
Abstract. Background/Aim: Lung cancer notably contributes
to tumor-associated mortality worldwide, and standard
chemotherapy is used for lung cancer patients. However, its
therapeutic efficacy remains unsatisfactory. This study aimed
to evaluate the effects and molecular mechanisms of sorafenib
and bufalin combination therapy on lung cancer cells in vitro.
Materials and Methods: NCI-H292 cells were treated with
sorafenib, bufalin, and sorafenib in combination with bufalin.
Cell viability, ROS production, Ca2+ release, and
mitochondrial membrane potential were examined by flow
cytometric assay. Annexin V/PI staining and chromatin
condensation were examined by the apoptosis assays. Finally
the molecular mechanism of apoptosis-associated protein
expression was investigated by western blotting. Results: NCI-

H292 cells treated with sorafenib in combination with bufalin
showed significantly decreased viability, enhanced cellular
apoptosis, and DNA condensation when compared to that with
sorafenib or bufalin alone. Moreover, the combination
treatment exhibited higher reactive oxygen species (ROS)
production and lower mitochondrial membrane potential
(ΔΨm). The combined treatment resulted in higher expression
of SOD but lower catalase compared to sorafenib treatment
alone. Compared to sorafenib or bufalin treatment alone, the
combination treatment resulted in lower Bcl-2 expression but
higher Bax, Bad, APAF-1, caspase-3, and caspase-9.
Conclusion: Sorafenib in combination with bufalin shows
more potent cytotoxic effects and cell apoptosis than sorafenib
or bufalin treatment alone in NCI-H292 cells. The combined
treatment significantly enhanced apoptotic cell death in NCI-
H292 lung cancer cells by activating ROS-, mitochondria-,
and caspase-signaling pathways in vitro.

Cancer affects human health globally with its incidence being
the most severe public issue of the 21st century. The global
number of lung cancer deaths remains high yearly (1). Lung
cancers are mainly divided into two subtypes, including non-
small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC). However, the NSCLC subtype occupies about 80-
85% of lung cancers (2). Currently, patients undergo surgery,
radiation, chemotherapy, and targeted therapy as the most
commonly used strategies for lung cancer. Yet clinical
outcomes of current therapies remain unsatisfactory: the 5-
year survival rate of lung cancer patients is less than 15% (3),
and that of patients with metastatic disease is less than 10%
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(4). Thus, identifying novel anti-cancer drugs to minimize the
side-effects or improving the effectiveness of treatments is
considered a matter of urgent importance (5).

Sorafenib, a multi-kinase inhibitor for treating advanced
liver cancer, is generally well-tolerated with promising efficacy
in various malignancies, including lung cancer. Furthermore, it
has been shown to be functional against various tumors in
preclinical models (6) and has also been presented to exert anti-
cancer activity in patients with relapsed NSCLC (7). In
particular, ARAF mutation is an oncogenic factor that drives
lung adenocarcinoma and is also used as an indicator for
sorafenib response (8). In vitro studies have shown that
sorafenib inhibited epithelial-to-mesenchymal transition (EMT)
mediated by transforming growth factor-β1 in A549 human
lung cancer cells (9). However, the development of drug
resistance after sorafenib treatment resulted in limited survival
benefit with meager response rates (10). Many studies have
reported the antitumor effect of sorafenib in preclinical NSCLC
models (11, 12). Nevertheless, sorafenib treatment is also
accompanied by side-effects such as adverse hand-foot skin
diseases, hypertension, and diarrhea (13), which result in
implementation of low doses, thereby affecting efficacy. 

