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Abstract. The small molecule multi‑kinase inhibitor sorafenib 
has become the standard systemic treatment for patients with 
advanced hepatocellular carcinoma (HCC) and renal cell 
carcinoma. Similar to other kinase inhibitors, drug resistance 
hinders its clinical use; thus, combination therapy to improve 
sorafenib sensitivity is a promising approach. The present study 
shows for the first time that the combination of sorafenib and 
wogonin exerts a significant potentiation of cytotoxicity in a 
number of human HCC cell lines in a dose‑dependent manner. 
Enhanced cell death was due to potentiation of apoptosis, 
which was demonstrated by increased apoptotic cell popula-
tions, caspase activation and suppression of cell death by the 
pan‑caspase inhibitor carbobenzoxy‑valyl‑alanyl‑aspartyl. 
Sorafenib induced autophagy activation, which was shown by 
autophagic flux. Suppression of autophagy with the autophagy 
inhibitors chloroquine or 3‑methyladenine significantly 
enhanced cytotoxicity, suggesting that sorafenib‑induced 
autophagy is cytoprotective. Notably, wogonin effectively 
inhibited sorafenib‑induced autophagy. Altogether, our results 

indicate that the combination of wogonin and sorafenib effec-
tively kills human HCC cells. This occurs, at least in part, 
through autophagy inhibition, which potentiates apoptosis. 
Thus, wogonin could be an ideal candidate for increasing 
sorafenib's activity in HCC therapy, which warrants further 
investigation in vivo.

Introduction

The small molecule multi‑kinase inhibitor sorafenib, a 
Food & Drug Administration‑approved oral agent for the 
treatment of hepatocellular carcinoma (HCC) and renal cell 
carcinoma, was originally developed as an inhibitor of Raf 
kinases, including c‑Raf kinase, wild‑type and mutant B‑Raf, 
and the essential serine/threonine kinase constituents of the 
Ras/Raf/mitogen‑activated protein kinase pathway  (1). In 
addition to its effect on Raf proteins, sorafenib also potently 
inhibits receptor tyrosine kinases, including vascular endothe-
lial growth factor receptors ‑2 and ‑3 and the platelet‑derived 
growth factor receptor  β  (2). Sorafenib has been shown 
to exert antitumor activity through inhibiting tumor cell 
proliferation and tumor angiogenesis, which is likely due to 
its effects on these multiple targets (2). Sorafenib treatment 
resulted in ~3‑month extension of survival in advanced HCC 
patients in two placebo‑controlled phase  III studies  (3,4). 
Another phase III study in advanced HCC also demonstrated 
a significant improvement in progression‑free survival rela-
tive to placebo (167 vs. 84 days, respectively) (5). However, 
considerable unresponsiveness or acquired resistance to 
sorafenib are commonly observed in HCC patients (6,7), the 
precise mechanism of which is largely elusive. Thus, there is 
an increasing interest in defining the molecular mechanisms 
underlying sorafenib resistance in order to increase sorafenib's 
efficacy and overcome resistance in patients.

Autophagy is an important cellular process in response 
to cellular stresses to maintain proper cell function and 
survival (8). Numerous studies have shed light on the impor-
tance of autophagy in tumorigenesis, tumor proliferation and 
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response to chemotherapy (9). Depending on the cellular context 
and the strength and duration of the stimulus, autophagy can 
either promote or inhibit cancer cell survival (10). Consistently, 
autophagy can promote or suppress apoptosis. As regard to 
response to chemotherapy, autophagy may mediate apoptosis 
to kill cancer cells or suppress apoptosis to contribute to 
chemoresistance in different circumstances. Thus, the manip-
ulation of autophagy could be a useful strategy to improve the 
anticancer activity of therapeutics (11,12). Previous studies 
revealed that sorafenib is able to activate autophagy, which 
may confer a survival advantage to cancer cells and lead to 
sorafenib resistance. By contrast, inhibiting autophagy was 
shown to promote sorafenib‑induced cell death and increase 
its anticancer effect (13-15). A cell death‑promoting role of 
sorafenib‑induced autophagy has also been reported by several 
groups (16-18). Therefore, the precise role of autophagy in 
sorafenib‑induced cell death requires to be elucidated.

