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Abstract Combining antitumor agents with bioactive com-
pounds is a potential strategy for improving the effect of che-
motherapy on cancer cells. The goal of this study was to elu-
cidate the antitumor effect of the flavonoid, fisetin, combined
with the multikinase inhibitor, sorafenib, against human cer-
vical cancer cells in vitro and in vivo. The combination of
fisetin and sorafenib synergistically induced apoptosis in
HeLa cells, which is accompanied by a marked increase in

loss of mitochondrial membrane potential. Apoptosis induc-
tion was achieved by caspase-3 and caspase-8 activation
which increased the ratio of Bax/Bcl-2 and caused the subse-
quent cleavage of PARP level while disrupting the mitochon-
drial membrane potential in HeLa cells. Decreased Bax/Bcl-2
ratio level and mitochondrial membrane potential were also
observed in siDR5-treated HeLa cells. In addition, in vivo
studies revealed that the combined fisetin and sorafenib treat-
ment was clearly superior to sorafenib treatment alone using a
HeLa xenograft model. Our study showed that the combina-
tion of fisetin and sorafenib exerted better synergistic effects
in vitro and in vivo than either agent used alone against human
cervical cancer, and this synergism was based on apoptotic
potential through a mitochondrial- and DR5-dependent cas-
pase-8/caspase-3 signaling pathway. This combined fisetin
and sorafenib treatment represents a novel therapeutic strategy
for further clinical developments in advanced cervical cancer.
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Introduction

Cervical cancer is currently one of the leading causes of mor-
tality in women [1]. Although the incidence and mortality
rates have been gradually decreasing with earlier detection
and advanced medical treatment, the prognosis of patients
with cervical cancer remains dismal in the presence of ad-
vanced or metastatic disease [2]. Due to the minimal success
of cytotoxic therapies for cervical cancer, there has been an
increased interest in targeted therapy which alters molecular
events in this disease [3]. Currently, the standard treatment for
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advanced cervical cancer is surgical tumor resection followed
by chemotherapy. Moreover, when chemotherapeutic drugs
with different effects have been combined, intolerable side
effects have sometimes occurred [4]. Thus, novel combination
strategies for cervical cancer are critically needed.

Apoptosis plays a critical role in the balance between cel-
lular survival and death by selective cell depletion and cell
morphological changes. Apoptotic bodies, DNA fragmenta-
tion, and caspase family activation can be achieved through
two major signaling pathways, the intrinsic or mitochondrial-
mediated pathway and the extrinsic or death receptor (DR)-
induced pathway [5, 6]. The intrinsic pathway is triggered by
anticancer medicines, growth factor withdrawal, or hypoxia
resulting in increased permeability of the outer mitochondrial
membrane and release of apoptogenic factors such as cyto-
chrome c from the mitochondrial intermembrane space into
the cytosol. Cytochrome c subsequently activates the caspase
cascade [7, 8]. The extrinsic pathway is activated by the bind-
ing of tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) to its receptors, i.e., death receptor 4 (DR4), also
called TRAIL-R1 and death receptor 5 (DR5), also called
TRAIL-R2. This receptor binding transduces an apoptotic sig-
nal downward to recruit the Fas-associated death domain and
procaspase-8 in a death-inducing complex [9]. A study con-
ducted in cervical cancer patients showed that high cytoplas-
mic staining with DR4 and DR5 in TRAIL and TRAIL-
negative tumors showed better pathological response to radio-
therapy, highlighting the critical role of apoptosis in treating
cervical cancers [10]. Recently, herbal medicine and natural
foods have shown a promising role in the treatment of cervical
cancer [11].