Recently, natural products and their derivatives have
shown striking potential for modern drug discovery and
development (14). Bufalin, a class of steroids, is purified
from the parotid glands and skin of a Chinese toad popularly
known as Chansu (Bufo gargarizans) and is used in Chinese
traditional medicine (15, 16). Bufalin showed antitumor
activities in many human cancer cells such as leukemia cells
(17), T24 bladder cancer cells (18), MGC803 gastric cancer
cells (19), DU145 and PC3 prostate cancer cells (20), glioma
cancer cells (21), breast cancer (22), and liver cancer (23).
Our previous findings have shown that bufalin caused
apoptotic cell death in human nasopharyngeal carcinoma
cells (24) and against lung cancer xenograft animals in vivo
(25). Furthermore, we also found that bufalin promoted
phagocytosis of macrophages in peripheral blood and the
peritoneal cavity in leukemia mice in vivo (26). 

Due to the adverse side-effects of sorafenib treatment, new
therapeutic strategies have focused on combining sorafenib
with natural drugs for improving the critical defects of
sorafenib treatment. Therefore, the present study investigated
the effects of sorafenib combined with bufalin on inducing
cell apoptosis in NCI-H292 human lung cancer cells. We
found that combination treatment demonstrates a synergistic
effect on inducing cell death and causing cell apoptosis via
intrinsic pathways in NCI-H292 cells. 

Material and Methods
Chemicals and reagents. Sorafenib, bufalin, 4,6-diamidino-2-
phenylindole (DAPI), propidium iodide (PI), trypsin-EDTA, the
reagents for the detection of ROS, Ca2+, mitochondrial membrane

potential (ΔΨm), and RIPA buffer were brought from Sigma-
Aldrich Corp. (St. Louis, MO, USA). RPMI-1640 medium, fetal
bovine serum (FBS), penicillin, streptomycin, and L-glutamine were
brought from Invitrogen Life Technologies (Carlsbad, CA, USA).
PVDF membranes were brought from Merck Millipore (Billerica,
MA, USA). Primary antibodies against ROS stress- and apoptosis-
associated proteins were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA) and Cell Signaling Technology (Irvine,
CA, USA). Secondary antibodies (goat anti-rabbit or mouse IgG)
were received from Amersham Pharmacia Biotech, Inc (Piscataway,
NJ, USA). 

Cell culture. The NCI-H292 human lung cancer cells (non-small cell
lung cancer cells) were brought from Food Industry Research and
Development Institute (Hsinchu, Taiwan, ROC). Cells were
maintained in RPMI-1640 medium containing 10% FBS, 2 mM L-
glutamine, and 1% antibiotics (100 μg/ml streptomycin and 100
units/ml penicillin) under a humidified atmosphere of 5% CO2 at
37˚C according to the guidelines from the provider (27). 

Cell viability and morphology. NCI-H292 cells at a density of 1×105
cells per well were seeded in 12-well plates overnight. Cells were
subjected to sorafenib (0, 10, 15, and 20 μM), bufalin (0, 60, 90,
and 120 nM), or sorafenib (0, 10, 15, and 20 μM) combined with
bufalin (0, 60, 90, and 120 nM) for 48 h. Before the cells being
processed, the cell morphology was observed and imaged under a
phase-contrast microscope.

After treatment, NCI-H292 cells were individually collected for
cell viability detection. The cell pellets were resuspended in PI
solution (5 μg/ml) and measured by flow cytometry. In addition, the
effects of combination treatment on cell viability were evaluated for
calculating the coefficient of drug interaction (CDI) value as cited
previously (28).

Determination of cell apoptotic cell death. NCI-H292 (1×105 cells
per well) were added in 12-well plates. Following indicated drug
treatments (15 μM sorafenib, 90 nM bufalin, or the combination of
15 μM sorafenib with 90 nM bufalin) for 48 h, cells were isolated
and harvested. Cells were determined the apoptotic cell death by
staining with FITC-conjugated Annexin V/PI solution for 15 min in
the dark. After incubation, cells were measured the apoptotic cell
number by flow cytometric assays described previously (27). 

