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Capsaicin enhances the antitumor activity of 
sorafenib in hepatocellular carcinoma cells and 
mouse xenograft tumors through increased ERK 
signaling
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Abstract
Sorafenib, a small inhibitor of tyrosine protein kinases, is currently the standard chemotherapy drug for the treatment of advanced 
hepatocellular carcinoma (HCC). Although sorafenib improves the survival of HCC patients, its efficacy is not optimal and requires 
further improvement. Capsaicin, the major active component of chili peppers from the genus Capsicum, is not only the agonist of 
TRPV1 channel, but also displays antitumor activity and enhances the sensitivity of cancer cells to cytotoxic drugs. In this study, we 
investigated the antitumor effects of combined sorafenib and capsaicin on HCC cells in vitro and xenograft tumors. Treatment with 
capsaicin alone dose-dependently inhibited the proliferation of the HCC cell lines PLC/PRF/7, HuH7 and HepG2 with IC50 values of 137, 
108 and 140.7 μmol/L, respectively. No obvious expression of TRPV1 channel was detected in the 3 HCC cell lines and TRPV1 channel 
blockers did not alleviate the cytotoxicity of capsaicin. By contrast, combining capsaicin and sorafenib significantly enhanced the 
suppression on cell proliferation, achieving a high-level synergistic effect (inhibition rates over 50%) and promoting HCC cell apoptosis. 
In nude mice with PLC/PRF/5 xenografts, combined administration of capsaicin and sorafenib significantly enhanced the suppression 
on tumor growth without apparent gross toxicity compared to either agent alone. Mechanistically, capsaicin (10–200 μmol/L) dose-
dependently increased the levels of phosphorylated ERK (p-ERK) in PLC/PRF/5 cells, thus leading to enhanced sorafenib sensitivity 
and a synergistic suppression on the tumor cells. Taken together, our results suggest that capsaicin-increased phosphorylation of ERK 
contributes to the enhanced antitumor activity of sorafenib, and capsaicin may be useful in improving the efficacy of sorafenib for the 
treatment of HCC.
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Introduction
Hepatocellular carcinoma (HCC) remains a severe health 
threat worldwide[1-3].  Many patients are not diagnosed until 
advanced stages and require systemic chemotherapy[4-6].  
Sorafenib, a small inhibitor of tyrosine protein kinases, is 
currently the only and standardized systemic chemotherapy 
drug for the treatment of advanced HCC[7-9].  Sorafenib is 
known to target non-receptor tyrosine kinase RAF and several 
receptor tyrosine kinases, including vascular endothelial 
growth factor receptor (VEGFR) and platelet-derived growth 

factor receptor (PDGFR)[10].  Clinical trials demonstrate that 
sorafenib prolongs the overall survival of HCC patients with 
a median of 2.8 months[7, 8].  Although sorafenib improves the 
overall survival, its efficacy remains suboptimal and requires 
further improvement.  Therefore, identifying agents that can 
enhance the antitumor activity of sorafenib will be beneficial 
for the treatment of HCC patients.  

Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide), the 
major active component of chili peppers from the genus 
Capsicum, has been widely used as a food additive and topi-
cal drug[11, 12].  Capsaicin has attracted considerable attention 
because of its chemoprotective properties against certain 
carcinogens and mutagens[13].  In addition, capsaicin has been 
reported to induce cell apoptosis in several tumor types, 
such as myeloid leukemia, colon cancer, and HCC[14-17].  The 
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mechanisms whereby capsaicin induces cancer cell apopto-
sis were reported to be either dependent or independent on 
the transient receptor potential vanilloid 1 (TRPV1) channel 
that serves as a direct target of capsaicin[18, 19].  The antitumor 
effect of capsaicin has been reported to correlate with its abil-
ity to elevate the level of reactive oxygen species (ROS), thus 
interfering with cellular signaling pathways involved in cell 
proliferation and apoptosis[19, 20].  Capsaicin was shown to 
inhibit STAT3 phosphorylation while activating the RAF/
MEK/ERK pathway in multiple myeloma and prostate cancer 
cells[20, 21].  Because activation of the RAF/MEK/ERK pathway 
was positively correlated with the sensitivity of HCC cells to 
sorafenib[22, 23], we therefore investigated the antitumor activity 
of combining capsaicin and sorafenib in HCC cells and xeno-
graft tumors in the current study.  

