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Bufadienolides bufalin and cinobufagin are cardiotonic steroids
isolated from the skin and parotid venom glands of the toad Bufo
bufo gargarizans Cantor. They have been shown to induce a wide
spectrum of cancer cell apoptosis. However, the detailed molecular
mechanisms of inducing apoptosis in hepatocellular carcinoma
(HCC) are still unclear. In the present study, the apoptosis-inducing
effect of bufalin and cinobufagin on HCC cell line HepG2 was inves-
tigated. We found bufalin and cinobufagin induced marked
changes in apoptotic morphology and significantly increased the
proportion of apoptotic cells. This apoptotic induction was associ-
ated with an increase in Fas, Bax and Bid expression, a decrease in
Bcl-2 expression, disruption of the mitochondrial membrane
potential, release of cytochrome c, activation of caspase-3, -8, -9
and -10, and the cleavage of poly(ADP-ribose)polymerase (PARP),
which indicated that bufalin and cinobufagin induced apoptosis
through both Fas- and mitochondria-mediated pathways. In addi-
tion, caspase activation during bufalin- and cinobufagin-induced
apoptosis was further confirmed by caspase-3 inhibitor Z-DEVD-
FMK, caspase-8 inhibitor Z-IETD-FMK, caspase-9 inhibitor Z-LEHD-
FMK and caspase-10 inhibitor Z-AEVD-FMK. The results showed
that bufalin- and cinobufagin-induced apoptosis was blocked by
these inhibitors and particularly by caspase-10 inhibitor. Taken
together, bufalin and cinobufagin induce apoptosis of HepG2 cells
via both Fas- and mitochondria-mediated pathways, and a Fas-
mediated caspase-10-dependent pathway might play a crucial role.
(Cancer Sci 2011; 102: 951–958)

H epatocellular carcinoma (HCC) is one of the most common
malignancies worldwide with 600 000 deaths per year,

and its incidence is still on the rise.(1) Surgical treatments, such
as liver resection and transplantation, are the first-line therapeu-
tic strategies for HCC. However, the postoperative survival rate
is only 30–40% at 5 years and recurrence is quite common in
patients who have had a resection.(2) In addition, because HCC
is a relatively chemo-resistant tumor and highly refractory to
cytotoxic chemotherapy, systemic cytotoxic chemotherapy
agents are minimally effective at improving the survival of
patients with advanced HCC.(3,4) Therefore, development of
novel chemotherapeutic agents and more effective therapies for
the treatment of HCC are urgently needed. Recently, traditional
Chinese medicines and their active components have attracted a
great deal of attention as candidates for HCC therapy.(5)

Chan Su is a traditional Chinese medicine obtained from the
skin and parotid venom glands of the toad Bufo bufo gargariz-
ans Cantor. It has been used to prepare many popular traditional
Chinese medicines such as Liu-Shen-Wan and Niu-Huang-Xiao-
Yan-Pian. These Chinese medicines have long been used in
numerous areas such as China, Japan, South Korea and other
parts of Asia.(6) Bufadienolide type cardiotonic steroids bufalin
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and cinobufagin (Fig. 1A) are the major active components of
Chan Su. They are known as Na+-K+-ATPase inhibitors that
exhibit a variety of biological activities, such as cardiotonic,
anesthetic, blood pressure stimulation and antineoplastic activi-
ties.(7) Recently, many studies have focused on the anti-cancer
activities of bufalin and cinobufagin. They have been demon-
strated to induce apoptosis in human leukemia, HCC and pros-
tate cancer. Induction of apoptosis by bufalin and cinobufagin
has been reported to associate with inhibition of Na+-K+-AT-
Pase. Bufalin inhibits this enzyme and then induces apoptosis
by activation of activator protein-1 (AP-1), NF-kappaB, T
lymphoma invasion and metastasis gene 1 (Tiam1), the c-Jun
N-terminal protein kinase, Rac1, mitogen-activated protein
kinase,(8–10) as well as by inhibition of Bcl-2 and c-myc(11) in
human leukemia cells. Bufalin and cinobufagin induce apoptosis
of human prostate cancer cells in part with Fas stimulation,
Dwm disruption, cytochrome c release and caspase activa-
tion.(12) Bufalin has also been found to induce apoptosis by
upregulating the expression of Bax in an orthotopic transplanta-
tion tumor model of HCC in nude mice.(13) However, the
detailed molecular mechanisms of apoptosis induced by bufalin
and cinobufagin in HCC are still unclear.