Naturally occurring flavonoids, commonly found in fruits
and vegetables, have gained focus as potential antitumor
drugs. 3′,4′,7-Tetrahydroxyflavone (fisetin) is a naturally oc-
curring flavonoid which possesses anticancer properties
through inhibition of proliferation and angiogenesis as well
as the ability to induce cell cycle arrest, apoptosis, and differ-
entiation [12]. Fisetin has also demonstrated its effectiveness
against several types of cancer, including hepatoma [13], lung
adenocarcinoma [14], nonsmall cell lung cancer [15], and
prostate cancer [16]. Recently, fisetin has shown an ability to
induce apoptosis of human cervical cancer cells through a
caspase-dependent pathway and to inhibit migration and in-
vasion of cervical cancer cells by repression of urokinase plas-
minogen activator via interruption of p38 MAPK-dependent
NF-κB signaling pathway [17, 18].

Sorafenib, an oral multikinase inhibitor with activities
against Raf serine/threonine kinases, vascular endothelial
growth factor receptor, and platelet-derived growth factor re-
ceptor, also has potent antiangiogenic and proapoptotic activ-
ities [19]. Sorafenib has been reported to improve the median
overall survival and the median time to radiological progres-
sion in advanced hepatocellular carcinoma patients [20, 21].

In addition, sorafenib has been effective against multiple types
of cancer by inducing apoptosis in bladder cancer cells [22],
thyroid cancer cells [23], and synergistically with retinoids
[24] and metformin [25] in hepatocellular carcinoma cell. So-
rafenib has also been shown to be effective in combination
with a benzofuroxan derivate in lung carcinoma [26] and syn-
ergistically with fusariotoxin enniatin B in cervical cancer
[27]. In addition, our laboratory demonstrated that fisetin has
potential anticancer properties against cervical cancer [17, 18]
and glioma [28]. The goal of this study was to demonstrate the
efficacy of the combination therapy of fisetin and sorafenib
against cervical cancer HeLa cells and to elucidate its under-
lying mechanism(s) of action.

Materials and methods

Reagents and chemicals

Fisetin was purchased from Sigma-Aldrich. Sorafenib was
purchased from Selleck Chemicals. The antibodies included
anti-DR4, anti-DR5, anti-Bcl-2, anti-Bax, anti-cytochrome c,
anti-β-actin, and siDR5 reagent were purchased from Santa
Cruz Biotechnology. The anti-cleaved-caspase-8, anti-
cleaved-caspase-3, and anti-cleaved-PARP were purchased
from Cell Signal Technology. Annexin V-FITC and
propidiumiodide (PI) kit was purchased fromBDBiosciences.
Z-VAD-FMK was purchased from BioVision.

Cell culture

Human cervical cancer cell line HeLa was obtained from the
Bioresources Collection and Research Center, Food Industry
Research and Development Institute (Hsinchu, Taiwan). HeLa
cells were maintained in Dulbecco’s modified Eagle’s/Ham’s
F-12 medium (DMEM/F12, Gibco-Invitrogen Corporation,
CA). Cell culture media were supplemented with 10 % fetal
bovine serum (FBS), 1 % penicillin, and 1 % streptomycin.
Cells were maintained in a humidified 5 % CO2 atmosphere at
37 °C.

Cell viability assay

Cell growth was assessed using a MTT assay. In brief, cells
(4×104 cells/well) were seeded on a 24-well dish. After treat-
ment with fisetin, sorafenib, or fisetin combined with sorafe-
nib for 24 h, the medium was changed and the cells were
incubated with MTT (5 mg/ml) at 37 °C for 4 h; then,
formazan crystals were dissolved in 1 mL of isopropanol,
and the absorbance of the formazan product was measured
at a wavelength of 570 nm on an ELISA reader. Assays were
performed in triplicate in three independent experiments.
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Annexin V-FITC/PI double-stained assay

Apoptosis was assessed using the Annexin V-FITC Apoptosis
Detection kit according to the manufacturer’s protocol. The
cells were suspended with FITC-conjugated Annexin V-FITC
and PI (50 μg/ml) stain in the absence of light for 10 min.
Apoptotic cells were analyzed via flow cytometry. Samples
were analyzed for DNA content with the FACScan flow
cytometer (BD Biosciences, San Diego, CA), and relative cell
cycle distribution was analyzed using the CellQuest software
(Verity Software House, Topsham, ME).