We herein report that capsaicin suppressed the proliferation 
of HCC cells via a TRPV1-independent mechanism.  Combining 
capsaicin and sorafenib enhanced the suppression of cell 
proliferation and the induction of cell apoptosis in HCC cells.  
The Chou-Talalay analysis revealed a synergistic antitumor 
effect of the capsaicin and sorafenib combination.  Our 
findings show that sorafenib-mediated inhibition of increased 
ERK signaling by capsaicin underlies the observed synergism, 
and capsaicin may be a useful adjunct therapeutic approach 
for improving the efficacy of sorafenib.  

Materials and methods
Agents
Sorafenib and capsaicin were purchased from Selleckchem 
(Huston, USA) and Tocris Bioscience (Bristol, UK), respectively.  
For the in vitro assays, sorafenib and capsaicin were first 
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) 
before further diluted with culture medium to the desired 
concentrations.  For the in vivo experiments, sorafenib was 
formulated as previously described[24] by dissolving in 
Cremophor EL/ethanol (50:50) and further diluting with 
water to the final dosing solution.  Capsaicin was dissolved in 
ethanol before being diluted with normal saline to the desired 
concentration, with a final ethanol concentration of 0.2% for in 
vivo studies.  

Cell lines and cell culture 
Three HCC cell lines, including PLC/PRF/5, HuH7, and 
HepG2, and one normal human liver cell line, HL-7702, were 
employed in the present study.  PLC/PRF/5 and HuH7 were 
obtained from the China Cell Bank (Shanghai, China).  HepG2 
was obtained from the Cell Resource Center, Peking Union 
Medical College (Beijing, China).  HL-7702 cells were obtained 
from the China Center for Type Culture Collection (Wuhan, 
China).  PLC/PRF/5 cells were transiently transfected with 
human TRPV1 cDNA (the accession number: NM_080704.3) 
using Lipofectamine 2000 transfection reagent (Invitrogen), 
and the transfection efficiency was approximately 72%.  
The TRPV1 cDNA insert was generated with primers 
5’-ATCGATGAAGAAATGGAGCAGCA-3’ (forward) and 
5’-ACTGTCACTTCTCCCCGGAAGC-3’ (reverse) using LA 

Taq (TAKARA) and subcloned into Bgl II and Sal I restriction 
sites of the pIRES2-EGFP vector.  The cancer cells were 
maintained in Minimum Essential Medium (MEM; Thermo 
Fisher Scientific) supplemented with 10% fetal bovine serum 
(FBS; PAN Biotech).  HL-7702 cells were maintained in RPMI-
1640 medium (Thermo Fisher Scientific) supplemented with 
20% FBS (PAN Biotech).  All cells were cultured at 37 °C in a 
humid atmosphere (5% CO2, 95% air).  

Cell proliferation assay
Cells (5×103 per well) seeded in 96-well plates were exposed 
to capsaicin, sorafenib, or their combination for 72 h.  Then, 
the medium was removed and the wells were washed with 
phosphate-buffered saline (PBS).  The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was per-
formed by adding 20 μL of MTT (5 mg/mL, Sigma-Aldrich)  
to the cells for 4 h.  Light absorbance was measured at 490 nm 
on a microplate reader (TECON, Swissland).  

Cell apoptosis detection 
Cell apoptosis was detected by Hoechst 33258 dye and 
propidium iodide (PI) staining, enzyme-linked immunosorbent 
assay (ELISA), and caspase 3/7 activation assay.  

For Hoechst 33258 and PI staining as well as the caspase 3/7 
activation assay, cells (5×103 per well) seeded in 96-well plates 
were exposed to capsaicin, sorafenib, or their combination for 
24 h.  After being washed with PBS, cells were stained with 
Hoechst 33258 (1 μg/mL) and PI (1 μg/mL) for 20 min.  The 
apoptotic cells were quantified by calculating the ratio of 
PI-positive cells to Hoechst 33258-positive cells.  Caspase 3/7 
activity was examined using CellEvent Caspase-3/7 Green 
Detection Reagent (ThermoFisher Scientific) according to the 
manufacturer’s directions.  

For the ELISA, cells (1×104 per well) seeded in 96-well 
plates were exposed to capsaicin, sorafenib, or their 
combination for 24 h.  Cell apoptosis was detected using 
the Cell Death Detection ELISAPLUS kit (Roche) according to 
the manufacturer’s instructions.  Cells were lysed with 200 
μL of lysis buffer at room temperature for 30 min.  Then, 
cell lysates were centrifuged at 200×g for 10 min at 4 °C.  
Twenty microliters of the supernatant was transferred 
into a streptavidin-coated microwell plate, 80 μL of the 
immunoreagent containing Anti-DNA-POD and Anti-histone-
biotin was added to each well, and the plate was incubated 
at room temperature for 2 h with shaking.  The wells were 
washed three times, 100 μL ABTS was added, and the plate 
was incubated for 10-20 min before the absorbance was 
measured at 405 nm.  

