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Abstract. Sorafenib has been approved as a systemic drug 
for advanced liver cancer; however, the underlying mecha-
nisms remain unclear. The present study aimed to investigate 
the effects of sorafenib on the proliferation, autophagy and 
apoptosis of HepG2 cells under hypoxia. Briefly, reverse 
transcription-quantitative PCR and western blotting was 
performed to quantify HIF-1, LC3II/I, mTOR and p70s6K 
expression levels. Cell proliferation was determined using 
the Cell Counting Kit-8 assay and the cell apoptosis rate was 
evaluated using flow cytometry. The results demonstrated 
that autophagy and apoptosis were induced by hypoxia, and 
that sorafenib further enhanced hypoxia-induced autophagy 
and apoptosis in HepG2 cells in a dose-dependent manner. 
Furthermore, the mechanism of sorafenib-mediated autophagy 
in liver cancer cell were investigated by using chloroquine 
(CQ). The results showed that CQ significantly inhibited 
autophagy by decreasing LC3II/LC3I ratio in HepG2 cells 
treated with sorafenib and/or hypoxia. By contrast, sorafenib 
could increase the expression of hypoxia-inducible factor-1 
(HIF-1) and of the autophagy marker (LC3II/I) and decrease 
the expression of mammalian target of rapamycin and p70 
ribosomal S6 kinase in HepG2 cells under normoxia and 
hypoxia conditions, suggesting that sorafenib could induce 
hypoxia and autophagy in liver cancer cells. In addition, 
sorafenib was demonstrated to prevent proliferation and 
induce apoptosis of HepG2 cells under normoxia and hypoxia. 
Sorafenib could also prevent the malignant behavior of HepG2 
by inducing hypoxia and autophagy. In summary, the findings 

from the present study suggested that sorafenib may inhibit 
liver cancer progression by activating autophagy and HIF-1 
signaling pathway.

Introduction

Primary liver cancer is the second leading cause of cancer-
associated mortality worldwide (1,2). Primary liver cancer is 
one of the few tumors with a steady increasing incidence and 
mortality. It is therefore a major public health challenge (3). 
Liver cancer normally comprises a heterogeneous group of 
malignant tumors, including hepatocellular carcinoma (HCC), 
intrahepatic cholangiocarcinoma (iCCA) and other rare 
tumors (4). The incidence of liver cancer is strongly correlated 
with cirrhosis, which is caused by alcohol abuse, hepatitis B 
and/or hepatitis C infection, aflatoxin exposure, smoking or 
other chronic liver injuries, such as metabolic liver diseases 
and autoimmune diseases (5,6). Sorafenib is a multiple kinase 
inhibitor targeting cell surface and intracellular kinases and 
that has been found to restrict tumor growth via inducing 
apoptosis and inhibiting angiogenesis (7-9). Furthermore, 
sorafenib activates liver cancer cell autophagy by regulating 
PI3K/AKT/mammalian target of rapamycin (mTOR) (10-12), 
Ras/RAF/MEK/ERK (13) and JAK-STAT (14) signaling path-
ways and induces the autophagic cell death (14). In clinical 
application, the efficacy of sorafenib in advanced liver cancer 
has been confirmed by two independent clinical trials (15,16) 
and sorafenib has been approved as a systemic agent for the 
treatment of the cancer. However, the underlying mechanisms 
of sorafenib in liver cancer are still being investigated.