Chromatin condensation assay. NCI-H292 cells were seeded in 12-
well plates at a density of 1×105 cells/well and incubated with 15
μM sorafenib, 90 nM bufalin, or a combination of 15 μM sorafenib
with 90 nM bufalin for 48 h. After treatment, cells in each well were
fixed with a freshly prepared 4% paraformaldehyde (in PBS) for 15
min and permeabilized their cell membranes by 0.1% Triton X-100
for 5 min. DAPI solution (2 μg/ml) was then incubated with the
cells for 10 min, and the nuclear morphology of the cells was
observed and photographed with a fluorescence microscope at 100×
as described previously (27). 

Determination of reactive oxygen species and intracellular Ca2+
production and mitochondrial membrane potential (ΔΨm) levels.
NCI-H292 cells (1×105 cells/well) were added in 12-well plates and
treated with 15 μM sorafenib, 90 nM bufalin, or the combination of
15 μM sorafenib with 90 nM bufalin for 48 h. After treatment, cells
were collected and resuspended in 500 μl of DCFH-DA (10 μM) for
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evaluating the changes in the levels of reactive oxygen species (ROS;
H2O2 content). For determining intracellular Ca2+ levels or analyzing
the changes of ΔΨm, cells were harvested and resuspended in 500 μl
of Fluo-3/AM (2.5 μg/ml) or DiOC6 (4 μmol/ml), respectively, and
measured by flow cytometry as cited previously (27). 

Western blotting analysis. NCI-H292 (1×106 cells) cells were
seeded in 10-cm dishes and incubated with 15 μM sorafenib, 90 nM
bufalin, or the combination treatment (15 μM sorafenib and 90 nM
bufalin) for 48 h. After exposure to different treatments, cells were
gathered, and cell lysates were obtained by adding ice-cold RIPA
buffer containing protease inhibitor (SigmaFAST Protease Inhibitor
Cocktail; Sigma-Aldrich). The Bradford reagent (Bio-Rad protein
assay kit; Hercules, CA, USA) was used to calculate the protein
concentrations (27). A certain amount of total protein (30 μg) was
electrophoresed on 8-12% of SDS-polyacrylamide gel and
subsequently transferred onto PVDF membranes. The resultant
membrane was blocked with 2% BSA for 1 h at room temperature.
Subsequently, the membranes were incubated with specific primary
antibodies at 4˚C overnight. After treatment with corresponding
horseradish peroxidase-conjugated secondary antibodies for 2 h at
room temperature, protein bands were visualized using the
Enhanced Chemiluminescence kit (NEN Life Science Products, Inc,
Boston, MA, USA) as described previously (27). The intensity of
protein bands was determined and quantified using NIH-ImageJ
version 1.47.

Statistical analysis. All experiments were performed three times,
and data were presented as the mean±SD. One-way ANOVA
analysis was analyzed to compare two experimental groups. For all
tests, a p-value<0.05 was considered to be statistically significant.

Results
Sorafenib, bufalin, or sorafenib in combination with bufalin
affected cell viability and morphology of NCI-H292 cells.
NCI-H292 cells were incubated with different concentrations
of sorafenib (0, 10, 15, and 20 μM) or bufalin (0, 60, 90, and
120 nM) for 48 h. For cell viability, cells were collected and
determined the PI exclusion by flow cytometry. Results
revealed that treatment with 20 μM sorafenib or 60-120 nM
bufalin significantly decreased the total viable cell number
by 33%, or around 12-24%, respectively (Figure 1A and B).

To further determine the effects of combination treatment
on cell viability, the cells were incubated with the
combination of sorafenib (10-20 μM) and bufalin (60-120
nM) for 48 h, and cell viability was examined. Results
revealed that the treatment of sorafenib in combination with
bufalin significantly decreased the viability of NCI-H292
cells compared to that of sorafenib or bufalin treatment alone
(Figure 1C). Furthermore, after calculating the coefficient of
drug interaction (CDI) value, optimal effects on cell viability
were displayed in the combination of sorafenib at 15 μM and
bufalin at 90 nM due to the lower concentration of sorafenib
and optimal CDI value of 0.67 (Table I). Thus, the drug
combination at 15 μM sorafenib and 90 nM bufalin was
applied for further experiments.

