
rescence intensity of MDC staining of the solution obtained 
was measured on a flow cytometer at an excitation wavelength 
of 488 nm after passing a 300 mesh copper mesh. The data 
was analyzed using FlowJo software version 7.6.1.

Western blotting assay. Buffer A cell lysates (Cell Signaling 
Technology Inc., Danvers, MA, USA) containing a protease 
and phosphatase inhibitor cocktail (Roche Diagnostics, Basel, 
Switzerland) were added to the cells collected from all groups, 
and homogenized for 30 min at 4˚C. Total protein extracts were 
quantified by Bicinchoninic acid Protein Assay kit (Thermo 
Fisher Scientific, Inc.). Proteins (30 µg) were separated by 
10% SDS‑PAGE and then transferred to a nitrocellulose 
membrane. Subsequently, the membranes were blocked with 
5% fat‑free dry milk at room temperature for 1 h. Following 

this, the blots were incubated with human anti‑GRP78 (cat. 
no.  ab181499; Abcam, Cambridge, MA, USA; 1:1,000), 
anti‑IRE1 (cat. no. ab48187, Abcam; 1:2,000), anti‑ATF6 (cat. 
no. ab37149; Abcam; 1:1,000), anti‑CHOP (cat. no. ab11419; 
Abcam; 1:1,000), anti‑pro caspase‑3 (cat. no. ab32150; Abcam; 
1:1,000), anti‑pro caspase‑9 (cat. no. ab135544; Abcam; 1:500), 
anti‑caspase‑12 (cat. no. ab62484; Abcam; 1:1,000), anti‑p62 
(cat. no. ab56416; Abcam; 1:500), anti‑β‑actin (cat. no. ab8226; 
Abcam; 1:2,000) overnight at 4˚C. The membranes were again 
washed with PBS and incubated with horseradish peroxidase 
(HRP)‑conjugated goat anti‑rabbit IgG secondary antibodies 
(cat. no. P0448; Dako; Agilent Technologies, Inc., Santa Clara, 
CA, USA; 1:2,000) at room temperature for 1 h. The proteins 
were finally examined by an enhanced chemiluminescence 
system (ECL) (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). Band intensities were quantified by densitometry using 
ImageJ Software version 1.6 (National Institutes of Health, 
Bethesda, MD, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) assay. Total RNA from cells was extracted 
using the RNeasy mini‑kit (Qiagen GmbH, Hilden, Germany) 
according to manufacturer's protocol. Total RNA (1  µg) 
was reverse‑transcribed with an iScript cDNA Synthesis kit 
(Bio‑Rad Laboratories, Inc.), according to the manufacturer's 
protocol. Primers were synthesized by Sangon Biotech Co., 
Ltd., (Shanghai, China). Relative quantification of mRNA was 
performed by qPCR using iQ SYBR‑Green Supermix and 
iCycler iQ thermal cycler (Bio‑Rad Laboratories, Inc.). The 
thermocycling conditions were as follows: 95˚C for 10 min, 
followed by 40 cycles of 95˚C for 15 sec, 60˚C for 60 sec, and 
72˚C for 60 sec. Each sample was determined in duplicate. 
All PCR products were confirmed by 1.5% agarose gel elec-
trophoresis. Data were calculated using the 2‑ΔΔCq method (40) 
and relative expression was normalized to an endogenous refer-
ence (β‑actin). Primers were as follows: GRP78: 5'‑GAG​TAG​
GCG​ACG​GTG​AGG​TC‑3' (forward) and 5'‑GAG​CAC​AGC​
GCA​ATT​TCC​GA‑3' (reverse); IRE1: 5'‑GCT​CCA​GAG​ATG​
CTG​AGC​GA‑3' (forward) and 5'‑GTG​CTT​CTC​TGG​GTG​
CAA​GC‑3' (reverse); p50ATF6: 5'‑AGA​GGC​AAC​CCA​CGT​
TGT​CA‑3' (forward) and 5'‑GCC​ACC​AAG​GCA​GAA​AGC​
AG‑3' (reverse); CHOP: 5'‑TGC​AGA​GAT​GGC​AGC​TGA​GT‑3' 
(forward) and 5'‑CCA​AGC​CAG​AGA​AGC​AGG​GT‑3' (reverse); 
β‑actin: 5'‑GGC​ACT​CTT​CCA​GCC​TTC​CT‑3' (forward) and 
5'‑GCA​CTG​TGT​TGG​CGT​ACA​GG‑3' (reverse).