In an effort to increase sorafenib's effects, one prom-
ising strategy is to combine sorafenib with other anticancer 
reagents (19,20). However, the outcomes of several of these 
studies were not desirable due to safety concerns or not 
achieving the expected end point such as improved overall 
survival (21,22). Thus, it is important to identify agents that 
can be used in combination with sorafenib. Multiple naturally 
occurring compounds from diets or medicinal plants can 
modulate different cellular survival pathways, thus poten-
tiating the anticancer activity of drugs used in anticancer 
therapy (23,24). One of such compounds is wogonin (5,7‑dihy-
droxy‑8‑methoxyflavone), a flavonoid derived from the root 
of the medicinal herb Scutellaria baicalensis Georgi (25). 
Wogonin has been shown to have antioxidant, antiviral, anti-
thrombotic and anti‑inflammatory activities in both in vitro 
and in vivo studies (26-29). The anticancer activity of wogonin 
is demonstrated by inducing apoptosis in cancer cells and 
suppressing growth of human cancer xenografts in vivo (30,31). 
Wogonin has also been tested to kill cancer cells in combi-
nation with other chemotherapeutics (32,33). However, the 
effect of wogonin in combination with sorafenib has never 
been reported. Therefore, the present study was designed to 
investigate whether the combination of sorafenib and wogonin 
is able to increase the anticancer activity of sorafenib in HCC 
cells and to elucidate the underlying mechanism. To the best 
of our knowledge, the present study is the first report showing 
that the combination of wogonin and sorafenib results in a 
synergistic cytotoxicity in HCC cells, which occurs through 
enhancing apoptosis and inhibiting autophagy.

Materials and methods

Reagents.  Sorafenib (Nexavar) and wogonin were 
purchased from Bayer AG (Leverkusen, Germany) and 
Sigma‑Aldrich (Merck Millipore, Darmstadt, Germany), 
respectively. Antibodies against poly (ADP‑ribose) poly-
merase (PARP) (catalog no. 556494) and p62 (catalog no. 
610832) were acquired from BD Biosciences (Franklin 
Lakes, NJ, USA). Anti‑β‑actin (catalog no. 60008-1-Ig) and 
anti‑light chain 3 (LC3)B antibodies (catalog no. L7543) were 
obtained from ProteinTech Group, Inc. (Chicago, IL, USA) 
and Sigma‑Aldrich (Merck Millipore), respectively. Chlo-
roquine (CQ) and 3‑methyladenine (3‑MA) were purchased 

from Sigma‑Aldrich (Merck Millipore). The pan‑caspase 
inhibitor carbobenzoxy‑valyl‑alanyl‑aspartyl (Z‑VAD) was 
obtained from Calbiochem (Merck Millipore).

Cell lines and cell culture. The human HCC cell lines Hep3B, 
Bel‑7402, HepG2 and SMMC‑7721 were purchased from the 
Type Culture Collection of Chinese Academy of Sciences 
(Shanghai, China). These cells were cultured in Dulbecco's 
modified Eagle's medium (Invitrogen; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) supplemented with 10% fetal 
bovine serum (Sigma‑Aldrich; Merck Millipore), 100 U/ml 
penicillin and 100 µg/ml streptomycin under standard incuba-
tion conditions (37˚C and 5% CO2).