Hypoxia commonly occurs in liver cancer due to intense 
oxygen metabolism (17). Tumor hypoxia has been linked 
to poor patient outcomes (18,19). Several techniques for 
assessing tumor hypoxia have allowed clinicians to determine 
the extent of hypoxia in order to adopt differential treatment 
strategies (20-22). In addition, various methods have been 
established to simulate hypoxic conditions in in vivo pre-
clinical research, such as cell treatment with cobalt chloride 
or cell culture in hypoxic chamber (23,24). Hypoxia-inducible 
factors (HIFs) are transcription factors responding to hypoxia. 
They are composed of an α subunit and a β subunit and can 
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be classified into the three isoforms HIF 1α, HIF 2α and HIF 
3α (25,26). Degradation of HIFα by prolyl hydroxylase (PHD) 
can suppress the activity of HIF under normoxia. However, 
the HIF commonly remains active due to the deactivation of 
PHD under hypoxia (25). Upregulation of HIFs in liver cancer 
cells contributes to cell adaption to the hypoxic environment 
via regulation of proliferation, metabolism, inflammation 
and angiogenesis (27,28). Activation of HIF-1α is a marker 
for acute hypoxia since HIF-1α accumulation increases the 
expression of PHD by positive feedback regulation, which 
leads to HIF-1α degradation under chronic hypoxia (28). 
Multiple signaling pathways of hypoxia-induced autophagy, 
including the HIF-1/mTOR signaling pathway, have been 
reported (29). However, the effects of hypoxia in liver cancer 
have not yet been reported.

Autophagy is a highly conserved catabolic process designed 
to deliver cellular materials to autophagosome-liposome 
infused complex for the degradation of damaged organelles 
and energy recycling (30,31). In mammalian cells, autophagy 
is typically divided into the principal step-initiation, nucle-
ation of the autophagosome, elongation of the autophagosome 
membrane, fusion with the lysosome and degradation (32). 
Multiple signaling pathways of autophagy have been 
reported, including the P53 (33), PI3K (34), Ras (35,36) and 
JAK-STAT (32,37) signaling pathways. Chloroquine (CQ) 
is frequently used as an inhibitor of autophagy in both cell 
culture and in vivo (38). The direct effects of CQ on autophagy 
are related to the expression of HIF-1 and LC3II/I (39). 
Therefore, CQ is usually employed to study the mechanism 
of autophagy (40). It is hypothesized that autophagy might 
serve a complicated role in tumorigenesis, such as in liver 
tumorigenesis (41). However, whether sorafenib can influence 
the malignant behavior of liver cancer by regulating autophagy 
remains unknown.

In the present study, the effects of sorafenib and hypoxia on 
the proliferation, autophagy and apoptosis of liver cancer cells 
were investigated. Furthermore, the role of sorafenib on the 
expression of hypoxia and autophagy-related proteins in liver 
cancer cells was also evaluated.

Materials and methods

Materials. HepG2 cells and GFP-LC3 plasmid were kindly 
donated by the Department of Biochemistry and Molecular 
Biology of the Third Military Medical University. DMEM 
cell culture medium, FBS, penicillin G, streptomycin and 
trypsin were purchased from Gibco; Thermo Fisher Scientific, 
Inc. The transfection reagent Lipofectamine™ 2000 was 
purchased from Omega Bio-Tek, Inc. Cell Counting Kit-8 
(CCK8-kit) was acquired from Abmole BioScience Inc. 
Developer kit for western blotting was obtained from Pierce; 
Thermo Fisher Scientific, Inc. The BCA protein concentration 
test kit Pierce BCA Protein Assay kit was purchased from 
Pierce; Thermo Fisher Scientific, Inc. Tris-base, glycine, SDS, 
acrylamide, DTT, Tween-20 and BIS-Acrylamide reagents 
for western blotting were obtained from Sangon Biotech Co., 
Ltd. PvDF membranes were purchased from EMD Millipore. 
X-ray films were purchased from Guangxi Yestar Medical 
System Co. Ltd. Methanol, glycerol, ethanol, isopropanol and 
concentrated hydrochloric acid used for western blotting were 