After treatment, cell morphology was examined and
snaped under phase-contrast microscopy. Results revealed
that cells subjected to the two-drug combination (15 μM of
sorafenib and 90 nM of bufalin) exhibited more significant
morphological changes than those treated with sorafenib or
bufalin alone (Figure 1D). These observations were also
consistent with the results of the total cell viability. 

Sorafenib, bufalin, or sorafenib in combination with bufalin
affected the apoptosis in NCI-H292 cells. For measuring the
apoptotic effects of sorafenib, bufalin, or the combination of
sorafenib with bufalin on NCI-H292 cells, cells were stained
with Annexin V and PI and assayed by flow cytometry.
Firstly, cells were incubated with 15 μM sorafenib, 90 nM
bufalin, or 15 μM sorafenib in combination with 90 nM
bufalin for 48 h. Subsequently, cells were probed with
Annexin V and stained with the PI solution to measure cell
death, including earlier or later apoptotic cell death, using
flow cytometric assay. Results revealed that treatment of
NCI-H292 cells with the two-drug combination for 48 h led
to a higher percentage of apoptotic cells than that of
sorafenib or bufalin treatment alone (Figure 2A and B).
These observations indicated that the two-drug combination
showed an enhanced effect on NCI-H292 cells, consistent
with the results of cell viability assays. 

Sorafenib, bufalin, or sorafenib in combination with bufalin
affected DNA condensation in NCI-H292 cells. In order to
assess the effect of individual and combination drug
treatment on the nuclear morphology, DAPI staining was
performed. NCI-H292 cells were incubated with 15 μM
sorafenib, 90 nM bufalin, or drug combination for 48 h.
Then cells were stained with DAPI solution, examined, and
photographed (Figure 3A and B). Compared to single-drug
treatment (sorafenib or bufalin alone), the two-drug
combination treatment results in significant DNA
condensation in NCI-H292 cells, as demonstrated by higher
fluorescence intensity in the nucleus of the cells (Figure 3A).
Calculation of fluorescence intensity further clearly revealed
that the two-drug combination treatment presented higher
DNA condensation in NCI-H292 cells than sorafenib or
bufalin treatment alone (Figure 3B). 

Sorafenib, bufalin, or sorafenib in combination with bufalin
affected the production of reactive oxygen species, Ca2+

release, and the levels of mitochondrial membrane potential
in NCI-H292 cells. Oxidative and ER stresses and
mitochondria membrane potential (MMP; ΔΨm) are
involved in various cell apoptosis aspects. For determining
the specific mechanism underlying cellular apoptosis, we
monitored the changes of ROS, Ca2+, and MMP. NCI-H292
cells were treated with 15 μM sorafenib, 90 nM bufalin, or
their combination for 48 h. Then their ROS production, Ca2+
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Figure 1. The effects of sorafenib, bufalin, or the combination of sorafenib with bufalin on cell viability and morphology in NCI-H292 cells. Cells
(1×105 cells/well) were treated with sorafenib (0, 10, 15, and 20 μM) (A), or bufalin (0, 60, 90, and 120 nM) (B) for 48 h, cells were harvested
and the cell viability was measured by flow cytometry. Cells were treated with the combination of sorafenib (10-20 μM) and bufalin (60-120 nM)
for 48 h, and total cell viability was measured (C). The cell morphology after cells were treated with 15 μM sorafenib, 90 nM bufalin, and the
combination of 15 μM sorafenib and 90 nM bufalin, was observed and photographed using contrast-phase microscopy. Results aere displayed as
mean±SD. *p<0.05, **p<0.01, or ***p<0.001, significant difference when compared to controls. 