Western blotting
Cell lysates were prepared using RIPA lysis buffer (AR0105; 
Boster, Wuhan, China) containing cocktail protease inhibitor 
(AR1182; Boster) and phosphatase inhibitor (AR1183; Boster).  
Protein samples were denatured at 95 °C for 5 min, separated 
by SDS-PAGE and transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore).  After blocking with 5% milk 
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for 1 h, the membranes were incubated with primary antibod-
ies against TRPV1 (1:2000; 22686-1-AP; Proteintech), p-ERK1/2 
(1:1000; ab33258; Abcam), p-STAT3 (1:100 000; ab76315; 
Abcam), Bax (1:1000; 50599-2-lg; Proteintech), Bcl-2 (1:1000; 
12789-1-AP; Proteintech) and β-actin (1:1000; Boster) overnight 
at 4 °C.  After extensive washing in Tris-buffered saline with 
Tween-20 (TBST) buffer, the membranes were incubated with 
horseradish peroxidase-conjugated secondary antibody for 1 
h at room temperature.  The signal was detected using an ECL 
Western blotting detection system (Millipore).  

In vivo suppression of tumor growth
The in vivo efficacy of combining capsaicin and sorafenib 
was assessed using a PLC/PRF/5 xenograft mouse model.  
Athymic female mice (NU/NU), 4-6 weeks of age, were 
purchased from Beijing Vital River Laboratory Animal Tech-
nology Co, Ltd (Beijing, China).  The animals were housed 
under pathogen-free conditions.  The research protocol was 
in accordance with the institutional guidelines of the Animal 
Care and Use Committee.  

Tumors were generated by harvesting PLC/PRF/5 cells from 
mid-log phase cultures using trypsin-EDTA (ThermoFisher 
Scientific).  Cells were then pelleted and resuspended in PBS to 
a final cell count of 5×107/mL.  A volume of 0.2 mL of the cell 
suspension was injected sc in the right flank of each mouse.  
After 7 d, when the tumor volume had reached approximately 

0.1 cm3, all the mice were divided into 4 groups (n=7).  In 
group 1, mice received an intratumor injection of 100 μL nor-
mal saline containing 0.2% ethanol.  In group 2, mice received 
50 mg/kg sorafenib (po).  In group 3, mice received an intra-
tumor injection of 100 μL capsaicin solution (200 μmol/L).  
In group 4, mice received 50 mg/kg sorafenib (po) and an 
intratumor injection of 100 μL capsaicin solution (200 μmol/L).  
Administration of normal saline, sorafenib, capsaicin, or their 
combination was performed daily for 21 d.  Tumor volume 
and body weight were measured every 4 d throughout the 
experiment.  

Statistical analysis
The data are expressed as the mean±SD for three different 
determinations.  Statistical significance was analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett's 
multiple range tests.  The value of P<0.05 was considered to 
be statistically significant.  Statistical analysis was performed 
using the SPSS/Win 16.0 software (SPSS, Inc, Chicago, IL, 
USA).  

Results 
Inhibitory effect of capsaicin or sorafenib on tumor cell viability 
The effect of capsaicin or sorafenib on cell viability was 
determined using an MTT assay.  Three HCC cell lines, 
PLC/PRF/5, HuH7, and HepG2, were treated with different 

Figure 1.  Inhibitory effect of capsaicin or sorafenib on tumor cell viability.  (A) Capsaicin dose-dependently reduced the viability of the HCC cells PLC/
PRF/5, HuH7, and HepG2.  Cells were incubated with different concentrations of capsaicin for 72 h before being subjected to an MTT assay.  (B) TRPV1 
expression was not detected in PLC/PRF/5, HuH7, or HepG2 cells.  HEK293-TRPV1 cells (HEK293 cells transfected with a plasmid containing the trpv1 
gene; positive control, PC), HEK293 cells (negative control, NC), and the three HCC cell lines were lysed and subjected to Western blotting assay.  (C) 
N-acetyl-L-cysteine (NAC) does-dependently alleviated the capsaicin-induced cytotoxicity in PLC/PRF/5 cells.  Cells were exposed to both capsaicin and 
different concentrations of NAC for 72 h before being subjected to an MTT assay.  Cap, capsaicin; NAC, N-acetyl-L-cysteine.  **P<0.01.  (D) Sorafenib 
dose-dependently decreased the viability of PLC/PRF/5, HuH7, and HepG2 cells.  Cells were incubated with different concentrations of sorafenib for 72 
h before being subjected to an MTT assay.
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concentrations of capsaicin (0, 50, 100, 150, 200, and 250 
μmol/L) or sorafenib (0, 0.3, 1, 3, 10, and 30 μmol/L) for 72 h.  
As shown in Figure 1A, capsaicin inhibited cell proliferation 