Statistical analysis. The results are expressed as the 
mean ± standard deviation of the mean of three independent 
experiments. Statistical comparisons between different groups 
were conducted by with SPSS software (version 20; IBM 
Corps., Armonk, NY, USA). Two‑tailed one‑way analysis of 
variance followed by Bonferroni post hoc pairwise comparison 
was used to assess the differences between groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Cell viability is affected by H2O2 in a dosage‑ and time‑dependent 
manner. To test the consequences of increased oxidative stress 
on the cell viability of human hepatoblastoma cell line HepG2, 



WU et al:  ROLES OF ERS AND AUTOPHAGY ON H2O2-INDUCED OXIDATIVE STRESS INJURY IN HepG24166

cells were incubated in different concentrations of H2O2 (0, 100, 
200, 400, 800 and 1,000 µmol). The results demonstrated that 
cell viability in all groups altered in a dose‑ and time‑dependent 
manner (Fig. 1). As well as in the control group, cell viability in 
groups with 100 and 200 µmol H2O2 increased with increased 
time (Fig. 1). While in the group with the higher concentrations 
of H2O2 (400, 800 and 1,000 µmol), cell viability was significant 
reduced compared with the control and cells treated with low 
concentration of H2O2 (100 and 200 µmol; P<0.05). In groups 
with high concentration treatments of H2O2, cell viability was 
lowest at 12 h following cell treatment with H2O2, suggesting 
that cell growth or cell apoptosis were affected by high oxida-
tive stress.

ROS levels in cells treated with H2O2 are increased in a 
dosage‑dependent manner. Cell viability was affected by 
H2O2 treatments, indicating that cell damage was induced 
by oxidative stress. Therefore, the ROS levels induced by 
different concentrations of H2O2 were measured. The flow 
cytometry assay demonstrated that ROS levels were signifi-
cantly elevated with increased treatment concentrations of 
H2O2 (P<0.05; Fig. 2). The ROS levels in cells treated with 
600 and 1,000 µmol H2O2 were ~10 and 15 fold of that of 
control, respectively (Fig. 2). Hence, together with the results 
of cell viability test, the cells treated with 600 µmol H2O2 
had moderate injuries; therefore this dose was chosen for the 
oxidative damage model and used in subsequent experiments.

Increased apoptosis and cell autophagy rates induced by 
H2O2 are significantly affected by SAL and TM. To examine 
apoptosis and cell autophagy rates in cells with ERS induced 
by oxidative stress, cells were treated with H2O2 + ER inhibitor 
SAL and ERS inducer TM. Compared with the control, 
apoptosis rates were significantly increased in groups treated 
with H2O2 (P<0.05; Fig. 3). However, compared with cells 
treated with H2O2 alone, the apoptosis rates were decreased 
and increased in cells treated with H2O2 + SAL and with 
H2O2 + TM, respectively (P<0.05; Fig. 3).

Similarly, cell autophagy rates were significantly increased 
in all groups compared with the control (P<0.05; Fig.  4). 

Compared with cells treated with H2O2 alone, cell autophagy 
rates were significantly decreased and increased in cells with 
H2O2 + SAL and H2O2 + TM treatments, respectively (P<0.05; 
Fig. 4).

SAL and TM treatment can reduce and increase the expression 
of ERS associated genes, respectively. To further investigate 
the effects of H2O2, SAL and TM on ERS, the expression of 
ERS‑associated genes were determined. As demonstrated in 
Fig. 5, a western blot assay revealed that the expression levels 
of GRP78, IRE1, p50ATF6 and CHOP proteins were signifi-
cantly increased following treatment with H2O2, compared 
with the control (P<0.05). The expression level of the afore-
mentioned genes decreased and increased in cells treated with 
H2O2 + SAL and H2O2 + TM, respectively, compared with the 
cells treated with H2O2 alone (Fig. 5A and B).