Inhibition of DR5 expression using siRNAs

The nontargeting siRNA and siRNA targeting DR5 (siDR5)
HeLa cells that were 70 % confluent were transfected with the
siDR5 (100 nM) using Lipofectamine 2000 (Invitrogen). Af-
ter transfection for 24 h, the cells were treated with fisetin,
sorafenib alone, or fisetin combined with sorafenib for 48 h.
Cells were evaluated with Annexin V-FITC/PI assay and
MTT assays were detected to apoptotic cells.

Measurement of mitochondrial membrane potential
(MMP)

A mitochondrial membrane potential detection assay was
used according to the manufacturer’s instructions, as de-
scribed previously [29]. JC-1 reagent measures mitochon-
drial membrane potential (Δψm). Cells were treated with
fisetin, sorafenib alone, or fisetin combined with sorafe-
nib, resuspended in JC-1 solution (30 μM), and incubated
at 37 °C for 15 min. Cells were then rinsed with PBS
before flow cytometry. A dot plot of green fluorescence
(cells lacking Δψm) versus red (living cells with intact
Δψm) was generated. BD FACSCalibur and BD
CellQuest Pro software was used to analyze the cells.
For each treatment, a minimum of 10,000 cells within
the gated region were analyzed. Data were expressed as
the percentage of cells with intact Δψm.

Western blot analysis

The cells were homogenized in 200 μL of lysis buffer. Cell
debris was removed by centrifugation at 13,000g for 30min at
4 °C, and the protein determined using a Bradford assay. Sam-
ples were run on 10 % SDS-PAGE and subsequently
electrotransferred to a polyvinylidene difluoride (PVDF)
membrane. The membrane was blocked for 2 h with 5 %
nonfat dry milk buffer. After blocking, the membrane was
incubated with primary antibodies (1:1000) overnight. After
washing, the membrane was incubated with HRP-conjugated
anti-mouse (1:10,000), anti-goat (1:10,000), or anti-rabbit an-
tibody (1:10,000) at room temperature for 2 h. The reaction

was visualized using enhanced chemiluminescence (ECL) re-
agent (Millipore, Billerica, USA) and detected using a Lumi-
nescent Image Analyzer LAS-4000 mini.

Xenograft experiment

Animal experiments were conducted according to the guide-
lines of the Institutional Animal Care and Use Committee
(IACUC) of Chung Shan Medical University (IACUC Ap-
proval No. 1071). Five-week-old BALB/c female mice were
purchased from the National Laboratory Animal Center (Tai-
pei, Taiwan). For the in vivo experiments, 1×106 HeLa cells
(diluted in Matrigel) were established by subcutaneous injec-
tion into the animal’s right flank. After 1 week, the first group
of mice received 100 μl vehicle (DMSO) orally. The second
group of mice received 100 μl fisetin (4 mg/kg) orally and the
third group of mice received sorafenib (10 mg/kg) orally. The
fourth group of mice received 100 μl of the combination of
fisetin (4 mg/kg) and sorafenib (10 mg/kg) orally two times
per week (n=5). Treatments were initiated when tumors
reached a mean group size of approximately 80 mm3. Tumor
volume (mm3) was measured with calipers, and calculated as
0.5236×L (W)2, whereW was the width and L was the length
of each tumor.

Immunohistochemistry

The paraffin-embedded animal tumors were fixed in 10 %
formalin, embedded in paraffin, and cut into 5-mm-thick sec-
tions. Immunohistochemical staining was performed on the
slides which were incubated overnight at 4 °C in humidified
chambers with human Ki-67 (Abcam; diluted 1:200). The
slides were washed three times in a phosphate-buffered solu-
tion and further incubated with a secondary antibody for
30 min at room temperature. The immunolabeled sections
were incubated with biotin-conjugated secondary antibody
for 20 min at room temperature, then with peroxidase-
conjugated complex (Dako) for 20 min, and finally visualized
with 3,3′-diaminobenzidin and counterstained with hematox-
ylin, and analyzed for staining, as described previously [30].