acquired from Guangzhou Chemical Reagent Factory. RNA 
extraction kit was purchased from Ambion; Thermo Fisher 
Scientific, Inc. CQ was provided by Sigma-Aldrich; Merck 
KGaA. Annexin v-FITC/propidium iodide (PI) apoptosis kit 
was purchased from eBioscience; Thermo Fisher Scientific, 
Inc. The following antibodies were used in the present study: 
i) primary antibodies against HIF-1 (cat. no. 3716S; 1:1,000; 
Cell Signaling Technology, Inc.), LC3-I (cat. no. 12741S; 
1:1000; Cell Signaling Technology, Inc.), LC3-II (cat. 
no. 12741S; 1:1,000; Cell Signaling Technology, Inc.), mTOR 
(cat. no. 2972S; 1:1,000; Cell Signaling Technology, Inc.), p70 
ribosomal S6 kinase (p70s6k; cat. no. 9202S; 1:1,000; Cell 
Signaling Technology, Inc.), GAPDH (cat. no. 2118S; 1:1,000; 
Cell Signaling Technology, Inc.); and ii) HRP-conjugated 
anti-mouse (1:1,000; Santa Cruz Biotechnology, Inc.) or 
anti-rabbit secondary antibody (1:1,000; Cell Signaling 
Technology, Inc.).

Cell culture and cell treatment. HepG2 cells were cultured in 
DMEM supplemented with 10% FBS, 100 U/ml penicillin G 
and 100 mg/ml streptomycin placed at 37˚C in a humidi-
fied incubator containing 5% CO2. The cells (2.5x103) were 
transferred into a 6-well plate and were exposed to a hypoxic 
(0.1% oxygen) or a normoxic (~20% oxygen) environments for 
24 h. The cells were subsequently treated with sorafenib at the 
specified concentrations and for the indicated durations. Cells 
in each group were then collected for further experiments. For 
CQ treatment group, cells exposed to 50 µM CQ and cultured 
at 37˚C with 5% CO2 for 24 h were subsequently treated 
according indicated conditions.

Autophagosome evaluation. The HepG2 cells (2.5x103) 
were seeded evenly in a 6-well plate and cultured at 37˚C 
with 5% CO2 for two days. Then cells were transfected with 
GFP-LC3 plasmid for 48 h at 37˚C (2 µg/well, GFP-LC3 
was subcloned from pEGFPC1-LC3 into the SnaB1 and Sal1 
sites of pBABEpuro) using Lipofectamine 2000 according 
to the manufacturers' instructions. After treatment with 
various concentration of sorafenib (10, 20, 30 and 40 µM) 
at 37˚C for 12 h, cells were fixed in 4% formaldehyde at 
20 min in room temperature. The autophagosomes were 
detected and photographed under a fluorescence microscope 
(magnification, x100). The green fluorescence of cells were 
quantified by ImageJ version 2.1.0 (National Institutes 
of Health) Cells with more than 5 puncta were defined as 
autophagic cells (42).

CCK-8 assay. HepG2 cells (2x103 cells/100 µl) were trans-
ferred into a 96-well plate and were exposed to hypoxic (0.1% 
oxygen) or normoxic (~20% oxygen) environments for 24 h. 
Cells were then treated with 30 µΜ sorafenib for 0, 24, 48 
and 72 h, and cells were incubated with 10 µl CCK-8 for 3h at 
37℃. The absorbance at 450 nm was read using a microplate 
reader.

Flow cytometer. HepG2 cells were treated as described above. 
Cells were washed with PBS (Invitrogen; Thermo Fisher 
Scientific, Inc.) and adjusted to a density of 1x106 cells/ml. The 
cells were subsequently resuspended in 100 µl binding buffer, 
5 µl Annexin v-FITC and 5 µl PI and incubated in the dark 
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at 4˚C for 15 min. Early + late apoptotic cells were washed 
with PBS and then analyzed by BD LSR Fortessa flow cytom-
eter (Becton, Dickinson and Company) and FlowJo software 
version 7.6.1 (FlowJo LLC).