Cytotoxicity assay based on the release of lactate dehydro‑
genase (LDH) and apoptosis analysis by flow cytometry. 
Following treatment, cell death was quantitatively detected by 
a cytotoxicity assay based on the release of LDH using a cyto-
toxicity detection kit (Promega Corporation, Madison, WI, 
USA) as described previously (34). All the experiments were 
repeated 3‑5 times and data were expressed as the mean ± stan-
dard deviation (SD). Flow cytometry was applied to detect 
apoptosis in cultured cells by using an Annexin V‑FITC Apop-
tosis Detection kit purchased from Nanjing KeyGen Biotech 
Co., Ltd. (Nanjing, China). Cells were double stained with 
Annexin V‑fluorescein isothiocyanate (FITC) and propidium 
iodide (PI). Apoptosis was then analyzed by flow cytometry 
(BD Biosciences). Early apoptotic cells with exposed phospha-
tidylserine but intact cell membranes bind Annexin V-FITC 
but exclude PI, and will be reported in the lower right-hand 
quadrant (B4). Necrotic or apoptotic cells in terminal stages 
will be both Annexin V-FITC and PI positive, and will be 
reported in the upper right-hand quadrant (B2).

Western blotting. Whole cell lysates were prepared by lysing 
cells in M2 buffer [20 mmol/l Tris‑HCl (pH 7.6), 0.5% NP40, 
250  mmol/l NaCl, 3  mmol/l EDTA, 3  mmol/l ethylene 
glycol‑bis(β‑aminoethyl ether)‑N,N,N’,N’‑tetraacetic acid, 
2 mmol/l dithiothreitol, 0.5 mmol/l phenylmethylsulfonyl 
fluoride, 20 mmol/l β‑glycerophosphate, 1 mmol/l sodium 
vanadate and 1  µg/ml leupeptin]. The concentration of 
proteins in the cell lysates was quantified by Bio-Rad Protein 
Assay (Bio Rad Laboratories, Inc., Hercules, CA, USA). 
Cell lysates (~50 µg) were resolved by SDS-PAGE ((8% for 
detecting PARP, 10% for detecting p62 and β-actin, and 15% 
for detecting LC3B), transferred to a polyvinylidene fluoride 
membrane and detected with various antibodies: Anti-PARP 
(1:500; overnight at 4˚C); anti-p62 (1:1,000; overnight at 4˚C); 
anti-β-actin (1:5,000; 1 h at room temperature); and anti‑LC3B 
(1:1,000; overnight at 4˚C). Subsequently, the membrane was 
washed three times for 5  min each with TBS containing 
Tween-20. Next, peroxidase-conjugated goat anti-mouse 
immunoglobulin (Ig)G (catalog no. ZB 2305; Beijing Zhong-
shan Golden Bridge Biotechnology Co., Ltd., Beijing, China) 
and peroxidase-conjugated goat anti-rabbit IgG (catalog no. 
ZB 2301; Beijing Zhongshan Golden Bridge Biotechnology 
Co., Ltd.) were added at a 1:5,000 dilution and incubated with 
the membrane at room temperature for 30 min. The specific 
proteins were visualized by enhanced chemiluminescence 
(EMD Millipore, Billerica, MA, USA) using Image Lab™ 
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station (Bio‑Rad Laboratories, Inc.). Each experiment was 
repeated at ≥3 times and representative results are shown.

Statistical analysis. Data are expressed as the mean ± SD. 
Statistical significance was examined by paired Student's t test 
using SPSS version 21.0 software (IBM Corp., Armonk, NY, 
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Combined treatment of sorafenib and wogonin induces 
synergistic cytotoxicity in human HCC cells. To investigate 

whether wogonin is able to enhance the anticancer activity 
of sorafenib, Bel‑7402 cells were first treated with increasing 
concentrations of wogonin (10‑40 µM) and a fixed concentra-
tion of sorafenib (4 µM), and cell death was measured by LDH 
release assay. The results indicated that, while sorafenib alone 
caused <20% cell death and wogonin had little cytotoxicity, 
wogonin sensitized Bel‑7402 cells to sorafenib‑induced cell 