Statistical analysis

Statistically significant differences were calculated using
GraphPad Prism4 (San Diego, CA). Student’s t test or one-
way analysis of variance (ANOVA) with a post hoc analysis
using Tukey’s multiple-comparison test was used for
obtaining parametric data. A P value <0.05 or 0.01 was con-
sidered statistically significant. All experiments were repeated
three times (n=3), and values were expressed as means±stan-
dard deviation.
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Results

Effects of combination treatment on cell viability
in human cervical cancer HeLa cells

The chemical structures of fisetin and sorafenib are shown on
Fig. 1a, b, respectively. To evaluate the potential of the fisetin
and sorafenib combined approach, HeLa cells were treated
with different concentrations of fisetin (0∼80 μM) and soraf-
enib (0∼10 μM). Cell viability was detected by MTT assay.
Fisetin and sorafenib were significantly toxic to HeLa cells at
concentrations up to 40 and 7.5 μM, respectively (Fig. 1c, d).
Based on these results and those in several published reports
[18, 25], the combination of fisetin (40 μM) and sorafenib (2.5
or 5 μM) were used in the following experiments.

Effects of combination treatment on cell apoptosis
in human cervical cancer HeLa cells

Compared with either fisetin (40 μM) or sorafenib (2.5 or
5μM) alone, the combination of fisetin (40μM) and sorafenib
(2.5 or 5 μM) induced a significant decrease in cell viability
by MTT assay (Fig. 2a) and an increase in HeLa cells apopto-
sis as measured by Annexin V-FITC/PI double-stained assay
(Fig. 2b). These results indicated that fisetin can enhance the
antitumor efficacy of sorafenib in human cervical cancer HeLa
cells.

Effects of combination treatment on cell apoptosis via
extrinsic pathways

To understand the apoptosis mechanism underlying the syn-
ergistic effects of fisetin and sorafenib in HeLa cells, western

blot assay was performed. It revealed that the combined fisetin
and sorafenib treatment significantly increased the expression
of cleaved-caspase-3, cleaved-caspase-8, and cleaved-PARP
compared with fisetin alone (Fig. 2c). In addition, when HeLa
cells were pretreated with pan-caspase inhibitor (Z-VAD-
FMK, 20 μM) for 2 h and then incubated with fisetin and
sorafenib either alone, or in combination, for 24 h, the MTT
assay revealed significantly decreased cytotoxic effects on cell
viability when treating with fisetin alone or combination with
sorafenib plus Z-VAD-FMK (Fig. 2d). By performing
Annexin V-FITC/PI double-stained assay and by measuring
Annexin V positive cells by flow cytometry, fisetin alone, or
in combination with sorafenib, was found to induce apoptosis
of HeLa cells compared with pretreatment with Z-VAD-FMK
(Fig. 2e). These results suggested that the fisetin and sorafenib
combination induced apoptosis by activation of the caspase-3
and caspase-8 pathway.

Effect of combination treatment induces HeLa cell
apoptosis through induction of death receptor 5 activation

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) has been reported to have a remarkable ability to
induce apoptosis in a variety of cancer cells and has been
shown to interact with DR4 and DR5 to transduce an apopto-
tic signal and increase the apoptotic potential through the ac-
tivation of the caspase-8/caspase-3 pathway [31]. We sought
to determine whether the combination of fisetin and sorafenib
could induce apoptosis through DR4 and DR5 in HeLa cells.
Western blots showed that combination of fisetin and sorafe-
nib increased the protein expression of DR5 but did not affect
DR4 expression (Fig. 3a).