Western blotting. HepG2 cells were washed three times with 
PBS and diluted in Tris-HCl buffer. RIPA buffer (Beyotime 
Institute of Biotechnology) was added to HepG2 cells at 4˚C 
for 20 min. The samples were centrifuged at 13,500 x g at 
4˚C for 10 min and the supernatants containing all proteins 
were collected and stored at -80˚C. Protein concentration 
was determined using Pierce BCA Protein assay kit. Proteins 
(20 µg) were separated by 10% SDS-PAGE and were trans-
ferred onto PvDF membranes. Membranes were blocked with 
5% skimmed milk in TBS buffer overnight at 4˚C and washed 
three times with TBS buffer. Membranes were subsequently 
incubated in primary antibodies diluted into skimmed milk 
for 1 h at room temperature. After washing three times with 
TBS buffer, membranes were incubated with horseradish 
peroxidase-labeled secondary antibodies for 45 min at room 
temperature. Membranes were imaged using chemilumi-
nescence (EMD Millipore). Relative expression levels were 
normalized to endogenous control GAPDH using software 
Image-Pro Plus 6.0 (National Institutes of Health).

Reverse transcription quantitative (RT-q) PCR. RNA extrac-
tion kit was utilized to extract total RNA from the treated 
HepG2 cells. RNA was reverse transcribed into cDNA using 
the cDNA Synthesis according to the manufacturers' instruc-
tions (PrimeScript RT reagent kit, Takara Bio, Inc.). RT-qPCR 
reactions were conducted using SYBR Green qPCR SuperMix 
(Invitrogen; Thermo Fisher Scientific, Inc.). The mRNA level 
of HIF was evaluated using RT-qPCR, GAPDH was used 
as the reference gene. The gene-specific primer sequences 
were: HIF-1-F: TATGAGCCAGAAGAACTTTTAGGC; 
HIF-1-R: CACCTCTTTTGGCAAGCATCCTG; GAPDH-F: 
CGGAGTCAACGGATTTGGTCGTAT; GAPDH-R: 
AGCCTTCTCCATGGTGGTGAAGAC. The conditions of 
PCR were: Pre-denaturation at 95˚C for 3 min, followed by 
40 cycles of denaturation for 10 sec at 95˚C, annealing at 58˚C 
for 30 sec and then 95˚C for 10 sec. Melt Curve 65-95˚C with 
increments of 0.5˚C for 5 sec. Following this, the expression 
levels of HIF-1 was assessed. The relative quantification 
was performed using the comparative 2-∆∆Cq method (43). 
∆∆Ct=[Ct(target gene)-Ct(internal gene)] experimental group-
[Ct(target gene)-Ct(internal gene)] control group.

Statistical analysis. Each experiment was performed at least 
three times independently and data were presented as the 

Figure 1. SF induces autophagy and apoptosis of HepG2 cells under hypoxia. (A) GFP-LC3 plasmid was transfected into HepG2 cells and cells were incu-
bated with 10, 20, 30 and 40 µM SF for 12 h. Fluorescence intensity of LC3 was determined using a fluorescence microscope. Magnification, x100. Scale 
bar=100 µm. (B) LC3 positive cells were quantified using results (A). (C) HepG2 cells were exposed to low oxygen levels for 24 h and were treated with various 
concentrations of SF. Cell apoptosis was estimated by Annexin v/PI staining. (D) Apoptotic rate was determined based on results from three independent 
experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. normoxia group. &P<0.05 and &&P<0.01 vs. hypoxic group. SF, sorafenib.
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means ± standard deviation. One-way ANOvA followed by 
Tukey's post-hoc test was used for multiple comparisons. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Sorafenib induces the autophagy and apoptosis of HepG2 
cells under hypoxia. LC3 is a transmembrane protein that is 
abundant in the cytoplasm and located on the membrane of 
autophagosomes during autophagosome formation (44,45). 
The present study demonstrated that LC3 fluorescence 
intensity was significantly enhanced in HepG2 cells under 
hypoxia compared with cells under normoxia. Furthermore, 
treatment with sorafenib significantly enhanced LC3 fluores-
cence intensity in a concentration-dependent manner (P<0.05, 
P<0.01 and P<0.001; Fig. 1A and B). In addition, sorafenib and 
hypoxia-induced apoptosis was examined by flow cytometry. 
The results demonstrated that the percentage of apoptotic 
cells increased significantly in HepG2 cells under hypoxia 
compared with cells in the normoxia group (14.81 vs 6.71%). 
Furthermore, the percentage of apoptotic cells was signifi-
cantly increased following treatment of HepG2 cell under 
hypoxia with sorafenib in a concentration-dependent manner 
(P<0.05, P<0.01 and P<0.001; Fig. 1C and D), up to 39.06%, for 

40 µM sorafenib. Taken together, these findings demonstrated 
that sorafenib may enhance hypoxia-induced autophagy and 
apoptosis in HepG2 cells.