in all three cell lines in a dose-dependent manner, with IC50 
values of 137.0, 108.0, and 140.7 μmol/L, respectively.  As a 
well-known agonist of TRPV1, capsaicin activates the channel 

Figure 2.  Synergistic inhibition of tumor cell viability by combined sorafenib and capsaicin.  Capsaicin dose-dependently enhanced the cytotoxicity 
induced by sorafenib in the HCC cells PLC/PRF/5 (A, left panel), HuH7 (B, left panel), and HepG2 (C, left panel) and in normal human liver cells HL-
7702 (D).  Cells were exposed to sorafenib alone or in combination with capsaicin at a fixed concentration (10, 50, or 100 μmol/L, respectively) for 72 
h before being subjected to an MTT assay.  Combination indexes (CIs) of sorafenib plus capsaicin (100 μmol/L) were calculated using the CompuSyn 
software and were plotted against cell inhibition rates (right panel).  Sor, sorafenib; Cap, capsaicin.  *P<0.05, **P<0.01.
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at a concentration of 1 μmol/L[25].  However, capsaicin at 
this concentration had no effect on the viability of the three 
cell lines used in this study, suggesting that inhibition of 
cell growth by capsaicin is independent of TRPV1 channel 
activation.  To confirm this hypothesis, we examined TRPV1 
expression in three cell lines and detected no obvious TRPV1 
band (Figure 1B).  In addition, we tested two different blockers, 
ruthenium red, a pan-inhibitor of TRPVs, and BAPTA-AM, a 
selective intracellular Ca2+ chelator, that did not alleviate the 
cytotoxicity of capsaicin (data not shown), confirming that 
the inhibitory effect of cell growth by capsaicin is not ascribed 
to TRPV1 activation and the subsequent Ca2+ influx.  We 
further tested whether ectopic expression of TRPV1 in HCC 
cells had any impact on cell viability by comparing the effect 
of capsaicin on TRPV1-transfected PLC/PRF/5 cells (PLC/
PRF/5-TRPV1) with control vector-transfected PLC/PRF/5 
cells (PLC/PRF/5-vector).  The results showed that the IC50 
values of capsaicin on either PLC/PRF/5-TRPV1 cells (174.3 
μmol/L) or PLC/PRF/5-vector cells (166.8 μmol/L) were 
similar, indicating an insignificant role of TRPV1 in mediating 
the antitumor effect of capsaicin on HCC cells.  

As the induction of ROS generation was reported to 
be associated with antitumor activity of capsaicin, we 
investigated whether N-acetyl-L-cysteine (NAC), a membrane-
penetrating antioxidant that reduces ROS levels, could 
alleviate the cytotoxic effect of capsaicin on cancer cells.  Not 
surprisingly, NAC dose-dependently improved the viability of 
PLC/PRF/5 cells that were concurrently exposed to capsaicin 
(Figure 1C), indicating that ROS generation plays an important 
role in capsaicin-induced cytotoxicity.  

Sorafenib is known to repress HCC cell growth, and we 
also determined the effect of sorafenib on cell growth.  As 
shown in Figure 1D, sorafenib suppressed the growth of PLC/
PRF/5, HuH7, and HepG2 cells in a dose-dependent manner, 
exhibiting significant inhibition of cell viability in all three 
HCC cell lines at concentrations above 3 μmol/L with IC50 
values of 7.6, 6.4, and 5.9 μmol/L, respectively (Figure 1D).  