Similarly, mRNA expression levels of GRP78, IRE1, 
p50ATF6 and CHOP were upregulated in cells treated with 
H2O2 alone and with H2O2 + TM, compared with the control 
(P<0.05). However, the mRNA expression levels were signifi-
cantly downregulated and upregulated in cells treated with 
H2O2 + SAL and H2O2 + TM, respectively compared with cells 
treated with H2O2 alone (P<0.05; Fig. 5C).

TM stimulates the upregulation of apoptosis‑related genes 
of ER pathway and autophagy. Previous tests revealed that 
apoptosis and autophagy were induced following treatment 
with H2O2 and TM. Consequently, the expression of apoptosis 
genes and cell autophagy‑associated genes were measured. 
The results demonstrated that the protein expression levels of 
pro caspase‑3 and pro caspase‑9 were significantly decreased 
in the cells treated with H2O2 alone and with H2O2 + TM, 
compared with the control (P<0.05; Fig. 6). They were increased 
and decreased in the cells treated with H2O2 + SAL and with 
H2O2 + TM, respectively, compared with the cells treated with 
H2O2 alone (P<0.05; Fig. 6). By contrast, the protein levels of 
caspase‑12 were significantly increased in cells treated with 
H2O2, compared with the control (P<0.05). The protein levels 
were downregulated and upregulated in cells treated with 
H2O2 + SAL and with H2O2 + TM, respectively, compared 
with the cells treated with H2O2 alone (Fig. 6A and B).

The expression levels of LC3‑I and LC3‑II protein were 
increased in cells treated with H2O2 and with H2O2 + TM, 
compared with the control. The levels of LC3‑I and LC3‑II 
protein were downregulated and upregulated in cells treated 
with H2O2 + SAL and with H2O2 + TM, compared to cells 
treated with H2O2 alone, respectively. By contrast, the levels of 
p62 protein were significantly downregulated after cells were 
treated with H2O2 (P<0.05; Fig. 6C and D). Compared with cells 
treated with H2O2 alone, the expression levels of p62 protein 
were increased and reduced, respectively in cells treated with 
H2O2 + SAL and with H2O2 + TM. These results confirmed 
the observation of increased autophagy rates detected by flow 
cytometry assay, indicating that the formation of autophago-
somes was increased in cells treated with H2O2 or H2O2 + TM.

Discussion

The present study investigated the role of ERS‑autophagy on 
the oxidative damage induced by H2O2 and the mechanism 

Figure 1. Cell viability was significantly influenced by H2O2 treatment. Cell 
Counting Kit‑8 assay demonstrated that cell viabilities were affected in a dosage‑ 
and time‑dependent manner. With increased treatment time, cell viabilities were 
increased in cells treated with low concentrations of H2O2 (100 and 200 µmol), 
and decreased in cells presented in high concentrations of H2O2 (400, 800 and 
1,000 µmol). *P<0.05 vs. the control group; #P<0.05 vs. 100 or 200 µmol H2O2.
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involved. The present study demonstrated that oxidative 
damage induced by H2O2 can be inhibited and enhanced by the 
ERS inhibitor SAL and inducer TM, respectively. Furthermore, 
TM treatment increased apoptosis and autophagy rates, indi-
cating that ERS‑autophagy is involved the apoptosis of HepG2 

cells. In addition, these processes were inhibited by the ERS 
inhibitor SAL, confirming the role of ERS‑autophagy on the 
apoptosis induced by oxidative stress. Consistent with these 
observations, TM increased the expression of ERS‑associated 
genes, including GRP78, IRE1, p50ATF6 and CHOP, and also 