Sorafenib significantly upregulates HIF-1 and LC3II/I and 
downregulated mTOR and p70s6K in HepG2 cells under 
hypoxia. Due to the promotion of autophagy by Sorafenib, 
the signaling pathways that might be related to autophagy 
in hypoxic HepG2 cells were further investigated. The 
results demonstrated that hypoxia could upregulate HIF-1 
at the mRNA and protein levels in HepG2 cells, and that 
hypoxia-induced HIF-1 overexpression was further enhanced 
by sorafenib (P<0.05; Fig. 2A and B). Subsequently, further 
investigation demonstrated that mTOR and p70s6K expres-
sion was significantly downregulated and that LC3II/LC3I 
ratio was significantly upregulated in HepG2 cells treated 
with SF under hypoxia. Furthermore, expression of mTOR 
and p70s6K was decreased in sorafenib-treated hypoxic 
HepG2 cells. These results showed that the combination of 
sorafenib and hypoxia resulted in a significantly higher HIF-1 
expression and LC3II/LCI ratio and a significantly stronger 
downregulation of mTOR and p70s6K (P<0.05, P<0.01 and 
P<0.001; Fig. 2C and D). Taken together, these findings indi-
cated that sorafenib could strengthen the autophagy of normal 
and hypoxic HepG2 cells.

Figure 2. SF upregulates HIF-1, LC3II/I and downregulates mTOR and p70s6K in HepG2 cells under hypoxia. (A) After treatment with SF, total mRNA was 
collected and expression level of HIF-1 was measured by reverse transcription quantitative PCR in HepG2 cells under normoxia and hypoxia. (B) Proteins 
from treated HepG2 cells were collected and the expression of HIF-1, LC3, mTOR and p70s6K was determined using western blotting. (C-F) Relative protein 
expression of HIF-1, LC3II/I, mTOR and p70s6K was quantified. *P<0.05, **P<0.01 and ***P<0.001 vs. normoxia group. #P<0.05, ##P<0.01 and ###P<0.001 vs. 
normoxia + SF group. ∆P<0.05, ∆∆∆P<0.001 vs. hypoxic group. Data are presented as the means ± standard deviation (n=3). SF, sorafenib; mTOR, mammalian 
target of rapamycin; HIF-1, hypoxia-inducible factor-1; p70s6k, p70 ribosomal S6 kinase.
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Sorafenib inhibits the proliferation and stimulates the apop-
tosis of HepG2 cells under normoxia and hypoxia. Consistently 
with the aforementioned findings, the results demonstrated 
that cell proliferation was significantly decreased in hypoxic 
HepG2 cells compared with cells in the normoxia group, and 
that sorafenib further inhibited the proliferation of HepG2 
cells under hypoxia after 24, 48 and 72 h (P<0.05; Fig. 3A). 
Furthermore, the number of apoptotic cells was increased 
significantly in the hypoxic HepG2 cells compared with those 
in the normoxia group (19.15 vs 5.84%). This phenomenon was 
further enhanced following HepG2 cell treatment with 30 µM 
sorafenib for 24 h (30.39 vs. 19.12%; P<0.05 and P<0.01; 
Fig. 3B and C). The results demonstrated that sorafenib could 
inhibit the proliferation and promote the apoptosis of HepG2 
cells under normoxia and hypoxia.