Synergistic inhibition of tumor cell viability by combined 
sorafenib and capsaicin
To investigate the antitumor effect of combined sorafenib and 
capsaicin, cells were treated with different concentrations 
of sorafenib in the presence or absence of capsaicin for 72 h 
and the cell viability was determined by an MTT assay.  As 
shown in Figure 2A, sorafenib at the concentration range 
of 0–30 µmol/L resulted in a leftward shift of cell growth 
inhibition of PLC/PRF/5 cells in the presence of 50 or 100 
μmol/L capsaicin compared with sorafenib alone.  To explore 
the interactive effect of sorafenib and capsaicin, we calculated 
the combination index (CI) values of sorafenib plus capsaicin 
(100 μmol/L) using the CompuSyn software and determined 
the interaction types according to the Chou-Talalay Method 
(Figure 2, right panels).  The analysis revealed that combining 
sorafenib and capsaicin gave rise to a synergistic effect when 
sorafenib was used at relatively high concentrations (3, 10, and 
30 μmol/L), and a moderate or slight antagonistic effect when 

sorafenib was used at low concentrations (0.3 or 1.0 μmol/L; 
Figure 2A).  A similar effect of sorafenib plus capsaicin was 
also observed in other two HCC cells lines, HuH7 and HepG2 
(Figures 2B and 2C).  A synergistic effect on cell growth 
inhibition was observed when capsaicin was combined with 
sorafenib at relatively high concentrations, while a slight 
antagonistic or nearly additive effect was observed when 
capsaicin was combined with relatively low concentrations of 
sorafenib.  From the perspective of inhibition rate, our results 
indicate that capsaicin in combination with sorafenib is prone 
to a synergistic effect on HCC cells at high inhibition rates 
(approximately over 50%; Figure 2, right panel).  

To determine the side effects of sorafenib, capsaicin, and 
the drug combination on normal cells, we examined their 
cytotoxic effects on the normal human liver cell line HL-7702.  
The results showed that sorafenib alone and capsaicin alone 
suppressed the growth of HL-7702 cells in a dose-dependent 
manner, with IC50 values of 28.3 μmol/L and 317.6 μmol/L, 
respectively, which are significantly higher than those values 
in HCC cells, suggesting that both sorafenib and capsaicin 
exhibited a lower cytotoxicity to normal liver cells (Figure 
2D).  The combination of capsaicin and sorafenib exhibited an 
enhanced cytotoxic effect on the normal cells.  However, the 
increased cytotoxicity in normal cells was lower than that in 
HCC cells.

Combining sorafenib and capsaicin enhances apoptotic cell 
death
It has been reported that sorafenib alone and capsaicin 
alone are capable of inducing apoptosis in cancer cells[10, 17].  
We examined the apoptosis induced by the capsaicin and 
sorafenib combination in the HCC cell line PLC/PRF/5.  The 
cells were exposed to sorafenib (5 and 10 μmol/L) in the 
presence or absence of capsaicin (100 μmol/L) for 24 h and 
subsequently stained with Hoechst 33258 and PI.  As shown in 
Figure 3A and 3B, sorafenib alone at 5 or 10 μmol/L increased 
the percentage of PI-positive cells from 0.41% to 5.6% and 
9.8%, respectively.  Capsaicin alone at 100 μmol/L increased 
the percentage of PI-positive cells by 3.8%.  Co-treatment of 
PLC/PRF/5 cells with sorafenib and 100 μmol/L capsaicin 
significantly increased sorafenib-induced apoptosis as 
measured by an increase of 13.37% (capsaicin plus 5 μmol/L 
sorafenib) and 30.58% (capsaicin plus 10 μmol/L sorafenib) 
in PI-positive cells.  Using the Cell Death Detection ELISA, 
we confirmed that the combination of capsaicin and sorafenib 
showed an enhanced effect on cell apoptosis in PLC/PRF/5 
cells (Figure 3C).

Caspases, a family of cysteine acid proteases, are central 
regulators of apoptosis.  Active caspase 3/7, a hallmark of 
apoptosis, was detected in PLC/PRF/5 cells using a substrate 
reagent that emits green fluorescence after cleavage by 
active caspase 3/7 (Figure 4A).  The percentages of caspase 
3/7-positive cells after exposure to the combination of 
sorafenib and capsaicin were increased by 8.0% and 27.0%, 
compared to an increase of only 3.6% and 9.7% for the 
treatment of 5 and 10 μmol/L of sorafenib alone, respectively 
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(Figure 4B).  These results indicated that capsaicin and 
sorafenib co-treatment was more efficient in activating 
caspase 3/7 in HCC cells.  Furthermore, we examined the 
effect of the capsaicin and sorafenib combination treatment 
on Bax and Bcl-2 intrinsic apoptotic markers using Western 
blot.  The results demonstrated that capsaicin and sorafenib 
co-treatment increased Bax expression and decreased Bcl-2 
expression in PLC/PRF/5 cells (Figure 4C).  The Bax/Bcl-2 
ratio was significantly increased in cells exposed to the drug 
combination compared to those exposed to capsaicin alone 
or sorafenib alone (Figure 4C).  These results suggested that a 
mitochondria-dependent pathway might be involved in cell 
apoptosis induced by the combination treatment.  