Fig. 1 Effect of fisetin and
sorafenib on the cell viability of
HeLa cells. Molecular structure of
a fisetin and b sorafenib. c, d
HeLa cells are incubated with
fisetin (0–80μM) or sorafenib (0–
10 μM) for 24 h. Cell viability is
determined by using the MTT
assay. The results are expressed as
the percentages of cell viability.
Data are expressed as the mean±
SE of at least three independent
experiments. **P<0.01,
compared with that of the
untreated controls (0 μM)
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In order to assess whether DR4 and DR5 expression
were involved in the combination of fisetin and
sorafenib-induced apoptosis, the cells were pretreated
for 6 h with siDR5. The cells were then exposed to
fisetin (40 μM), sorafenib (5 μM), or a combination
of fisetin and sorafenib for 24 h and then analyzed by
western blot assay. The results showed that the com-
bined treatment induced DR5 cleavage of caspase-3,
caspase-8, and caspase-PARP expression was attenuated
by inhibiting DR5 expression with siDR5 compared
with the other treatments (Fig. 3b). Furthermore, MTT
assay showed that siDR5 pretreatment also completely
prevented combined fisetin and sorafenib treatment-
induced apoptosis of HeLa cells (Fig. 3c), consistent
with Annexin V-FITC/PI double-stained assay results
(Fig. 3d), suggesting that the effect of the combination
treatment on HeLa cells was specifically via a DR5-
mediated activation of the caspase-8 and caspase-3
pathway.

Effects of combination treatment on the mitochondrial
membrane potential in HeLa cells

Mitochondria play a key role in propagating apoptotic
signaling [32, 33]. We examined the effect of synergistic
effects of fisetin and sorafenib on mitochondrial mem-
brane potential (Δψm) by using a JC-1 dye and flow
cytometry analysis. Quantitative analysis using flow
cytometry suggested loss of ΔΨm in the combined
fisetin/sorafenib-treated HeLa cells, compared with treat-
ment with either fisetin or sorafenib alone (Fig. 4a). Ad-
ditionally, we further examined whether the Bax/Bcl-2
ratio increased upon combined fisetin and sorafenib treat-
ment of HeLa cells. We found that combined fisetin and
sorafenib treatment resulted in an increase in Bax/Bcl-2
ratio compared with treatment with either fisetin or sora-
fenib alone (Fig. 4b).

We transiently transfected HeLa cells with siDR5 and
examined it effects on combined fisetin and sorafenib

Fig. 2 Effect of fisetin and
sorafenib combination on
apoptosis of HeLa cells. HeLa
cells are treated with fisetin
(40 μM) and sorafenib (2.5 or
5 μM) alone or in combination for
24 h. Cell viability is determined
by using a MTT assay and b
Annexin Vand PI double staining
by flow cytometry. c Cell lysates
are subjected to western blotting
assay with anti-cleaved caspase-3,
anti-cleaved caspase-8, anti-
cleaved PARP, and anti-β-actin
antibodies. β-Actin is used as
loading control. d HeLa cells are
treated with fisetin and sorafenib
alone, or in combination with Z-
VAD-FMK (20 μM), for 24 h,
and cell viability is determined
using the MTT assay and e
Annexin/Vand PI double staining
by flow cytometry. Data are
expressed as the mean (± SE) of at
least three independent
experiments. **P<0.01, control
versus fisetin or fisetin plus
sorafenib; #P<0.01, fisetin versus
Z-VAD-FMK or plus sorafenib
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treatment-induced mitochondrial dysfunction. HeLa cells
expressing siDR5 significantly blocked combined fisetin and
sorafenib-induced mitochondrial dysfunction compared with
other treatments (Fig. 4c). Moreover, HeLa cells expressing
siDR5 also blocked combined fisetin and sorafenib-induced
Bax/Bcl-2 levels and cytochrome c release (Fig. 4d). These
data suggested that the apoptotic effect of combined fisetin
and sorafenib treatment on Hela cells was mediated by a
mitochondria-dependent apoptotic pathway.