Cinobufacini (Huachansu), a water-soluble extract isolated
from the skin of toad containing Chan Su, is a form of tradi-
tional Chinese medicine approved by the Chinese State Food
and Drug Administration (SFDA) and widely used to treat
patients with liver, lung, colon and pancreatic cancers at oncol-
ogy clinics in China.(14,15) Previous studies by the current
authors indicated that cinobufacini induces apoptosis of HCC
cell lines HepG2 and Bel-7402 cells via a mitochondria-medi-
ated pathway.(16,17) Furthermore, some active compounds like
cinobufagin have been separated and identified from cinobufa-
cini by the current authors.(18) In the present study, possible
pathways and related molecular mechanisms by which bufalin
and cinobufagin induce apoptosis in the HCC cell line HepG2

are investigated.

Materials and Methods

Bufalin and cinobufagin. Bufalin and cinobufagin were pur-
chased from Sigma–Aldrich (St Louis, MO, USA). For in vitro
studies, bufalin and cinobufagin were dissolved in 1 mmol ⁄ L of
dimethyl sulfoxide (DMSO) and aliquoted as a stock solution.
To prepare working solutions, aliquots were further diluted in
high glucose Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-BRL, Gaithersburg, MD, USA) immediately before each
Cancer Sci | May 2011 | vol. 102 | no. 5 | 951–958



Table 1. Inhibitory effect on HepG2 cell proliferation by bufalin and

cinobufagin

Reagents

(lmol ⁄ L)

Cell viability (%)

24 h 48 h 72 h

Bufalin

0 100.00 100.00 100.00

10)4 91.99 ± 0.68* 85.61 ± 2.07*** 82.43 ± 0.85***

10)3 84.11 ± 4.24*** 79.32 ± 3.66*** 74.22 ± 1.34***

10)2 76.02 ± 4.32*** 72.74 ± 2.82*** 67.44 ± 1.79***

10)1 63.14 ± 2.75*** 61.72 ± 1.71*** 48.89 ± 1.02***

1 41.61 ± 2.31*** 37.30 ± 3.62*** 26.35 ± 0.88***

10 33.51 ± 2.05*** 29.70 ± 2.55*** 19.56 ± 0.98***

100 25.16 ± 0.74*** 25.21 ± 0.60*** 14.69 ± 0.95***

Cinobufagin

0 100.00 100.00 100.00

10)4 92.91 ± 3.29* 91.61 ± 0.42*** 90.86 ± 1.89**

10)3 88.54 ± 5.26** 81.95 ± 2.37*** 71.21 ± 2.33***

10)2 78.77 ± 5.98*** 73.02 ± 0.17*** 63.71 ± 3.01***

10)1 67.68 ± 4.33*** 62.21 ± 2.45*** 57.83 ± 5.00***

1 49.36 ± 1.64*** 42.20 ± 2.20*** 40.20 ± 2.30***

10 35.14 ± 4.64*** 25.63 ± 1.21*** 26.52 ± 2.43***

100 23.50 ± 2.72*** 22.30 ± 0.75*** 15.07 ± 1.66***

Data are shown as mean ± SD (n = 3). *P < 0.05, **P < 0.01 and
***P < 0.001 versus untreated controls.

(A)

(B)

(C)

Fig. 1. Bufalin and cinobufagin induce apoptosis in HepG2 cells. (A)
Structure of bufalin and cinobufagin. (B) Representative microphoto-
graphs of Hoechst 33258 staining (original magnification, ·400). (C)
Proportion of apoptotic cells. The data represent mean ± SD (n = 3).
**P < 0.01 and ***P < 0.001 versus untreated controls.
experiment. The maximum DMSO concentration was 0.1%
(v ⁄ v) in all experiments.

Cell culture. The HCC cell line HepG2 was purchased from
the European Collection of Animal Cell Cultures (ECACC,
Salisbury, UK). HepG2 cells were cultured in high glucose
DMEM supplemented with 10% fetal bovine serum (FBS; Gib-
co-BRL, Gaithersburg, MD, USA), 100 U ⁄ mL of penicillin and
100 lg ⁄ mL of streptomycin in a humidified atmosphere with
5% CO2 in air at 37�C.