Increased antitumor sensitivity of sorafenib by capsaicin through 
the enhancement of p-ERK and reduction of p-STAT3 signaling
To explore the mechanism underlying the synergistic effect 
of combined capsaicin and sorafenib, we examined the signal 
transduction of ERK and STAT3 that are critically involved 
in the effect of sorafenib.  Sorafenib has been shown to inhibit 
the RAF/MEK/ERK pathway, and a higher level of phos-
phorylated ERK (p-ERK) was correlated with better survival 

rates in HCC patients receiving sorafenib treatment[23], and 
STAT3 was reported to be a major kinase-independent tar-
get of sorafenib[26].  As shown in Figure 5A, sorafenib treat-
ment decreased the expression of p-ERK and phosphorylated 
STAT3 (p-STAT3) in PLC/PRF/5 cells in a dose-dependent 
manner.  Interestingly, capsaicin treatment caused a decrease 
in p-STAT3 and an increase in p-ERK1/2 in a dose-dependent 
manner (Figure 5B), implying that enhanced p-ERK1/2 
expression induced by capsaicin is likely involved in the syn-
ergistic effect observed in the combination.  

To further confirm the role of capsaicin in ERK phosphory-
lation, we examined the impact of the combined treatment 
on p-ERK1/2 and p-STAT3 signaling.  As shown in Figure 
5C, capsaicin alone at a fixed concentration of 100 μmol/L 
significantly upregulated the level of p-ERK1/2, but this effect 
was abrogated by sorafenib in a concentration-dependent 
manner.  We also tested the effect of capsaicin and sorafenib 
on p-STAT3, and found that the combined treatment 
significantly reduced the levels of p-STAT3 at three different 
concentrations (2.5, 5, and 10 μmol/L) of sorafenib (Figure 
5C).  The ERK and STAT pathways are widely reported 
oncogenic pathways in HCC, and their activation may protect 

Figure 3.  Increased apoptotic cell death induced by combined sorafenib and capsaicin.  PLC/PRF/5 cells were exposed to sorafenib, capsaicin, or their 
combination for 24 h.  (A and B) Cells were stained with Hoechst 33258 and PI; the apoptotic cells were quantified by calculating the ratio of PI-positive 
cells to Hoechst 33258-positive cells.  a, control; b, 5 μmol/L sorafenib; c, 10 μmol/L sorafenib; d, 100 μmol/L capsaicin; e, 5 μmol/L sorafenib plus 
100 μmol/L capsaicin; f, 10 μmol/L sorafenib plus 100 μmol/L capsaicin.  (C) Cell apoptosis was detected using a Cell Death Detection ELISA kit. Cap, 
capsaicin; Sor, sorafenib.  *P<0.05, **P<0.01.
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cells from apoptosis.  We speculate that downregulation of 
p-STAT may promote cell apoptosis while upregulation of 
p-ERK causes cell survival for maintaining a self-balance.  To 
verify this hypothesis, we examined the effect of capsaicin 
in combination with PD032590, a selective inhibitor of ERK 
phosphorylation.  The results showed that this combination 
also achieved synergism in suppressing the growth of PLC/
PRF/5 cells, suggesting that blocking the ERK pathway 
may enhance the antitumor effect of capsaicin (Figure 5D).  
Collectively, these results suggest that the activation of ERK by 
capsaicin, in contrast to the attenuation of ERK activation by 
sorafenib, and the co-suppression of STAT3 by the two agents 
are likely responsible for the synergistic inhibitory effect of the 
combined treatment on HCC cell growth.  