Figure 1. Combined treatment of sorafenib and wogonin induces syner-
gistic cytotoxicity in human hepatocellular carcinoma cells. Cell death 
was determined by lactate dehydrogenase release assay. (A) Bel‑7402 cells 
were treated with increasing concentrations of wogonin (10-40 µM) or a 
fixed concentration of sorafenib (4 µM) alone or in combination for 72 h. 
(B) Bel‑7402 cells were treated with a fixed concentration of wogonin 
(40 µM) or increasing concentrations of sorafenib (2-4 µM) alone or in 
combination for 72 h. (C) Hep3B cells were treated with increasing con-
centrations of wogonin (10‑40 µM) or a fixed concentration of sorafenib 
(3 µM) alone or in combination for 72 h. (D) Hep3B cells were treated with 
a fixed concentration of wogonin (20 µM) or increasing concentrations of 
sorafenib (2‑4 µM) alone or in combination for 72 h. (E) SMMC‑7721 cells 
were treated with increasing concentrations of wogonin (10-40 µM) or a 
fixed concentration of sorafenib (4 µM) alone or in combination for 72 h. 
(F) HepG2 cells were treated with increasing concentrations of wogonin 
(5‑20 µM) or a fixed concentration of sorafenib (4 µM) alone or in com-
bination for 72 h. Columns, mean of three experiments; bars, standard 
deviation; (‑), untreated control.
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Table I. Synergistic interaction of sorafenib and wogonin in 
human hepatocellular carcinoma cells.

A, Bel‑7402

Sorafenib (µmol/l)	 Wogonin (µmol/l)	 CI

2	 40	 0.781
3	 40	 0.457
4	 40	 0.225
4	 10	 0.643
4	 20	 0.351

B, Hep3B

Sorafenib (µmol/l)	 Wogonin (µmol/l)	 CI

2	 20	 0.691
3	 20	 0.663
4	 20	 0.640
3	 10	 0.873
3	 40	 0.448

C, SMMC‑7721

Sorafenib (µmol/l)	 Wogonin (µmol/l)	 CI

2	 20	 0.223
4	 20	 0.057
6	 20	 0.003
4	 10	 0.153

D, HepG2

Sorafenib (µmol/l)	 Wogonin (µmol/l)	 CI

4	   5	 0.985
4	 10	 0.895
4	 20	 0.683

The combination effect of sorafenib with wogonin was quantitatively 
evaluated using CI analysis. Briefly, CI is defined by the isobolar 
association CI = (a/A) + (b/B), where a and b are the doses of chemi-
cals 1 and 2 used in combination to achieve a certain percentage of 
drug effect, and A and B are the doses of the chemicals that applied 
singly produce the same effect. CI<1, =1 and >1 indicate synergism, 
additive effect and antagonism, respectively. CI was calculated for 
combined treatment with the indicated concentrations of sorafenib 
and wogonin. CI, combination index.
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death in a dose‑dependent manner (Fig. 1A). Approximately 
80% of the cells were killed at the highest dose of wogonin 
used (40 µM), a concentration at which wogonin alone caused 
little cell death (<10%). The combined cytotoxic effect of 
wogonin and sorafenib was synergistic, as evaluated by combi-
nation index analysis as described previously (35) (Table I). 
A similar dose‑dependent potentiation of cytotoxicity was 
detected when increasing concentrations of sorafenib (2‑4 µM) 
with a fixed wogonin dose (40 µM) were used (Fig. 1B). The 
sensitization of sorafenib's anticancer activity by wogonin was 
validated in other human HCC cell lines. In Hep3B cells, a 
similar dose‑dependent synergism with fixed concentration 
of either sorafenib or wogonin was observed (Fig. 1C and D). 
Consistently, wogonin sensitized HepG2 and SMMC‑7721 
cells to sorafenib‑induced cell death (Fig. 1E and F). These 
results suggest that the combination of wogonin and sorafenib 
is effective in sensitizing HCC cells to sorafenib‑induced 
cytotoxicity.