release, and the changes of ΔΨm levels were examined by
flow cytometric assays (Figure 4). Data revealed that the
combination of sorafenib and bufalin treatment resulted in a
higher ROS production (Figure 4A and B), Ca2+ release
(Figure 4C and D), and ΔΨm (Figure 4E and F) compared
to treatment of bufalin alone at 48 h. Nevertheless, sorafenib
and bufalin combination treatment caused a lower level of
ROS production (Figure 4A and B), Ca2+ release (Figure 4C
and D), and ΔΨm (Figure 4E and F) compared to treatment
of sorafenib alone at 48 h. However, combination treatment
increased ROS production but decreased the ΔΨm, and did
not alter the Ca2+ release at 48 h. 

Sorafenib, bufalin, or a combination of sorafenib and bufalin
affected the expression of ROS- or apoptosis-associated
proteins in NCI-H292 cells. In order to further substantiate
the findings of cell viability and apoptosis assays, we
investigated the ROS- or apoptosis-associated protein
expression in NCI-H292 cells after treating cells with
sorafenib, bufalin, or their combination. Immunoblotting
studies from cell lysates after various treatments showed that
the two-drug combination treatment significantly elevated the
SOD expression, including SOD (Mn) and SOD (Cu/Zn), but
reduced the level of catalase compared to single-drug
treatment alone (Figure 5A). The combined drug treatment
showed diminished expression of Bcl-2 (anti-apoptotic
protein); whereas, the same treatment elevated the expression
of pro-apoptotic proteins including Bax, Bak, and Bad
compared to sorafenib or bufalin treatment alone (Figure 5B).
The combination treatment also significantly elevated the
expression of APAF-1 compared to treatment with sorafenib

or bufalin alone (Figure 5C). Moreover, the two-drug
combination treatment also elevated the expression of the
active form of caspase-3 and -9 in NCI-H292 cells compared
to sorafenib or bufalin treatment alone (Figure 5D). 

Discussion

Lung cancer is the most prevalent cancer globally.
Unfortunately, patients diagnosed at median or advanced
stages of lung cancer lead to treatment failure and a low cure
rate. Moreover, patients subjected to chemotherapy often
develop drug resistance (2, 29) and are accompanied by side-
effects making their recovery further challenging. Hence,
identifying natural compounds for treating lung cancer has
garnered the attention of researchers (14). In the present
study, we investigated the effects and molecular mechanism
of a two-drug combination (sorafenib combined with bufalin)
on apoptosis in human lung cancer cells (NCI-H292 cells) in
vitro. The rationale underlying the selection of sorafenib for
this study is that sorafenib is the standard first-line therapy
for patients with advanced hepatocellular carcinoma (10).
However, in phase III studies, the usage of sorafenib
combined with other chemotherapy drugs showed the failure
of a significant survival benefit in treating NSCLC patients
(30). Besides, the precise molecular mechanisms of sorafenib
remain unclear (31). Bufalin, a traditional medicine amongst
the Chinese population, has been shown to inhibit cell
proliferation and cause apoptotic cell death in various human
cancer cell lines (19, 32-35). However, the efficacy and
molecular mechanisms of the two-drug combination (bufalin
combined with sorafenib) on inducing apoptosis in NCI-
H292 lung cancer cells have not been explored. 

In the present study, sorafenib at 20 μM significantly
decreased the cell viability of NCI-H292 cells by 28%
(Figure 1A), while bufalin at 60-120 nM decreased the cell
viability from 14 to 29%, respectively (Figure 1B). The
combination of sorafenib and bufalin further significantly
reduced the total number of viable cells compared to
sorafenib or bufalin treatment alone (Figure 1C). The
combination index (coefficient of drug interaction; CDI)
values of both drug combinations affecting the total cell
viability are presented in Table I. It shows that the
combination of 15 μM sorafenib and 90 nM bufalin has the
lower sorafenib concentration and acceptable CDI value of
0.67. Hence, this drug combination concentration was used
for further experiments. Assessment of cellular morphology
showed that treatment with the drug combination (15 μM
sorafenib and 90 nM bufalin) causes more significant
morphological changes than that with sorafenib or bufalin
treatment alone (Figure 1D). These changes are also
consistent with the results of total cell viability. Sorafenib
has been previously used in combination with another
clinical anti-cancer drug, betulinic acid, to treat NSCLC cells
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Table I. Synergistic effects of sorafenib and bufalin in NCI-H292 human
lung cancer cells.

