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Bufalin induces apoptosis in the U-20S human osteosarcoma
cell line via triggering the mitochondrial pathway
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Abstract. Bufalin has been shown to induce apoptosis in
osteosarcoma cells; however, the underlying mechanism has
not been elucidated. The purpose of the present study was to
investigate whether mitochondria-mediated signaling pathways
trigger the process of apoptosis in the U-20S osteosarcoma
cell line. Bufalin inhibited the proliferation and induced apop-
tosis in U-20S cells in a time- and dose-dependent manner.
Bufalin-induced apoptosis was accompanied with a significant
reduction of the mitochondrial membrane potential, release
of mitochondrial cytochrome c into the cytosol, activation of
caspase-3, caspase-9 and poly(adenosine diphosphate ribose)
polymerase, as well as downregulation of B-cell lymphoma 2
(Bcl-2)/Bcl-2-associated X protein. Cyclosporin A, a specific
inhibitor of the mitochondrial permeability transition pore,
attenuated bufalin-induced apoptosis. In conclusion, the
present study revealed that bufalin induced apoptosis in the
U-20S human osteosarcoma cell line via triggering of the
mitochondrial pathway.

Introduction

Osteosarcoma (OS), characterized by formation of cancerous
bone tissue, is the most frequent primary malignant tumor
of bone occurring in children and adolescents (1,2). OS is
prone to aggressive biological behavior and development
of distant metastasis (3-5). The currently used treatment
for OS is neo-adjuvant chemotherapy followed by surgical
resection, which has improved the five-year survival rate
from 20 to 60% (6,7). However, OS cells frequently display
multi-drug resistance to chemotherapeutic drugs, which poses
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a considerable limitation to the clinical curative effect and
long-term survival (8). Induction of apoptosis in target cells
is a key therapeutic strategy for the extermination of cancer
cells; therefore, recent studies have focused on the identifica-
tion of novel drugs with the ability to induce and enhance
apoptosis (9-11).

Bufalin, one of the major components of the Chinese
medicine Chan'Su, was shown to exhibit marked anti-tumor
activity against leukemia and various types of solid tumor,
including prostate cancer, lung cancer and hepatoma (12-19).
This anti-tumor activity is achieved by inhibition of prolifera-
tion and induction of apoptosis (18,19). Bufalin was shown to
be potent against human OS tissues and cell lines via inducing
apoptosis (20,21); however, the specific underlying mechanism
has remained elusive. Mitochondria-mediated signaling path-
ways have a pivotal role in the process of apoptosis (22-25),
and have been identified to be the underlying mechanism of
bufalin-induced apoptosis in various types of tumor cell (21).
As the specific mechanisms of action of bufalin vary between
different tumor types or even between different phenotypes of
the same tumor type, the mechanisms of the effects of bufalin
on OS cell lines require to be elucidated. The present study
observed the effects of bufalin on the proliferation and apop-
tosis of the U-20S human OS cell line and investigated the
expression of proteins associated with the mitochondrial apop-
totic pathway in the process of U-20S-cell apoptosis induced
by bufalin. The apoptosis of U-20S cells was explored from the
perspective of mitochondrial structure and function, including
the open of permeability transition pore (PTP) and dissipation
of mitochondrial membrane potential (MMP/AWm).

Materials and methods

Materials and reagents. Bufalin and cyclosporin A (CsA) were
purchased from Sigma-Aldrich (St Louis, MO, USA). The
purity of bufalin was >99% as confirmed by high-performance
liquid chromatograph (Fig. 1). The Annexin V-fluorescein
isothiocyanate (FITC) Apoptosis Detection kit and the
Hoechst-propidium iodide (PI) staining assay kit were
obtained from BD Biosciences (Franklin Lakes, NJ, USA).
The mitochondrial membrane potential detection kit (JC-1;
cat. no. 30001) was from Invitrogen (Thermo Fisher Scientific,
Waltham, MA, USA). Antibodies specific for polyclonal
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rabbit anti-human B-cell lymphoma 2 (Bcl-2; cat. no. 2876;
1:1,000), Bcl-2-associated X protein (Bax; cat. no. 2772;
1:1,000), monoclonal mouse anti-rat caspase-3 (1:500),
monoclonal mouse anti-rat caspase-9 (1:500) and anti-human
B-actin (cat. no. 4967; 1:1,000) were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Antibodies specific
for poly adenosine diphosphate ribose polymerase (PARP),
cleaved PARP and cytochrome ¢ were supplied by Abcam
(Cambridge, UK).