Fisetin and sorafenib synergistically inhibit tumor growth
using an in vivo xenograft cervical cancer model

To investigate the synergistic antitumour effects of the combined
fisetin and sorafenib treatment, a HeLa cervical carcinoma xe-
nograft model was used. Based on our previous studies of fisetin
in a cervical cancer xenograft model [18], an in vivo scheme
involving 4 mg/kg of fisetin administered orally to each mouse
was utilized. Five nudemice in each group were inoculated with
HeLa cervical cancer cells. They were then gavaged with
DMSO, fisetin (4 mg/kg), sorafenib (10 mg/kg), or the combi-
nation treatment (fisetin 4 mg/kg and sorafenib 10 mg/kg) two
times per week. The results showed that the subcutaneous tumor
volume was decreased in the combination-treated group com-
pared with the other groups (Fig. 5a, b). Consistent with the
tumor volume results, the tumor weight was strongly inhibited
in the combination-treated mice compared with the other groups

(Fig. 5c). Moreover, we found no loss in body weight in the
mice (Fig. 5d). Accordingly, the expression of Ki-67-positive
proliferating cells was strongly reduced in the combination-
treated mice (Fig. 5e). Immunohistochemistry assay further
showed that protein levels of DR5, cleaved-caspase-3,
cleaved-caspase-8, and cleaved-PARP were markedly in-
creased in the combination-treated mice compared with the
other groups (Fig. 5f). Collectively, these findings suggested
that fisetin combined with sorafenib was effective as a novel
therapeutic agent against cervical cancer.

Discussion

The combination of flavonoids with anticancer drugs has been
suggested as a potential strategy for tumor therapy [34]. How-
ever, such combinations have been primarily associated with
low cytotoxicity, narrow therapeutic indices, and undesirable
side effects. In an attempt to find a better anticancer regimen
for cervical cancer cells, we investigated the activity of fisetin,
a flavonoid with antitumor properties, in combination with
sorafenib, a well-established multikinase inhibitor approved
for the treatment of renal cell carcinoma [35] and hepatocel-
lular carcinoma [21]. Our results showed that the less-toxic
flavonoid, fisetin, in combination with sorafenib, worked syn-
ergistically to inhibit cell growth and induce apoptosis of hu-
man cervical HeLa cancer cells by increasing DR5-mediated

Fig. 3 Effect of combination of
fisetin and sorafenib on apoptosis
of HeLa cells through DR5
activation. HeLa cells are treated
with fisetin (40 μM) and
sorafenib (2.5 or 5 μM) alone, or
in combination, for 24 h. a Cell
lysates are subjected to western
blotting assay with anti-DR4,
anti-DR5, and anti-β-actin
antibodies. b HeLa cells are
treated with fisetin (40 μM) and
sorafenib (2.5 or 5 μM) alone, or
in combination with siDR5
(100 nM) for 48 h by western
blot. c Cell viability is determined
using MTT assay and d Annexin
Vand PI double staining by flow
cytometry. β-Actin is used as
loading control. Data are
expressed as the mean (± SE) of at
least three independent
experiments. **P<0.01, control
versus fisetin or fisetin versus
sorafenib; #P<0.01, fisetin versus
siDR5 or plus sorafenib
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mitochondrial dysfunction and induction of caspase-8/3 sig-
naling both in vitro and in vivo (Fig. 6). In other words, fisetin
combined with sorafenib showed enhanced therapeutic effica-
cy against human cervical cancer cells.

Fisetin, a flavonoid found in fruits and vegetables, has been
shown to have anticancer activity against various cancer cells
and to also possess chemopreventive properties [12, 36]. Stud-
ies have demonstrated fisetin-induced apoptosis in various
cancer cells through activation of caspase-3 cascade and in-
creased p53 expression in hepatocellular carcinoma SK-HEP-
1 cells [13]. Fisetin treatment of A431 cells resulted in G2M
arrest and induction of apoptosis, reduced expression of Bcl-2,
increased expression of Bax, and activation of caspase-3/cas-
pase-9 in NCl-H460 nonsmall lung cancer cells [19]. Fisetin
also induced endoplasmic reticulum stress, inhibited cell
growth, and increased activation of both extrinsic and intrinsic
pathways in human melanoma cells [37]. The antitumor ef-
fects of fisetin have also been exploited to improve the effica-
cy of conventional chemotherapy. Our study showed that
fisetin-induced apoptosis of HeLa cells, both in vitro and in
vivo, is consistent with the ability of embryonal carcinoma
cells to respond to the combination of fisetin and cisplatin
which synergistically induced apoptosis both in vitro and in
vivo [38]. Similar reports have suggested that the combination
therapy of N-acetyl-L-cysteine and fisetin induced apoptosis
in human colonic cancer cells [39]. Therefore, studies of