Sorafenib (μM)         Bufalin (nM)              Cell viability (%)           CDI

-                                              -                             100.00                        -
10                                           -                               89.18                        -
15                                           -                               85.54                        -
20                                           -                               75.50                        -
-                                            60                               87.22                        -
-                                            90                               79.13                        -
-                                         120                               77.89                        -
10                                         60                               63.95                     0.82
10                                         90                               56.83                     0.81
10                                       120                               60.53                     0.87
15                                         60                               57.31                     0.77
15                                         90                               45.29                     0.67
15                                       120                               47.23                     0.71
20                                         60                               42.52                     0.65
20                                         90                               39.56                     0.66
20                                       120                               39.01                     0.66

CDI: Coefficient of drug interaction.
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Figure 2. Sorafenib, bufalin, or their combination treatment affected cell apoptosis in NCI-H292 cells. Cells (1×105 cells/well) were subjected to
15 μM sorafenib, 90 nM bufalin, or combination of 15 μM sorafenib with 90 nM bufalin for 48 h. Cells were treated with Annexin V/PI solution to
determine the percentage of apoptosis, including earlier and late apoptotic cell death, by flow cytometric assays (A). The percentage of cell apoptosis
was calculated (B). Data represent mean±SD. *p<0.05, **p<0.01, or ***p<0.001, a statistically significant difference between the two groups.
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Figure 3. Sorafenib, bufalin, or sorafenib combined with bufalin affected DNA condensation in NCI-H292 cells. Cells (1×105 cells/well) were
subjected to 15 μM sorafenib, 90 nM bufalin, or the combination of 15 μM sorafenib with 90 nM bufalin for 48 h. After treatment, cells were stained
with DAPI solution and then observed and photographed under a fluorescence microscope at 100× (A). The relative intensity of DAPI fluorescence
in the nucleus was calculated (B). Data represent mean±SD. *p<0.05, **p<0.01, or ***p<0.001, a statistically significant difference between the
two groups.
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Figure 4. The effects of sorafenib, bufalin, or the combination of sorafenib with bufalin on the production of reactive oxygen species (ROS) and Ca2+
and the levels of mitochondrial membrane potential (ΔΨm) in NCI-H292 cells. Cells (1×105 cells/well) were treated 15 μM sorafenib, 90 nM bufalin,
or the combination of 15 μM sorafenib with 90 nM bufalin for 48 h. Then cells were collected and resuspended in DCFH-DA solution for measuring
the changes of ROS (H2O2) (A and B), in Fluo-3/AM solution for measuring intracellular Ca2+ level (C and D), and in DiOC6 reagent for measuring
ΔΨm levels (E and F) by flow cytometry. Data represent mean±SD. *p<0.05, **p<0.01, or ***p<0.001, a significant difference when compared to
sorafenib- or bufalin-treated alone. n.s., No significant difference when compared to sorafenib- or bufalin-treated alone (p>0.05).
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Figure 5. The effects of sorafenib, bufalin, or the combination of sorafenib with bufalin on the ROS- or apoptosis-associated proteins in NCI-H292
cells. Cells (1×106 cells/well) were subjected to 15 μM sorafenib, 90 nM bufalin, or the combination of 15 μM sorafenib with 90 nM bufalin for 48 h.
Cells were collected and lysed, and their total proteins were quantified and analyzed by western blotting. The blotting was probed with primary
antibodies against anti-SOD (Mn), -SOD (Cu/Zn), and -catalase (A); -Bcl-XL, -Bcl-2, -Bax, -Bak, -Bid, and –Bad (B); -APAF-1, -AIF, -Endo G, and 
-Cytochrome C (C); -caspase-3, -caspase-8, and -caspase-8 (D). Then the membranes were washed, followed by incubation with responding secondary
antibody (anti-mouse or anti-rabbit antibodies). The protein signals were detected by ECL and quantified by the ImageJ software.