Enhanced inhibition of xenograft tumor growth in nude mice by 
combining capsaicin and sorafenib 
To assess the in vivo efficacy of sorafenib plus capsaicin, a 
PLC/PRF/5 tumor xenograft model was generated.  Mice 
were randomly assigned to four groups: control, sorafenib, 
capsaicin, and the combination of sorafenib plus capsaicin.  
Oral administration of sorafenib at 50 mg/kg or intratumor 
injection of 100 μL capsaicin at 200 μmol/L for 21 d resulted in 

a significant tumor growth inhibition (TGI) of approximately 
58.9% and 52.2%, respectively, compared with the vehicle 
control group (Figure 6A).  In contrast, combining sorafenib 
(50 mg/kg, po) with capsaicin (intratumor injection of 200 
μmol/L in 100 μL) gave rise to a greater suppression of 
tumor growth with a TGI of approximately 83.3% (Figure 
6A).  As an additional control, we also monitored the body 
weights of nude mice throughout the experimental period 
(Figure 6B).  There was a slight weight loss observed in the 
sorafenib-treated, capsaicin-treated, and combination-treated 
groups.  However, if the tumor weight was deducted, no 
significant difference in net body weight was found between 
the treatment groups compared with the vehicle control group 
at the end of experiment, suggesting that the slight weight 
loss was associated with tumor growth inhibition, and the 
sorafenib and capsaicin combination caused no apparent gross 
toxicity in the nude mice.

Discussion 
The purpose of this study was to investigate the synergistic 
antitumor activity of sorafenib in combination with capsaicin.  
Our findings show that the combination of sorafenib and cap-
saicin synergistically repressed cell proliferation and induced 

Figure 4.  Expression of apoptosis-related proteins in HCC cells treated with combined sorafenib and capsaicin.  PLC/PRF/5 cells were exposed to 
sorafenib, capsaicin, or their combination for 24 h.  (A and B) Cells were incubated with the CellEvent Caspase-3/7 Green Detection Reagent; apoptotic 
cells were quantified by calculating the ratio of the active caspase 3/7-positive cells to all cells in the well.  a, control; b, 5 μmol/L sorafenib; c, 
10 μmol/L sorafenib; d, 100 μmol/L capsaicin; e, 5 μmol/L sorafenib plus 100 μmol/L capsaicin; f, 10 μmol/L sorafenib plus 100 μmol/L capsaicin.  (C) 
Bax and Bcl-2 expression levels were detected by Western blot and their ratios were quantified.  Cap, capsaicin; Sor, sorafenib.  *P<0.05, **P<0.01.
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cell apoptosis in HCC cells.  Capsaicin moderately inhibited 
the phosphorylation of STAT3, an oncogenic signaling mol-
ecule, and increased the level of p-ERK, which was abrogated 
by sorafenib in a concentration-dependent manner.  We specu-
late that capsaicin renders cancer cells dependent on ERK sig-

naling, thus leading to the increase in sorafenib sensitivity.  
The combination of antitumor drug sorafenib and agents 

with alternated mechanisms of action may unfold new thera-
peutic options that can increase the survival of advanced HCC 
patients.  Capsaicin exerts its physiologic function, ie, burning 

Figure 5.  Increased antitumor sensitivity of sorafenib by capsaicin through the enhancement of p-ERK1/2 and the reduction of p-STAT3 levels.  (A-
C) PLC/PRF/5 cells were incubated with sorafenib, capsaicin, or their combination for 24 h before being subjected to Western blot analysis.  (A) 
Sorafenib decreased the levels of p-ERK1/2 and p-STAT3 in a dose-dependent manner.  *P<0.05, **P<0.01 vs control.  (B) Capsaicin increased the 
level of p-ERK1/2 and decreased the level of p-STAT3 in a dose-dependent manner.  *P<0.05, **P<0.01 vs control.  (C) Capsaicin increased the level of 
p-ERK1/2, which was dose-dependently reduced by sorafenib; the combination treatment obviously decreased the level of p-STAT3.  **P<0.01 vs control.  
#P<0.05, ##P<0.01 vs cells exposed to capsaicin alone.  (D) PLC/PRF/5 cells were exposed to PD032590 alone or in combination with capsaicin at 
a fixed concentration (100 μmol/L) for 72 h before being subjected to an MTT assay.  Combination indexes (CIs) of PD032590 plus capsaicin were 
calculated using the CompuSyn software and were plotted against cell inhibition rates (right panel).
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sensation, in sensory neurons by binding to TRPV1, induc-
ing Ca2+ influx, and generating action potential[27].  Our find-
ings support the view that the antitumor effect of capsaicin 
is less likely involved in directly targeting the TRPV1 chan-
nel, although Yang et al reported that capsaicin mediated cell 
death in bladder cancer T24 cells through activating TRPV1 
and inducing Ca2+ entry-dependent ROS production[28].  Sev-
eral studies provided evidence supporting that the antitumor 
effect of capsaicin is not correlated with TRPV1 in prostate 
cancer cells[29], gastric cancer cells[30], or human small cell 
lung cancer[31].  Studies by Mori et al revealed that capsaicin-
induced apoptosis in prostate cancer cells was correlated with 
ROS production; however, the direct target of capsaicin was 
unknown[29].  It is worth noting that capsaicin usually inhibits 
cell proliferation or induces cell apoptosis at concentrations 
far higher than those that activate TRPV1[32], suggesting that 
other targets are likely involved in its antitumor activity.  In 
our study, TRPV1 was not detected in HCC cells, which also 
suggests that the antitumor effect of capsaicin is not correlated 
to TRPV1.  