Cell viability assay. A MTT (3-[4, 5-dimethylthiazol-2-yl]-2,
5-diphenyl-tetrazolium bromide) assay was used to detect cell
viability as previously described.(19) Briefly, cells (6 · 103 per
well) were plated in 96-well plates and incubated with various
concentrations of bufalin or cinobufagin for 24, 48 and 72 h.
Cell viability was then detected using Cell Proliferation kit I
(MTT; Roche Applied Science, Mannheim, Germany). The cell
viability ratio was calculated by the following formula: cell via-
bility (%) = average absorbance of treated group ⁄ average absor-
bance of control group · 100%, and the IC50 (concentration of
drug that inhibits cell growth by 50%) value was calculated
using SPSS.15.0 software (International Business Machines,
New York, USA).

Detection of cell apoptosis. Hoechst 33258 staining was used
to observe the morphology of apoptotic cells. After incubation
with bufalin or cinobufagin (0, 10)3, 10)2 and 10)1 lmol ⁄ L) for
24 h, cells were stained with Hoechst 33258 solution (Dojindo
Laboratories, Kumamoto, Japan). Morphological changes in
952
cells were then observed and photographed using a fluorescence
microscope at ·400 magnification. The proportion of apoptotic
cells was determined by flow cytometry. Briefly, after incuba-
tion with bufalin or cinobufagin for 24 h, cells were trypsinized,
fixed in 70% ice-cold ethanol and then stored at )20�C for at
least 24 h. Cells were then stained with PI ⁄ RNase Staining Buf-
fer (BD Biosciences Pharmingen, San Diego, CA, USA) and
analyzed using a FACScan flow cytometry system (Becton
Dickinson, San Jose, CA, USA). To analyze the effect of cas-
pase inhibitors on apoptosis, cells were pre-incubated with
20 lmol ⁄ L caspase-3 inhibitor Z-DEVD-FMK, caspase-8 inhib-
itor Z-IETD-FMK, caspase-9 inhibitor Z-LEHD-FMK and cas-
pase-10 inhibitor Z-AEVD-FMK (BD Biosciences Pharmingen,
San Diego, CA, USA) for 2 h, respectively, and then exposed to
10)1 lmol ⁄ L of bufalin or cinobufagin for 24 h. Afterwards,
cell apoptosis was detected using Hoechst 33258 staining and
flow cytometry.

Mitochondrial membrane potential (Dwm) measurement.
Dwm was measured with a MitoCapture Mitochondrial Apopto-
sis Detection kit (BioVision, Mountain View, CA, USA) as pre-
viously described.(17) Briefly, after the cells were treated with
bufalin or cinobufagin for 24 h, 200 lL of pre-warmed incuba-
tion buffer containing 0.2 lL MitoCapture was added to each
well and cells were incubated at 37�C in a 5% CO2 incubator for
15 min. Afterwards, cells were observed under fluorescence
microscopy at a magnification of ·400.

Caspase activity assay. Following the protocols of the Cas-
pase Colorimetric Assay kits (BioVision), the activity of cas-
pase-3, -8, -9 and -10 was detected by cleavage of chromogenic
caspase substrates as previously described.(17) Briefly, after
treatment with bufalin or cinobufagin for 24 h, cells were har-
vested and lysed in the supplied lysis buffer. The lysed cells
were centrifuged at 10 000g for 1 min, and 100 lg proteins
were incubated with 4 mmol ⁄ L caspase substrates at 37�C for
2 h. Then, pNA light emission was quantified using a microplate
reader at 405 nm. To analyze the effects of caspase inhibitors on
caspase activity, the cells were pre-incubated with 20 lmol ⁄ L
caspase-3, -9, -8 and -10 inhibitors for 2 h, respectively, and
then treated with 0.1 lmol ⁄ L bufalin or cinobufagin for 24 h.
After that, the activity of caspase-3, -8, -9 and -10 was detected
by cleavage of chromogenic caspase substrates.
doi: 10.1111/j.1349-7006.2011.01900.x
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Western blot analysis. After cells were treated with specified
concentrations of various agents, total cell lysates and cytosolic
fractions were prepared as previously described.(17) Thirty
micrograms of total cellular proteins were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride (PVDF)
transfer membranes by western blotting.(20) The results were
quantified using Image J 1.43 (C) (National Institutes of
Health, Bethesda, MD, USA). The following antibodies were
used: Bax, Bcl-2, Bid, Fas, cytochrome c, caspase-9 and cas-
pase-3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
caspase-8 (BioVision); caspase-10 (Medical & Biological
Laboratories, Nagoya, Japan); full-length 116 kDa poly(ADP-
ribose)polymerase (PARP) and 89 kDa cleavage fragments of
PARP (Cleaved PARP; Cell Signaling Technology, Danvers,
MA, USA).