U-20S cell culture. The U-20S human OS cell line was
provided by the Shanghai Institutes for Biological Sciences, the
Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in 1% Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal
bovine serum (FBS), 100 units/ml penicillin and 100 pg/ml
streptomycin (100 Biotech Co., Ltd., Hangzhou, China), and
grown at 37°C, in a humidified atmosphere containing 5%
CQO,. Cells in the logarithmic growth phase were used in all
experiments.

Cellproliferationassay.The 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) MTT method was used to assess
the effects of bufalin on the cell proliferation. U-20S cells
(2x10° cells/well) in the logarithmic growth phase were seeded
in 96-well plates. Following 24 h incubation at 37°C, the cells
were treated with various concentrations of bufalin (10, 20 or
50 pg/l) for 6, 12 and 24 h, 10 ul MTT (5 mg/ml) was added.
Following 4 h of incubation, the culture media was discarded
and 100 pl dimethylsulfoxide (DMSO) was added to each well
to dissolve the formed formazan crystals. The absorbance was
measured at 570 nM using an ELISA plate reader (Bio-Rad 550;
Bio-Rad Laboratories, Inc., Hercules, CA, USA). Data were
collected from three separate experiments and the percentage
of bufalin-induced cell growth inhibition was determined by
comparison with DMSO-treated control cells.

Apoptosis assay. The apoptotic rate was determined using
Hoechst 33258 staining following fluorescence-microscopic
evaluation as well as by Annexin V-FITC/PI double labeling
and flow cytometric analysis. U-20S cells (1x10° cells/well)
were cultured in 12-well flat-bottomed microtiter plates for 24 h
and subsequently incubated with 1% DMSO (control cells) or
50 ug/1 bufalin for 24 h. After fixing in 4% paraformaldehyde
(Bio-Rad Laboratories, Inc.) for 15 min at room temperature
and staining with 10 ng/ml Hoechst 33258, apoptotic cells
were identified by their characteristic nuclear morphology
observed under an inverted fluorescence microscope (CK40
F200; Olympus Corporation, Tokyo, Japan). After treatment
with various concentrations (10, 20 or 50 ug/1) of bufalin for
various durations (6, 12 or 24 h), U-20S cells were harvested,
suspended in phosphate-buffered saline (PBS), and stained
with Annexin V-FITC and PI according to the manufacturer's
instructions of the Apoptosis Detection kit. Flow cytometry
(FACSort; BD Biosciences) was used to quantify apoptotic
U-20S cells.

Flow cytometric detection of AWm. A¥m was assessed using
5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzimidazolylcarbo-
cyanine iodide (JC-1). The cells in the logarithmic growth
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Figure 1. Chemical structure of bufalin.

phase were seeded into 12-well flat-bottomed microtiter plates
at a density of 2x10° cells. Following incubation for 24 h to
allow for cell adherence, the cells were treated with 10-50 pg/1
bufalin for 24 h and washed with pre-cooled PBS. The cells
were then collected by centrifugation (4°C, 1,000 x g, 5 min),
washed with PBS and re-suspended in 1 m1 PBS. The cells were
incubated in 0.5 ml medium containing JC-1 (1.0 xg/ml) for
30 min at 37°C and staining was quantified using flow cytom-
etry. In mitochondria with an intact AWYm, JC-1 is concentrated
to form aggregates with red fluorescence, while accumulation
of JC-1 in mitochondria with AWm loss is reduced, resulting in
single JC-1 molecules with green fluorescence.