(36). Besides, a synergistic inhibitory effect of the sorafenib
and gemcitabine combination treatment on NSCLC cells has
been found in vitro and in vivo (37). Another study has
shown that the combination therapy increases cytotoxic
efficiency in lung cancer cells with EGFR-TKI-resistance
(38). Based on the findings of this study, we offer novel
information regarding the efficacy of sorafenib in
combination with bufalin for lung cancer therapy. 

In order to confirm the involvement of apoptosis and
DNA condensation in mediating reduced cell viability in
NCI-H292 cells upon treatment with sorafenib in
combination with bufalin, two different assays, including
Annexin V-FITC/PI and DAPI staining, were performed,
respectively. The results indicated that combination treatment
demonstrates higher apoptotic cell death (Figure 2A and B)
and DNA condensation (Figure 3A and B) than that upon
treatment with sorafenib or bufalin only for 48 h. These
observations suggest that the two-drug combination of
sorafenib and bufalin has a synergistic effect on induction of
apoptotic cell death and reduction of cell viability in NCI-
H292 cells. However, the conceivable signaling pathways
involved in the two-drug combination treatment warrant
further investigation. 

To further confirm the involvement of ROS-mediated
pathways in the combination treatment-induced cell death,
we analyzed the ROS production in NCI-H292 cells. Our
results suggest that the effect of sorafenib on ROS
production is different from that of bufalin. Sorafenib
increased the levels of ROS, but bufalin decreased it. The
combination treatment leads to lower production of ROS
compared to that with sorafenib treatment alone. In contrast,
the ROS levels were found to be higher in cells subjected to
the combined treatment as compared to treatment with
bufalin alone (Figure 4A and B). ROS is well-known for its
involvement in metabolic processes (39). Low-level ROS is
essential for maintaining cellular signaling. However, it may
play different roles, especially in pathophysiological
conditions, including cancer cells (40). High-level
production of ROS can trigger oxidative stress and result in
cell component damage and apoptosis (40). Considerable
evidence has shown that certain anti-cancer drugs induced-
cell death is associated with high ROS production and Ca2+
release (41, 42). 

It is well-established that ROS production leads to
mitochondrial dysregulation. Our data show that sorafenib
revealed no effect on the permeability of mitochondria, but
bufalin significantly decreased the level of mitochondrial
membrane potential in NCI-H292 cells. The two-drug
combination treatment of NCI-H292 cells results in not only
a lower ROS production (Figure 4A and B) but also lowers
mitochondrial membrane potential levels (ΔΨm) (Figure 4E
and F) as compared to the treatment with sorafenib alone.
However, the same treatment results in a higher ROS

production and mitochondrial membrane potential than that
upon bufalin treatment alone. Further investigation was
performed for understanding the molecular mechanism
underlying the higher apoptotic cell death upon the
combination treatment of NCI-H292 cells than upon
sorafenib or bufalin treatment only. Western blotting results
revealed that combined treatment significantly triggered
ROS responses, including elevated SOD (Mn) and SOD
(Cu/Zn), but decreased catalase levels as compared to that
upon sorafenib or bufalin treatment alone (Figure 5A).
Overall, these observations offer a further detailed
understanding of the molecular mechanism underlying
higher apoptotic cell death upon treatment with the
combination of sorafenib and bufalin as compared to that of
sorafenib or bufalin treatment alone.