The potentiated cytotoxicity induced by sorafenib and 
wogonin combination is achieved through apoptosis poten‑
tiation. As both wogonin and sorafenib can induce apoptosis, 
it was hypothesized that the enhanced cell death observed 
in wogonin and sorafenib co‑treatment was achieved 
through potentiation of apoptosis. Hep3B cells were treated 
with sorafenib in the absence or presence of wogonin, and 
apoptosis was analyzed by Annexin V‑FITC and PI staining 
followed by flow cytometric assay. Both early (B4) and 
late (B2) apoptotic cells were significantly increased upon 
sorafenib and wogonin co‑treatment (Fig. 2). The cleavage 
of the caspase‑3 substrate PARP, which is a marker of 

Figure 3. Activation of the apoptotic pathway is potentiated in sorafenib 
and wogonin co‑treated hepatocellular carcinoma cells. (A) Hep3B and 
(B) Bel‑7402 cells were treated with sorafenib (4 µM) or wogonin (20 µM) 
alone or in combination for 36 h. PARP was detected by western blotting. 
β‑actin was used as a control. (C) Hep3B cells were pretreated with Z‑VAD 
(20 µM) for 30 min or remained untreated, and then treated with sorafenib 
(3 or 4 µM) and wogonin (20 µM) for 72 h. Cell death was determined by 
lactate dehydrogenase release assay. Columns, mean of three experiments; 
bars, standard deviation. **P<0.01. (‑), untreated control; S, sorafenib; W, 
wogonin; PARP, poly (ADP‑ribose) polymerase; Z‑VAD, carbobenzoxy-
valyl-alanyl-aspartyl.

Figure 2. Apoptotic cells are significantly increased following sorafenib and wogonin co‑treatment in hepatocellular carcinoma cells. Hep3B cells were treated 
with sorafenib (4 µM) or wogonin (20 µM) alone or in combination for 48 h. The cells were then stained with Annexin V‑FITC and PI, followed by flow 
cytometry analysis. The percentages of cell population in B1, B2 (late-stage apoptotic and necrotic cells), B3 (viable cells) and B4 (early apoptotic cells) are 
shown. (‑), untreated control; FITC, fluorescein isothiocyanate; PI, propidium iodide.

  C

  B
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apoptotic pathway activation, was increased in co‑treated 
Hep3B and Bel‑7402 cells, as detected by western blotting 
(Fig.  3A and  B). Additionally, the pan‑caspase inhibitor 
Z‑VAD significantly suppressed the enhanced cytotoxicity 
induced by co‑treatment with sorafenib and wogonin in 
Hep3B and Bel‑7402 cells (Fig.  3C and data not shown, 
respectively). These results suggest that the enhanced cyto-
toxicity induced by sorafenib and wogonin combination was 
due to potentiation of apoptosis.

Wogonin inhibits sorafenib‑induced cytoprotective autophagy 
and sensitizes cells to cytotoxicity. As sorafenib activates 
autophagy and the latter can either activate or suppress apop-
tosis, it was further investigated if autophagy is involved in 
the synergistic cytotoxity of sorafenib and wogonin. Sorafenib 
induced autophagy, which was shown as increased expression 
of LC3‑II and decreased expression of p62, two autophagy 
hallmarks (Fig. 4A), in addition to autophagic flux (Fig. 4B). 
The role of sorafenib‑induced autophagy was determined to 
be cytoprotective, since suppression of autophagy with two 
different autophagy inhibitors, CQ and 3‑MA, remarkably 
increased sorafenib‑induced cell death in both Bel‑7402 and 
Hep3B cells (Fig. 5A and B). Next, the effect of wogonin 
on sorafenib‑induced autophagy was examined. Wogonin 
effectively inhibited sorafenib‑induced autophagy, which was 
shown as suppression of sorafenib‑induced LC3‑II expression 
(Fig. 6). Therefore, these data demonstrate that wogonin likely 
potentiated sorafenib‑induced cell death through inhibiting 
autophagy.