Western blot analysis. For western blot analysis, U-20S
cells were subjected to the abovementioned drug treatments
and total protein was then extracted using 1% Nonidet P-40
(Pierce Biotechnology, Inc., Rockford, IL, USA). Each
sample was centrifuged at 15,000 x g for 30 min at 4°C and
the supernatant was collected. Protein concentration was
determined using a bicinchoninic acid assay kit (Beyotime
Institute of Biotechnology, Haimen, China). Equal amounts
of protein (30 pg) were subjected to 12% sodium dodecyl
sulfate-polyacrylamide gel (Invitrogen; Thermo Fisher
Scientific, Inc.) electrophoresis and transferred onto a poly-
vinylidene difluoride membrane (EMD Millipore, Billerica,
MA, USA). Levels of cytoplasmic cytochrome c, PARP,
cleaved PARP, caspase-3, caspase-9, Bax and Bcl-2 were
assessed using western blot analysis. Following blocking in
5% non-fat dry milk for 1 h, the blots were incubated with the
following primary antibodies: Polyclonal rabbit anti-human
Bcl-2 (1:1,000; cat. no. 2876); polyclonal rabbit anti-human
Bax (1:1,000; cat. no. 2772) antibody; monoclonal mouse
anti-rat caspase-3 (1:500; cat. no. 1992), monoclonal mouse
anti-rat caspase 9 (1:500, cat. no. 0620) antibody; poly-
clonal mouse anti-human PARP (1:1,000; cat. no. ab30889);
polyclonal mouse anti-human cleaved PARP (1:1,000; cat.
no. ab72805); polyclonal rabbit anti-human cytochrome ¢
(1:1,000; cat. no. 1116) antibody, for 12 h at 4°C followed by
three 5 min washes in Tris-buffered saline with Tween-20.
Mouse or rabbit secondary antibody (1:2,000; cat. no. 2357)
conjugated with horseradish peroxidase was added to the
membrane and incubated for 1 h at room temperature. Protein
bands were visualized on X-ray films (Sigma-Aldrich) using
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Figure 2. Bufalin inhibits the proliferation of the U-20S human osteosar-
coma cell line. U-20S cells were treated with 10, 20 or 50 pg/I bufalin
for 6, 12 or 24 h. Bufalin concentration- and time-dependently reduced
the viability of U-20S cells. Values are expressed as the mean + standard
deviation (n=3).

Figure 3. Fluorescence-microscopic assessment of the morphology of
apoptosis of U-20S cells following bufalin treatment with Hoechst 33258
staining. Cells were (A) Untreated or treated with (B) 10, (C) 20 or (D) 50 pg/1
bufalin for 48 h (magnification, x100). Bufalin dose-dependently increased
the apoptotic rate of U-20S cells. Magnified images showing staining of
apoptosis-associated chromatin fragments in (E) untreated cells and (F) cells
incubated with 50 pg/1 bufalin (magnification, x400). Apoptotic cells showed
cytoplasmic shrinkage, nuclear condensation, nuclear fragmentation and the
formation of apoptotic bodies. Images are representative of four independent
experiments.

an enhanced chemiluminescence detection system (Applygen
Technologies, Inc., Beijing, China). 3-actin was used as an
internal control for relative quantification. Grey value analysis
of immunoreactive bands was performed using Quantity One
16.0 software (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Statistical analysis. Values are expressed as the mean + stan-
dard deviation of three experiments. Statistical comparisons
were performed using one-way analysis of variance. Statistical
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Figure 4. Flow-cytometric analysis of apoptotic rates of U-20S cells induced
by bufalin. (A) U-20S Cells were incubated with 0, 10, 20 or 50 pg/1 bufalin
for 24 h. (B) Cells were incubated with 50 nmol/l bufalin for 0, 6, 12 or
24 h. Bufalin enhanced the apoptotic rate of U-20S cells in a dose- and
time-dependent manner. Values are expressed as the mean + standard devia-
tion (n=3). “P<0.01 vs. control group; “P<0.01 vs. 10 ug/1 bufalin group.

analysis was conducted using SPSS 13.0 (SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference between bufalin-treated groups and the
control group.