combination chemotherapy have focused on identifying natu-
ral compounds that could enhance the therapeutic index in
various cancer cells while decreasing the side effects [40].

Activated caspase-8 can then induce activation of
proapoptotic proteins, such as Bid, which in turn could
induce cytochrome c release from mitochondria and sub-
sequently activate caspase-3 [41]. Based on our studies,
fisetin and sorafenib synergistically succeeded in activat-
ing the caspase-8/caspase-3 pathway. The possibility that
caspase-8 activation by combating in a death receptor or
alternatively represents a secondary event derived from
mitochondrial activation [42]. The Bcl-2 protein mediates
antiapoptotic signaling, and Bax protein mediates
proapoptotic signaling. They are crucial for inducing per-
meabilization of the outer mitochondrial membrane and
subsequent release of cytochrome c [43], and overexpres-
sion of Bcl-2 protein showed the preventive effect against
apoptosis [44]. Our results showed that the combination
fisetin and sorafenib significantly increased Bax/Bcl-2 ra-
tio levels while disrupting mitochondrial membrane po-
tential in HeLa cells. Decreased Bax/Bcl-2 ratio levels
and mitochondrial membrane potentials were also ob-
served in siDR5-treated HeLa cells. These results provid-
ed that increased Bax/Bcl-2 ratio expression with loss of
mitochondrial membrane potential is involved in fisetin/
sorafenib-induced apoptosis of HeLa cells.

Fig. 4 Effect of the combination
of fisetin and sorafenib on
mitochondrial membrane
potential of HeLa cells through
activation of the DR5 pathway.
HeLa cells are treated with fisetin
(40 μM) and sorafenib (2.5 or
5 μM) alone, or in combination,
for 24 h and mitochondrial
membrane potential is determined
by JC-1 staining and flow
cytometry. b Cell lysates are
subjected to western blot assay
with anti-Bax, anti-Bcl-2, anti-
cytochrome c, and anti-β-actin
antibodies. c HeLa cells are
treated with fisetin (40 μM) and
sorafenib (2.5 or 5 μM) alone, or
in combination with siDR5
(100 nM) for 48 h and
mitochondrial membrane
potential is determined by JC-1
staining and flow cytometry. d
Bax and Bcl-2 protein levels are
assessed by western blot. Data are
expressed as mean (± SE) of at
least three independent
experiments. **P<0.01, control
versus fisetin or fisetin versus
sorafenib; #P<0.01, fisetin versus
siDR5 or plus sorafenib
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DR4/DR5 activation recruits Fas-associated death domain
(FADD) and pro-caspase-8 to form DISC, which activates the
autocleavage of pro-caspase-8 to activate caspase-8, then the