CQ reverses the sorafenib-induced increase in HIF-1 and 
LC3II/I expression in HepG2 cells under normoxia and 
hypoxia. To further determine whether autophagy pathway 
might contribute to the apoptosis of liver cancer induced by 
sorafenib and hypoxia, the autophagy inhibitor CQ was used 
to evaluate the autophagy with or without sorafenib in HepG2 
cells under normoxia and hypoxia. The results demonstrated 
that CQ could partially reverse the upregulation of HIF-1 
induced by sorafenib and/or hypoxia in HepG2 cells (P<0.05 
and P<0.01; Fig. 4A and B). In addition, CQ significantly 
inhibited autophagy by decreasing LC3II/LC3I ratio in HepG2 
cells treated with sorafenib and/or hypoxia (P<0.05 and 
P<0.001; Fig. 4B-D). Taken together, these results suggested 
that hypoxia and sorafenib could upregulate HIF-1 expression 
via regulating autophagy.

Figure 3. SF inhibits the proliferation and induces the apoptosis of HepG2 cells under normoxia and hypoxia. HepG2 cells were exposed to hypoxic or 
normoxic conditions for 24 h and were treated with 30 µΜ SF for the indicated time. (A) Cell Counting Kit-8 assay was used to evaluate the proliferation of 
HepG2 cells treated with SF and under hypoxia at 0, 24, 48 and 72 h. (B) Flow cytometer was used to determine the effect of SF and hypoxia on HepG2 cell 
apoptosis. (C) Quantification of apoptotic rates from (B). *P<0.05 and **P<0.01 vs. normoxia group. #P<0.05 and ##P<0.01 vs. normoxia + SF group. ∆P<0.05, 
vs. hypoxic group. Data are presented as the means ± standard deviation (n=3). SF, sorafenib.
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CQ attenuates the inhibition of proliferation and induction 
of apoptosis mediated by sorafenib in HepG2 cells under 
normoxia and hypoxia. The present study demonstrated that 
the inhibition of HepG2 cell proliferation, which was medi-
ated by sorafenib and/or hypoxia, could also be weakened by 
CQ (P<0.05; Fig. 5A). Furthermore, this study reported that 
the promoting effect of sorafenib and/or hypoxia on apoptosis 
could also be partially reversed by CQ in HepG2 cells (11.2 vs. 
16.18% and 12.19 vs. 16.49%; P<0.05 and P<0.01; Fig. 5B). 
However, the percentage of necrotic cells was not significantly 
changed. These findings suggested that sorafenib and hypoxia 
may prevent the proliferation and accelerate the apoptosis of 
HepG2 cells by regulating the autophagy signaling pathway.

Discussion

The present study reported the underlying mechanism of 
sorafenib-induced liver cancer cell autophagy and apoptosis. 

The results demonstrated that sorafenib could promote 
cell autophagy and apoptosis under hypoxia. Furthermore, 
according to the effect of sorafenib on autophagy under 
hypoxia, we hypothesized that sorafenib may share a similar 
autophagic mechanism with hypoxia. The results demon-
strated that both sorafenib and hypoxia induced cell autophagy 
via the HIF/mTOR-related signaling pathway. In addition, to 
address the crucial role of sorafenib-mediated autophagy 
in liver cancer cell, autophagy was inhibited using CQ. The 
results showed that CQ inhibited the apoptosis and promoted 
the proliferation of liver cancer cells, which were mediated by 
sorafenib or hypoxia. These findings strongly suggested that 
autophagy may contribute to the inhibition of proliferation in 
sorafenib-treated cells via the HIF/mTOR signaling pathway.

Although regorafenib and lenvatinib have been approved 
as second-line treatments to improve the clinical outcomes 
of patients with advanced liver cancer, these treatments only 
extend the median overall survival by ~3 months compared 