Results

Bufalin inhibits the viability of U-20S cells. U-20S cells were
exposed to various concentrations of bufalin for 6, 12 and
24 h and subjected to MTT assays (Fig. 2). Bufalin at 10 pg/1
produced minor decreases of cell viability with increasing
time, while 50 pg/1 bufalin induced a marked time-dependent
inhibition of U-20S-cell viability. Following exposure to
10, 20 and 50 pg/1 bufalin for 24 h, the cell viability was
reduced to 86+4, 68+5 and 50+4%, respectively. These results
indicated that bufalin induced a marked concentration- and
time-dependent inhibition of U-20S cells.

Bufalin induces apoptosis in U-20S cells. After 24 h of
incubation with 10, 20 and 50 ug/l bufalin, U-20S cells were
stained with Hoechst 33258 and observed by fluorescence
microscopy. With the increasing concentration of bufalin, the
number of apoptotic cells increased gradually (Fig. 3A-D).
Morphological observation (magnification, x400) revealed that
U-20S control cells exhibited integrated and lightly stained
nuclei with uniform chromatin density, while morphological
characteristics of apoptosis, including cytoplasmic shrinkage,
nuclear condensation, nuclear fragmentation and the forma-
tion of apoptotic bodies, were observed in U-20S cells treated
with bufalin (Fig. 3E and F).

Flow-cytometric determination of the apoptotic rate
revealed that bufalin induced early apoptosis of U-20S cells in
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Figure 5. Bufalin induces loss of the AWm. (A) Flow cytometric analysis of JC-1-stained U-20S cells following treatment with bufalin. Percentages of green
red-fluorescent cells (representative of intact and lost AW'm, respectively) are stated in the upper and lower right quadrants, respectively. Dot plots representa-
tive of three experiments with similar results are shown. (B) Quantification of A showing that bufalin decreased AWm in a concentration-dependent manner.
Values are expressed as the mean + standard deviation (n=3). “P<0.01 vs. control group; “P<0.01 vs. 10 ug/I bufalin group. A¥m/MMP, mitochondrial

transmembrane potential.
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Figure 6. Western blot analysis of U-20S cells. Following exposure to 10,
20 and 50 pg/l bufalin for 24 h, enhanced activities of cytoplasmic cyto-
chrome c, cleaved PARP, caspase-3 and caspase-9 as well as downregulation
of Bcl-2/Bax were detected. Blots representative of three experiments with
similar results are shown. PARP, poly(adenosine diphosphate ribose) phos-
phatase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.
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a dose- and time-dependent manner. Treatment with 10, 20 and
50 ug/l bufalin for 24 h significantly increased the apoptotic
rates to 9.28+0.31, 22.40+1.38 and 29.54+1.55%, respectively
(P<0.05 vs. control group; 1.06+0.11%) (Fig. 4A). In addition,
incubation with 50 ug/l bufalin for 6, 12 and 24 h, increased

the apoptotic rate to 6.83+0.17, 20.33+1.19 and 34.17+1.82%
(P<0.05 vs. control group; 3.86+0.33%) (Fig. 4B).

Bufalin decreases AWm. Since mitochondria have an essen-
tial role in the apoptotic process, the present study evaluated
whether bufalin triggered mitochondrial events of apoptosis.
The loss of A¥m is an irreversible key event during early apop-
tosis. In order to explore the effects of bufalin on the A¥m, JC-1
staining followed by flow-cytometric analysis was performed.
As shown in Fig. 5, the red fluorescence (upper right quadrant)
was gradually reduced, while the green fluorescence (lower
right quadrant) was enhanced by increasing doses of bufalin.
This result demonstrated that bufalin promoted the release of
JC-1 from the mitochondrial matrix into the cytoplasm, leading
to its disaggregation into green-fluorescent JC-1 monomers,
which are a marker of mitochondrial membrane depolariza-
tion and the loss of AWm. These results indicated that bufalin
decreased the AWm by enhancing the permeability of the
mitochondrial membrane to initiate apoptosis.