downstream cleavage of caspase-3, leading to the execution of
extrinsic apoptosis [45]. Several reports have shown that DR5
plays an important role in sensitizing tumor cells to induce
apoptosis by chemotherapeutic agents [46, 47]. Our findings
demonstrated that the fisetin/sorafenib combination increased
protein levels of DR5 in HeLa cells. Interestingly, the combi-
nation of fisetin and sorafenib did not affect the protein levels
of DR4, emphasizing the specific effect of the fisetin/
sorafenib combination on DR5 expression. Moreover, the
pan-caspase inhibitor Z-VAD-FMK and siDR5, in blocking
DR5 expression, suppressed fisetin/sorafenib-induced apopto-
sis. In addition, some antitumor agents examined in cervical
cancer HeLa cells have induced apoptotic death by activating
the mitochondrial- and DR5-mediated pathway in cervical
cancer [48]. The effects of one member of the flavonoid fam-
ily, quercetin, has been examined in cervical cancer HeLa
cells. It promoted apoptosis by increased production of reac-
tive oxygen species and depolarization ofmitochondrial mem-
brane potentials [49]. Therefore, we suggested that fisetin and
sorafenib combination could induce DR5 expression, leading
to stimulation of the death receptor and mitochondria dysfunc-
tion pathway and activation of caspase-3/caspase-8, and
PARP pathways.

The antitumor activities of sorafenib have been shown in a
number of studies [42], and it has been approved for the

Fig. 6 Diagram showing the mechanism underlying the effect of the
combination of fisetin with sorafenib in human cervical cancer HeLa
cells. Sorafenib enhances fisetin-induced apoptosis by up-regulating the
expression of DR5 via the mitochondrial-dependent apoptosis signal
pathways

Fig. 5 Antitumor effects of the
combination of fisetin and
sorafenib on tumor growth in an
in vivo cervical xenograft model.
a Nude mice (five mice per
group), previously inoculated
with HeLa cervical cancer cells,
are fed with fisetin (4 mg/kg) and
sorafenib (10 mg/kg) alone, or in
combination, and observed for
5 weeks. b Mean tumor volumes
at given time points. c The
weights of the tumor and (d) body
weight are determined. e The
tissue samples of excised
xenograft tumor are examined by
H&E stain and
immunohistochemical stain with
anti-Ki-67 antibody. f Cell lysates
from the xenograft tumors are
subjected to western blot assay
with anti-DR5, anti-cleaved
caspase-3, anti-cleaved caspase-8,
anti-cleaved PARP, and anti-K-
actin antibodies. **P<0.01,
compared with that of the control
group
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treatment of advanced renal cell carcinoma [50] and advanced
hepatocellular carcinoma [21]. Sorafenib was also reported to
decrease viability of thyroid cancer cells by causing apoptotic
cell death via cell membrane disruption and LDH release, and
caspase-3/caspase-7 activation through intracellular signaling
pathways including MAP kinase- and AKT-dependent path-
ways [23]. Based on its low toxicity and multiple functions in
cancer therapy, sorafenib may be used in combination with
other antitumor agents to improve therapeutic efficiency. It
has been reported that sorafenib enhanced the apoptosis activ-
ity mediated by fisetin in BRAF-mutated melanoma cell
through activation of mitochondrial-dependent caspase-3 ap-
optotic signaling via suppressingMAPK and PI3K and VEGF
expression in vitro and in vivo [51]. In addition, the
antimetastatic effects of a low dose of fisetin and sorafenib
combination exhibited greater decrease of N-cadherin,
vimentin, and fibronectin expression, and increase of E-
cadherin expression in BRAFmutated melanoma cells in both
in vitro and in vivo xenograft tumors [52]. ABT-737 treatment
combined with sorafenib effectively suppressed levels of
phosphorylated STAT3 and MCL1 in glioma cells [53]. Com-
bined treatment of benzofuroxan derivative and sorafenib
showed stronger cytotoxicity and induced apoptosis through
the DR4-triggered extrinsic pathway toward lung cancer cells
[26]. Taken together, sorafenib alone, or in combination with
other agents, could enhance cytotoxicity of cancer cells by a
variety of signaling pathways as well as apoptosis.

In conclusion, our study showed that the combination of
fisetin and sorafenib exerted better synergistic effects in vitro
and in vivo than either agent used alone against human cervi-
cal cancer and this synergismwas based on apoptotic potential
through a mitochondrial- and DR5-dependent caspase signal-
ing pathway. Combined fisetin and sorafenib treatment repre-
sents a novel therapeutic strategy for further clinical develop-
ments in advanced cervical cancer.
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