Figure 4. CQ reverses the increase in HIF-1 and LC3II/I expression induced by SF in HepG2 cells under normoxia and hypoxia. Under normoxia and hypoxia, 
HepG2 cells were treated with 30 µΜ SF or/and 50 µΜ CQ for 24 h. (A) Expression level of HIF-1 was measured by reverse transcription quantitative PCR 
in HepG2 cells. (B) Western blotting evaluated the expression of HIF-1 and LC3 in HepG2 cells under different conditions. (C and D) Relative protein expres-
sion of HIF-1 and LC3II/I was quantified. *P<0.05, **P<0.01 and ***P<0.001 vs. normoxia group. ∆P<0.05,  ∆∆∆P<0.001  vs. normoxia + SF group. #P<0.05 vs. 
normoxia + SF + CQ group. Data are presented as the means ± standard deviation (n=3). SF, sorafenib; CQ, chloroquine.
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with patients treated with sorafenib (46). It is therefore crucial 
to determine the underlying mechanism of sorafenib in order 
to extend the overall survival of patients with advanced-stage 
liver cancer. Previous studies have reported that sorafenib 
combined with various autophagy-inducing drugs, such 
as metformin (13), capsaicin (47) and pemetrexed (48), 
can suppress the proliferation of liver cancer cells in vitro. 
Conversely to studies on autophagy-promoting cell death, 
sorafenib-induced autophagy can also be considered as a 
survival mechanism for liver cancer cells. It has been reported 
that liver cancer cells treated with sorafenib can be killed by 
inhibiting autophagy when combined with certain inhibitors, 
such as siRNA specific for ATG7 (11) and CQ (49,50), compared 
with cells not treated with these inhibitors. The results from 
the present study demonstrated that autophagy induction 
via the HIF/mTOR signaling pathway may contribute to the 
suppression of the proliferation of cancer cells. Liver cancer 
cells are often in a state of moderate hypoxia (0.1% oxygen) 
due to impaired hepatic blood oxygen exchange and metabolic 
pressure. The present study also confirmed that chronic and 
moderate autophagy had a protective effect on cancer cells; 
however, severe hypoxia (<0.1% oxygen) could activate the 
HIF-1/mTOR signaling pathway and induce cell death (29). 

We performed the autophagy experiment in a normal state of 
hypoxia (0.1% oxygen).

Autophagy can be activated by mTOR dependent path-
ways and non-motor dependent pathways (51,52). Among the 
various autophagy pathways, the mTOR-related autophagy 
pathway is the most common one investigated (30). It has 
been demonstrated that LC3I can be converted into LC3II and 
transferred to the autophagosome membrane in the cytoplasm, 
which could also be induced by mTOR downregulation or 
dephosphorylation (53). p70 ribosomal S6 kinase (p70S6K) is 
a ribosomal protein downstream of mTOR that can regulate 
autophagy via AMPK activation mediated by the transforming 
growth factor-β-activated kinase 1 (54). Furthermore, it has 
been reported that CQ can promote the apoptosis of liver 
cancer cells treated with sorafenib (49,50); however, in these 
studies, sorafenib at lower concentration (5-10 µΜ) might 
not activate the HIF/mTOR autophagy pathway and reversely 
leads to protective autophagy, which is inhibited by CQ. Of 
note, sorafenib has been previously confirmed to significantly 
downregulate mTOR expression in liver cancer, which is 
consistent with the findings from the present study (47). It has 
also been shown that mTOR phosphorylation could be mark-
edly increased with sorafenib treatment (55). Summarized, 

Figure 5. CQ attenuated the inhibition of proliferation and induction of apoptosis mediated by SF in HepG2 cells under normoxia and hypoxia. Normal 
and hypoxic HepG2 cells were treated with SF or/and CQ. (A) Cell proliferation was monitored using Cell Counting Kit-8 at 0, 24, 48 and 72 h. (B) Flow 
cytometer was used to determine HepG2 cell apoptosis. (C) Quantification of apoptotic rates from (B). *P<0.05 and **P<0.01 vs. normoxia group. ∆P<0.05 vs. 
normoxia + SF group. Data are presented as the means ± standard deviation (n=3). SF, sorafenib; CQ, chloroquine.
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the results from the present study might be explained by the 
fact that various signaling pathways of autophagy can be acti-
vated by different experimental conditions. The present study 
demonstrated that sorafenib may prevent the proliferation and 
induce the autophagy and apoptosis of liver cancer cells via 
the HIF-1/mTOR-related signaling pathway.
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