Bufalin affects the expression of proteins associated with
mitochondrial apoptosis. To determine the underlying mecha-
nisms of bufalin-induced U-20S-cell apoptosis, the expression
of apoptosis-associated proteins was evaluated by western blot
analysis. With the increasing concentration of bufalin (10, 20
and 50 pg/l), the expression of cytoplasmic cytochrome c,
cleaved PARP, caspase-3, caspase-9 and Bax in the cytosolic
fraction of U-20S cells was upregulated compared with
that in the control group. By contrast, Bcl-2 and PARP were
downregulated (Fig. 6). These results indicated that OS-cell
apoptosis induced by bufalin is mediated via the mitochon-
drial apoptotic signaling pathway.
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Figure 7. Effects of CsA, a specific inhibitor of the mitochonodrial membrane
transition pore, on the apoptotic effects of bufalin on U-20S cells. (A) Pre-
treatment with CsA significantly decreased the early apoptotic rate of U-20S
cells treated with bufalin in a time-dependent manner. (B) The loss of AWYm
following bufalin exposure was obviously decreased by pre-treatment with
CsA. (C) Pre-treatment with CsA significantly decreased the activity of cas-
pase-3 induced by bufalin. Values are expressed as the mean + standard error
(n=3). "P<0.05, “P<0.01 vs. control group; “P<0.05, "P<0.01 vs. bufalin group.
CSA, cyclosporin A; A¥m/MMP, mitochondrial transmembrane potential.

CsAreduces bufalin-induced apoptosis of U-20S cells. To further
assess the effects of mitochondrial transmembrane transport in
bufalin-induced apoptosis, U-20S cells were pre-incubated with
CsA, a specific blocker of the PTP. As shown in Fig. 7A, pre-treat-
ment with 2 ymol/l CsA for 30 min significantly decreased the
bufalin-induced early apoptotic rate in a time-dependent manner
at 12 and 24 h (P<0.05 and P<0.01, respectively). In addition, CsA
pre-treatment significantly reduced the bufalin-induced loss of
AWm in a time-dependent manner at 12 and 24 h (P<0.05 and
P<0.01, respectively) (Fig. 7B). As caspase-3 is a key mediator
and executioner of apoptosis, caspase-3 activity is regarded to
be an index of apoptosis. While the levels of cleaved caspase
were significantly increased following incubation with 50 pg/l
bufalin for 12 and 24 h (P<0.01), pre-incubation with 2 gmol/l
CsA for 30 min significantly attenuated caspase-3 activation
(P<0.05 and P<0.01, respectively) (Fig. 7C). All of these results
indicated that CsA partly inhibited bufalin-induced apoptosis
of U-20S cells.
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Discussion

Bufalin is a biologically active component of the Traditional
Chinese Medicine Chan'Su, which has the potential to induce
differentiation and apoptosis in a wide spectrum of tumor
cells (26,27). Numerous studies have investigated the potential
molecular mechanism of the anti-tumor activity of bufalin,
indicating that the mitochondria-mediated signaling pathway
has a pivotal role in the process of apoptosis induced by bufalin.
In the ASTC-a-1 human lung adenocarcinoma cell line, bufalin
was shown to induce the translocation of Bax from the cytosol to
the mitochondria to activate caspase-3 (28). Masuda et al (29)
demonstrated the apoptosis of HL-60 human leukemia cells
by altering the expression of apoptosis-associated genes. In
androgen-dependent and -independent human prostate cancer,
bufalin and cinobufagin were shown to suppress cell prolifera-
tion and cause apoptosis via sequence of apoptotic effectors,
including Bax, cytochrome ¢ and caspases, all of which are
implicated in mitochondria-mediated signaling pathways,
which was therefore the predominant apoptotic mechanism
induced by bufalin (30). However, the specific mechanism was
shown to vary between different tumor types and even within
different phenotypes of the same tumor type; therefore, it was
required to determine the molecular mechanism of action of
bufalin in human OS cells.