Since inhibition of ROS by the reducing agent NAC 
significantly alleviates the cytotoxic effect of capsaicin, the 
production of ROS may be involved in the antitumor effect 
of capsaicin.  It has been demonstrated that ROS influence 
cell viability from multiple aspects.  In addition to their 

activity in damaging cellular proteins, lipids, and DNA thus 
leading to cell apoptosis, ROS are also implicated in cell signal 
transduction, which facilitates or inhibits cell proliferation[33-35].  
We and other researchers demonstrate that capsaicin decreases 
the level of p-STAT3 and increases the level of p-ERK, which 
likely underlies the synergistic effect when capsaicin is used in 
combination with sorafenib.  Consistent with our studies, Jiang 
et al reported that p-ERK expression is a determinant factor for 
synergistic antitumor activity in sorafenib-based combination 
therapy.  They found that DE605, a c-Met inhibitor, activates 
the MEK/ERK pathway, which in turn is inhibited by 
sorafenib, resulting in a synergistic antitumor effect in HCC 
cells[36].  In our study, the increased level of p-ERK by capsaicin 
is efficiently reduced by relatively high concentrations of 
sorafenib (Figure 5C), which may help explain why capsaicin 
plus high concentrations of sorafenib are prone to achieving a 
synergistic antitumor effect.  

The pharmacological activity of capsaicin is dependent on 
several factors, including the dose, the route of administration, 
and most importantly, its concentration in target tissues[37].  
Mice orally gavaged with capsaicin at 10 mg/kg had a peak 
blood concentration of 1.17 μg/mL (3.8 μmol/L) capsaicin at 1 
h post-feeding, which is obviously lower than concentrations 
required for its activity against HCC cells[37].  Consideration of 
oral dose escalation was abandoned in our study because the 
high dose (50 mg/kg) of capsaicin produced a severe burning 
sensation that was intolerable to mice.  We finally adopted the 
approach of intratumor injection of capsaicin in the current 
study.  We found that capsaicin alone via this route inhib-
ited the growth of PLC/PRF/5 xenografts and significantly 
increased the antitumor efficacy of sorafenib without obvious 
irritation, suggesting that capsaicin can be potentially used 
in a local therapeutic modality, such as hepatic transcath-
eter arterial chemoembolization (TACE), for HCC treatment.  
Although oral administration of high-dose capsaicin is not 
practical due to its irritative effect on the gastrointestinal tract, 
its application via oral administration could be an option if 
capsaicin can be administered through an appropriate drug 
carrier.  Strategies that can mask the burning sensation of 
capsaicin and achieve targeted delivery, such as microsphere- 
and nanosphere-based delivery systems, may be utilized 
to overcome the side effect of capsaicin.  With the above 
considerations, capsaicin may possess a therapeutic potential 
to be used alone or in combination with other anticancer drugs 
such as sorafenib for HCC treatment.  

Conclusion
In conclusion, combining sorafenib and capsaicin exhibits 
an enhanced activity in suppressing cell proliferation and 
inducing cell apoptosis in HCC cells.  This combination can 
achieve a high-level synergistic antitumor effect, which may 
facilitate its application in cancer management.  Our findings 
suggest that capsaicin may be useful as an adjunct therapeutic 
approach for the improvement of sorafenib efficacy in 
suppression of HCC.  

Figure 6.  Enhanced inhibition of xenograft tumor growth in nude mice 
by combining sorafenib and capsaicin. Nude mice with PLC/PRF/5 
xenografts received normal saline (intratumor injection, 100 μL), sorafenib 
(p.o., 50 mg/kg), capsaicin (intratumor injection, 200 μmol/L or 100 μL), 
and the drug combination for 21 d. Tumor volume (A) and body weight 
(B) were measured every 4 days.  Mice were euthanized at the end of 
the experiment.  Cap, capsaicin; Sor, sorafenib.  *P<0.05 vs sorafenib; 
#P<0.05 vs capsaicin.
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