Furthermore, the capability of targeting mitochondria-
related components indicates the therapeutic potential of a
drug combination. Accordingly, the drugs that can inhibit
the levels of Bcl-2 and Bcl-XL, and increase the release of
AIF, cytochrome c, and APAF-1, ultimately trigger cells to
undergo apoptosis. Our data show that the two-drug
treatment significantly reduced the levels of ΔΨm as
compared to sorafenib treatment alone (Figure 4E and F).
The ΔΨm plays a critical role in the release of cytochrome
c and apoptosome assembling (43, 44). Furthermore, we
have found that the two-drug combination exerts more
efficient apoptosis-inducing effects through the
mitochondrial-dependent pathway at the translational level.
Our results revealed that the two-drug combination shows
the lower expression of Bcl-2 (anti-apoptotic protein) and
higher levels of Bax and Bad (pro-apoptotic proteins) in
NCI-H292 cells as compared to sorafenib or bufalin
treatment alone (Figure 5B). Once activated, both Bak and
Bax oligomerize on the outer mitochondrial membrane to
drive its rupture and then result in the initiation of the
intrinsic apoptosis pathway in the mitochondrial
compartment (45). Furthermore, the combination treatment
also resulted in higher cytochrome c and APAF-1 levels in
addition to the active form of caspase-3 and -9 than that
upon treatment with sorafenib or bufalin alone (Figure 5C
and D). The Bcl-2 family of proteins, functioning as both
pro- and anti-apoptotic components, have been recognized
as a group of upstream regulators of the caspase cascade
(46, 47). Bcl-2 and Bcl-XL prevent cell death by blocking
the activation of caspases (48). In the normal condition,
both Bcl-2 and Bcl-XL are limited in the mitochondria to
avoid the release of cytochrome c (49) and AIF (apoptosis-
inducing factor) (50) from the inter-membrane space of
mitochondria into the cytoplasm. Their antiapoptotic
activity has been modulated through proteolytic cleavage
by caspases (51, 52). Tiam 1 is overexpressed or mutated
in epithelial cancers with poor prognosis, including non-
small cell lung cancer (53). Tiam1 is related to the
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downstream mediator of bufalin-induced apoptosis in the
human HeLa and leukemia cell lines (54). The involvement
of Tiam 1 in the treatment of bufalin combined with
sorafenib needs to be clarified in the future.

Sorafenib combined with bufalin may provide a novel
pathway for the therapy of NSCLC. Sorafenib targeted Raf
kinase in the Raf/MEK/ERK pathway, and it inhibited tumor
growth in xenograft models (55). Bufalin induced apoptosis
through several signaling pathways in NSCLC cells. Bufalin
induced apoptosis by degradation of Mcl-1 through GSK-3β
activation in NSCLC H1975 Cells (56). In addition, it also
induced apoptosis through ROS-, mitochondrial, and DNA
damage and repair-associated pathways (25, 57, 58).
However, sorafenib induced both PI3K- and oxidative stress-
related pathways that enhanced apoptotic effects in NSCLC
and glioma cells, respectively (59, 60). Hence, in this study,
sorafenib combined with bufalin enhanced the apoptosis
effects may mediate the targets of Raf kinase and ROS-,
mitochondrial-, or DNA damage and repair-associated
pathways. The detailed mechanism need to be clarified in
the future.

In conclusion, the present study showed that sorafenib in
combination with bufalin demonstrates greater cytotoxic

effects and results in enhanced chromatin condensation and
cell apoptosis (apoptotic cell death) compred to sorafenib
or bufalin treatment only in NCI-H292 cells in vitro. In
addition, this combined treatment triggered higher ROS
production and lower mitochondrial membrane potential
than that of sorafenib treatment only. Furthermore, the
likely signaling pathways activated upon combined
treatment-induced apoptosis in NCI-H292 cells in vitro may
be mediated with ROS-, mitochondria-, and caspase-
associated signaling pathways that are summarized in
Figure 6. 
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