In the process of apoptosis triggered by the mitochon-
dria-mediated signaling pathway, the opening of the PTP and
subsequent perforation of the mitochondrial membrane decreases
the AWm and leads to the release of cytochrome c into the cyto-
plasm, were it activates caspases, which amplify the apoptotic
signal and disassemble the cytoskeleton (31). The present study
revealed that bufalin reduced the viability and induced apoptosis
in the U-20S human OS cell line in a time- and dose-dependent
manner. Following 24 h of incubation, bufalin reduced the A¥m
of U-20S cells in a concentration-dependent manner. In addition,
western blot analysis revealed that cytochrome ¢ was released
from the mitochondria into the cytoplasm. Furthermore, bufalin
dose-dependently increased the levels of active caspase-3 and -9
with resulting decreases in their substrate PARP and increases
in the product, cleaved PARP.

The Bcl-2 family of proteins comprise important regula-
tory factors of cell apoptosis, which include anti-apoptotic
proteins, including Bcl-2 and Bcl extra large protein, as well
as pro-apoptotic proteins, including Bax and Bcl-2-associated
death promoter, with their main site of action being the mito-
chondrial outer membrane (32). Bax translocates from the
cytosol to the mitochondria where it oligomerizes and permea-
bilizes the mitochondrial outer membrane to promote apoptosis,
and constantly retro-translocates to the cytosol depended on
pro-survival Bcl-2 family proteins (33). Upon stimulation by
apoptotic signaling in the cell, the Bax/Bcl-2 ratio is enhanced
and the Bax-mediated increases in the permeability of the
mitochondrial outer membrane results in the release of the
pro-apoptotic proteins from the mitochondria, which activates
caspase family members and triggers apoptosis. In the present
study, bufalin treatment enhanced the expression of Bax and
downregulated the expression of Bcl-2 U-20S cells, which
indicated that the apoptosis of human OS cells induced by
bufalin is mediated via the mitochondrial apoptotic signaling
pathway.
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The opening of the PTP and the loss of AWm are considered
to be early events in the apoptotic cascade. CsA, a commonly
used specific PTP blocker, effectively suppresses apoptosis. Its
mechanism of action comprises the inhibition of the combi-
nation of mitochondrial matrix protein cyclophilin D and the
multiprotein complex of the PTP, which effects the closing of the
PTP. Interruption of the PTP by CsA is a method for studying
the involvement of the PTP in metabolic processes (34). Based
on this principle, the present study used CsA to explore the
role of the PTP in bufalin-induced apoptosis in U2-OS cells.
Pre-treatment of the cells with CsA, partly inhibited the apop-
totic effects of bufalin, as indicated by attenuation of the early
apoptotic rate, loss of AWm and caspase-3 activity. As CsA,
which targets cyclophilin D, reduced bufalin-induced apop-
tosis, bufalin may indirectly exert its effects via cyclophilin D.

In conclusion, bufalin inhibited the viability and induced
apoptosis in U-20S cells in a time- and dose-dependent manner.
Bufalin-induced apoptosis was accompanied by a significant
reduction of AWm, the release of mitochondrial cytochrome ¢
into the cytosol, activation of caspase-3 and caspase-9, acti-
vating cleavage of PARP and a decrease of the Bcl-2/Bax ratio.
CsA, an inhibitor of the PTP, attenuated the apoptosis induced
by bufalin. Therefore, bufalin induces apoptosis in the U-20S
human OS cell line via triggering of the mitochondrial pathway.
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