Figure 2. ROS levels in cells induced by H2O2 were elevated in a dosage‑dependent manner. Flow cytometry assay demonstrated that ROS levels were increased 
with treatment concentrations of H2O2 in the. (A) control, (B) 200, (C) 400, (D) 600 and (E) 1,000. (F) Relative levels of ROS were significantly increased in 
the dosage of H2O2 dependent manner. *P<0.05 vs. the control group. ROS, reactive oxygen species.
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Figure 3. Apoptosis rates induced by H2O2 were significantly affected by SAL and TM. (A-D) Apoptosis rates were determined by flow cytometry. (E) The 
results demonstrated that apoptosis rates were simulated by treatment of H2O2, which were reduced and increased in cells treated with SAL and TM, respec-
tively. *P<0.05 vs. the control group; +P<0.05 vs. the H2O2 group. TM, Tunicamycin; SAL, Salbrinal; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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Figure 4. Cell autophagy rates induced by H2O2 were significantly affected by SAL and TM. (A-D) Cell autophagy rates were detected by flow cytometry. 
(E) The results demonstrated that cell autophagy rates were simulated in cells treated with H2O2, which were reduced and increased in cells treated with SAL 
and TM, respectively. *P<0.05 vs. the control group. +P<0.05 vs. the H2O2 group. TM, Tunicamycin; SAL, Salbrinal.
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the expression of autophagy‑associated genes LC3‑I, LC3‑II 
and p62.

Primary and secondary resistance remains a bottleneck in 
the clinical treatment of cancer (41). The mechanism of the 
formation of drug‑resistant tumor cells is not only associated 
with the increased expression of resistance and anti‑apoptotic 
genes of tumor cells, but also the results of the present study 
suggest that autophagy, ERS and other signaling pathways are 

involved in the formation of drug resistance mechanisms of 
tumor cells (42,43). ERS and autophagy are adaptive responses 
of cells to injury stimuli (43). ERS‑induced autophagy can 
maintain homeostasis of the intracellular environment, serving 
a certain protective role (43). When ERS occurs, the UPR can 
activate autophagy and subsequently autophagy can reduce 
the load of the ER by degrading the misfolded or unfolded 
protein and suppressing the excessive activation of ERS (5,43). 

Figure 5. Expression levels of ERS‑associated proteins were simulated by H2O2 and TM, and inhibited by SAL. (A) Western blot assay and (B) quantification 
of the assay measuring the expression levels of GRP78, IRE1, p50ATF6 and CHOP proteins were increased in cells with H2O2 treatment. Compared with cells 
treated with H2O2 alone, they were reduced and increased in cells treated with H2O2 + SAL and H2O2 + TM, respectively. (C) Reverse transcription‑quantitative 
polymerase chain reaction assay demonstrated that expression levels of GRP78, IRE1, p50ATF6 and CHOP mRNA were increased in cells treated with H2O2 
alone and with H2O2 + TM, compared with the control. These repression levels were significantly reduced and increased in cells treated with H2O2 + SAL and 
H2O2 + TM, compared with cells treated with H2O2 alone, respectively. *P<0.05 vs. the control group. +P<0.05 vs. the H2O2 group. TM, Tunicamycin; SAL, 
Salbrinal; ERS, endoplasmic reticulum stress; CHOP, C/EBP‑homologous protein; IRE1, inositol‑requiring kinase‑I; GRP78, glucose‑regulated protein‑78; 
ATF6, activating transcription factor 6.
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In addition, degradation products produced by these processes 
also provide the raw material for the synthesis of novel 
proteins in the cell, the reconstruction of the cell structure and 
the formation of ATP (15,17).

However, the over‑activation of ERS can increase cell 
damage and even cause cell death  (19,20,44). The present 
study investigated the association between oxidative stress, 
the ERS inhibitor SAL and ERS inducer TM to identify the 
effect of ERS on oxidative damage induced by H2O2 in the 
liver cancer cell line HepG2 and its mechanism. The results of 
the present study demonstrated that oxidative damage induced 
by H2O2 can be increased by TM‑induced ERS, which was 
confirmed by the elevations of apoptosis and autophagy rates. 
It also demonstrated that ERS was induced in cells treated 
with a high concentration of H2O2 (600 µM), which can be 

attenuated in cells treated with the ER inhibitor SAL, resulting 
in a reduction of apoptosis and autophagy rates. These results 
suggested that ER inducer can enhance oxidative stress 
damage in HepG2 cells.