Discussion

The present study first determined that sorafenib and wogonin 
combination is effective in killing multiple human HCC cell 
types. Enhanced cell death in co‑treated cells was accom-
panied by potentiation of apoptosis. Furthermore, it was 
confirmed that sorafenib induced cytoprotective autophagy in 
HCC cells. Notably, wogonin also inhibited sorafenib‑induced 
autophagy. Thus, potentiation of apoptosis and inhibition of 
sorafenib‑induced protective autophagy may contribute to the 
enhanced cancer cell death caused by sorafenib and wogonin 
combination.

Wogonin is a candidate anticancer agent, which was 
shown to exert an apoptotic effect in tumor cells but has no 
obvious toxicity in normal cells (36,37). Besides combination 
with classic DNA damaging agents for cancer therapy, it is of 
great interest to investigate if wogonin can be combined with 
targeted‑therapy agents. The present study demonstrated for 
the first time that the combination of wogonin and sorafenib 
effectively kills human HCC cells, suggesting that wogonin 
could be an ideal candidate for increasing sorafenib's activity 
in HCC therapy, which warrants further in vivo investigation.

Apoptosis activation is one of the major mechanism under-
lying the anticancer activity of chemotherapeutics. The present 
study clearly demonstrated that the combination of sorafenib 
and wogonin cooperatively promoted apoptosis, which is at 

Figure 4. Sorafenib induces autophagy in hepatocellular carcinoma cells. 
(A) Bel‑7402 cells were treated with 4 µM sorafenib for the indicated times. 
LC3 and p62 were detected by western blotting. β‑actin was used as a control. 
(B) Bel‑7402 cells were pretreated with CQ (20 µM) or remained untreated 
and then treated with sorafenib (4 µM) for 2 h. LC3 was detected by western 
blotting. β‑actin was used as a control. (‑), untreated control; LC3, light 
chain 3; CQ, chloroquine.

  B

  A

Figure 5. Autophagy induced by sorafenib is cytoprotective in hepatocellular 
carcinoma cells. (A) Bel‑7402 and (B) Hep3B cells were pretreated with CQ 
(20 µM) or 3‑MA (10 mM) for 30 min or remained untreated. Then, the cells 
were treated with sorafenib (4 µM) for 72 h. Cell death was determined by 
lactate dehydrogenase release assay. Columns, mean of three experiments; 
bars, standard deviation. **P<0.01. CQ, chloroquine; 3-MA, 3‑methyladenine.

  A

  B

Figure 6. Wogonin inhibits sorafenib‑induced cytoprotective autophagy and 
sensitizes cells to cytotoxicity. Bel‑7402 cells were treated with sorafenib 
(4 µM) or wogonin (20 µM) alone or in combination for 2 h. LC3 was 
detected by western blotting. β‑actin was used as a control. (‑), untreated 
control; LC3, light chain 3.
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least one of the mechanism for enhanced anticancer activity. 
The mechanism by which sorafenib‑induced apoptosis is 
promoted by wogonin deserves further study.

Previous studies have shown that sorafenib induces 
autophagy in multiple cancer cell types, which could be 
cytoprotective or cytotoxic, thus suppressing or promoting 
the anticancer activity of sorafenib (13-18). The autophagy 
induced by sorafenib in our experimental system was clearly 
determined to be cytoprotective in both Bel‑7402 and Hep3B 
cells. As wogonin effectively blocked sorafenib‑induced 
autophagy, it is likely that blocking cytoprotective autophagy 
underlies another mechanism of the enhanced cancer cell 
death caused by sorafenib and wogonin combination.

Taken together, the present study is the first to report that 
wogonin sensitizes sorafenib's anti‑HCC activity, which is 
associated with apoptosis potentiation and autophagy inhibi-
tion. Sorafenib and wogonin combination may be an ideal 
approach for increasing sorafenib's anticancer activity, which 
warrants further in vivo investigation.
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