The subsequent experiments revealed that the expression 
levels of ERS‑related genes, such as GRP78, IRE1, p50ATF6 
and CHOP, were increased in cells treated with TM + H2O2, 

compared with cells treated with H2O2 alone. It is well 
known that in the absence of ERS, the N‑terminus of IRE1, 
p50ATF6 and PERK binds to the chaperone Grp78/Bip and 
they are present in inactive state (6,11). When ERS occurs, 
a large number of unfolded proteins accumulate in the 
ER cavity, IRE1, p50ATF6 and PERK are then separated 
from Grp78/Bip, and Grp78/Bip binds to the unfolded 
proteins  (11,14,24). ERS‑regulated apoptosis is mediated 

Figure 6. Apoptosis‑ and cell autophagy‑associated genes in cells treated with H2O2 were significantly altered following co‑treatment with SAL and TM. 
(A) Western blot assay and (B) quantification of the results demonstrated that the expression of pro caspase‑3 and pro caspase‑9 were decreased following 
cells treated with H2O2, compared with the control. Compared with the cells treated with H2O2 alone, they were increased and decreased in cells treated with 
H2O2 + SAL and with H2O2 + TM, respectively. However, caspase‑12 was significantly increased in cells treated with H2O2. They were reduced and increased 
in cells treated with H2O2 + SAL and with H2O2 + TM, compared with cells treated with H2O2 alone, respectively. (C) Western blotting and (D) quantification 
of the western blot. The levels of LC3‑I, LC3‑II protein were increased in cells treated with H2O2 alone. Protein levels of LC3‑I, LC3‑II were decreased and 
increased in cells treated with H2O2 + SAL and with H2O2 + TM, compared with cells treated with H2O2 alone, respectively. By contrast, the expression levels 
of p62 protein were decreased by H2O2 treatment compared with the control group, and upregulated and downregulated in cells treated with H2O2 + SAL and 
with H2O2 + TM, compared to cells treated with H2O2 alone, respectively. *P<0.05 vs. control group. +P<0.05 vs. H2O2 group. TM, Tunicamycin; SAL, Salbrinal.
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by activation of the transcription factor CHOP/GADD153, 
the apoptotic signaling kinase 1 (ASK1)/c‑Jun N‑terminal 
kinase 1 (JNK) kinase pathway and caspase 12 (19). CHOP, 
also known as GADD153, is a member of the C/EBP tran-
scription factor family and is a specific transcription factor 
for ERS (18,19). When the ERS occurs, activated PERK, 
IRE‑1 and p50ATF6 can elevate CHOP expression, and 
ultimately activate caspase 3 to induce apoptosis (18,19,45). 
Consistent with this mechanism, the results in present study 
demonstrated that the elevation of CHOP expression and the 
reduction of pro‑caspase 3 level were observed when the 
upregulation of IRE‑1 and p50ATF6 were induced by ERS. 
In addition, when IRE‑1 is activated, it can bind to tumor 
necrosis factor receptor factor 2 (TRAF2) and ASK1 to form 
IRE1/TRAF2/ASK1 complex, and further activate JNK, 
which finally results in apoptosis  (14,46). Furthermore, a 
number of studies had revealed that activated calpain kinase 
can activate caspase 12 when ERS is activated by an imbal-
ance in intramolecular calcium storage, whereas activated 
PERK and IRE‑1 can also further activate caspase‑12 by 
activating TRAF2 protein (14,46,47). Activated caspase‑12 
is then transferred to the cytoplasm, causing the caspase‑9 
precursors to cleave and activate caspase‑9 to activate 
caspase‑3, leading to apoptosis, whereas this pathway does 
not depend on mitochondria (48). The results revealed that 
caspase‑12 was increased and levels of pro caspase‑3 were 
reduced, indicating that ERS‑induced apoptosis is involved 
in CHOP/GADD153, the ASK1/JNK kinase and caspase 
12 pathway in HepG2 cells. In addition, the present study 
demonstrated that the ERS inducer TM can enhance the 
apoptosis of HepG2 cells induced by H2O2 via elevating ERS.

Previously, it has been demonstrated that starvation, ERS 
and other factors can induce cell autophagy (37). Similar to a 
number of investigations, the results of the present study demon-
strated that cell autophagy was stimulated by ERS (37,49). 
Previous studies have demonstrated that two ubiquitin‑like 
binding systems are involved in the formation of autopha-
gosomes (37,49). One is the AtgS/Atg 12 system, including 
Atg5, Atg 12, Atg7, Atg 10 and Atg 16  (29,49). The other 
ubiquitin‑like binding system is comprised of LC3/Atg8 and 
its targeted molecular phosphatidylethanolamine (PE) (49,50). 
With the help of Atg 4, Atg 7 and Atg 3, part of the amino acid 
residue at the carboxy terminus of LC3/Atg8 is first cleaved 
to reveal the end of the aminoacetic acid, and then LC3/Atg8 
and PE are bound to each other through a dialkylamine 
bond (49,50). Following binding, LC3/Atg 8 are transformed 
from type I, which is dispersed in the cytoplasm, to type 
II, which is localized on the autophagic membrane (49,50). 
Therefore, an increase in LC3‑II expression is considered to be 
a marker of autophagy (50,51). However, in the present study 
no statistical differences were found for the ratio of LC3‑II and 
LC‑I between different groups (data not shown). ERS involves 
the whole process of protein synthesis, it can also induce the 
expression of LC3 II and Beclin 1 to promote the formation 
of autophagosomes (52). However, the specific mechanism of 
ERS in autophagy of tumor cells is not very clear. Previous 
studies suggested that ERS induced by overexpression of 
mutant proteins can induce the activation of autophagy, which 
is mediated in part by the PERK/eIF2a pathway (53‑55). At the 
molecular level, elevated levels of autophagy by PERK may be 

mediated by the upregulation of autophagy‑related gene Atg 
12 (45,55). Therefore, autophagy is a defense mechanism of 
cells against misfolded proteins and this process is regulated 
by UPR. Researchers also demonstrated that the formation of 
LC3 autophagosomes is dependent on the IRE‑1 pathway, but 
not by the PERK pathway (56). Notably, autophagy activation 
occurs through IRE‑1 kinase activity rather than endonuclease 
activity and IRE‑1 activates the TRAF2/JNK pathway to 
activate autophagy (57,58). The results demonstrated that LC3 
II protein expression was increased in cells treated with H2O2 
alone and with TM + H2O2, indicating that autophagy was 
induced by oxidative stress and TM, and the latter enhanced 
the former. Furthermore, activation of autophagy helps cells 
clear ubiquitinated proteins by p62  (33). When autophagy 
occurs, p62 is bound to the autophagy factor ATG8/LC3 by 
its ubiquitin‑associated region at the C‑terminus interacting 
with the LC3‑interacting region of LC3 and is transferred 
to the autophagosome and then is degraded (33,59). Studies 
demonstrated that the misfolding of the proteins produced in 
the cell may first be ubiquitinated and then degraded by the 
p62 autophagy pathway, decreasing ERS (33,60). The present 
study also revealed that in cells treated with H2O2 alone and 
with TM + H2O2, p62 expression was downregulated, and LC3 
II expression was upregulated, compared with the control and 
cells treated with SAL + H2O2. Together with the elevation 
of autophagy rates in cells treated with H2O2 alone and with 
TM + H2O2, it is hypothesized that autophagy can be induced 
by H2O2 and enhanced by ER.

In conclusion, ERS and autophagy can be triggered by 
H2O2, which can stimulate apoptosis of the liver cancer cell 
line HepG2 when cells are exposed to high concentrations of 
H2O2. The results suggested that ERS inducer TM may be a 
potential target for treating oxidative stress damage of tumor 
cells induced by antitumor drugs via enhancing ERS and 
autophagy.
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