Statistical analysis. All experiments were performed in tripli-
cate and the results are expressed as mean ± SD. Statistical
analysis was performed with one-way analysis of variance
(ANOVA) and the Student’s t-test using SPSS.15.0 software.
P < 0.05 was indicative of a significant difference.
(A)

(B)

(C)

(E)

Fig. 2. Bufalin and cinobufagin regulate Bax and
Bcl-2 protein expression, disrupt mitochondrial
membrane potential (Dwm) and induce cytochrome
c release in HepG2 cells. (A) Protein expression of
Bax, Bcl-2 and cytochrome c. (B) Fold changes in
Bax, Bcl-2 and cytochrome c levels. (C) Ratio of
Bax ⁄ Bcl-2. (D) Disruption of Dwm. (E) The relative
ratio of green ⁄ red fluorescence intensity. Data are
shown as mean ± SD (n = 3). *P < 0.05, **P < 0.01
and ***P < 0.001 versus untreated controls.

Qi et al.
Results

Bufalin and cinobufagin inhibit cell viability and induce
apoptosis in HepG2 cells. After cells were treated with various
concentrations of bufalin or cinobufagin for 24, 48 and 72 h, cell
viability decreased significantly in a dose- and time-dependent
manner (Table 1). At concentrations higher than 10)3 lmol ⁄ L,
bufalin or cinobufagin treatment significantly inhibited cell pro-
liferation. The IC50 values of bufalin and cinobufagin were in
the range of 0.12–0.81 and 0.17–1.03 lmol ⁄ L, respectively.
Thus, a range of concentrations (£10)1 lmol ⁄ L) was applied for
all subsequent experiments. Hoechst 33258 staining and flow
cytometric analysis were used to detect apoptosis. After cells
were treated with different concentrations of bufalin or cino-
bufagin for 24 h, marked morphological changes in chromatin
morphology such as crenation, condensation and fragmentation
were observed, and this was especially true with a concentration
of 10)1 lmol ⁄ L (Fig. 1B). Flow cytometric analysis showed
that the apoptotic cell population increased significantly in a
dose-dependent manner with bufalin or cinobufagin treat-
ment (Fig. 1C). When the cells were treated with 10)1 lmol ⁄ L
(D)
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bufalin or cinobufagin for 24 h, the apoptotic cell population
was 34.31% and 28.36% of cells, respectively. These results
suggest that both bufalin and cinobufagin exhibited a significant
apoptosis-inducing effect on HepG2 cells and the apoptotic
effect of bufalin might be greater than that of cinobufagin.

Bufalin and cinobufagin regulate Bax and Bcl-2 expressions,
disrupt Dwm and induce cytochrome c release in HepG2

cells. The Bcl-2 family proteins Bax and Bcl-2 play important
roles in initiating mitochondrial death cascade.(21) To investi-
gate the underlying mechanism of apoptosis induced by bufalin
and cinobufagin, the expression of pro-apoptotic protein Bax
and anti-apoptotic protein Bcl-2 was measured by western blot
analysis. The protein expression of Bax was upregulated and
Bcl-2 was downregulated with an increase in the Bax ⁄ Bcl-2
ratio (Fig. 2A–C). Following the changes of Bcl-2 family mem-
bers, Dwm decreases and cytochrome c is released from the
mitochondria.(22) As shown in Figure 2A,B, the protein expres-
sion of cytosolic cytochrome c increased in a dose-dependent
manner. As shown in Figure 2D,E, a Dwm loss was observed
as fluorescence gradually shifted from red to green with an
increase in the green ⁄ red fluorescence intensity ratio. Western
blot analysis was used to detect the release of cytochrome c.
These suggest that mitochondrial dysfunction was involved in
the apoptosis induced by bufalin and cinobufagin in HepG2

cells.
(A)

(B)

Fig. 3. Bufalin and cinobufagin induce caspase-9 and -3 activation
and PARP cleavage in HepG2 cells. (A) Relative activity of caspase-9
and -3. (B) Protein expression of caspase-9, caspase-3, poly(ADP-
ribose)polymerase (PARP) and cleaved PARP. Data are shown as
mean ± SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus
untreated controls.

954
Bufalin and cinobufagin induce caspase activation, Fas upregu-
lation and Bid and PARP cleavage in HepG2 cells. In the mito-
chondria-mediated apoptotic pathway, the disruption of Dwm
and release of cytochrome c are followed by activation of a
caspase cascade including caspase-9 and -3 and cleavage of
PARP.(23) As shown in Figure 3, caspase-9 and -3 were acti-
vated and PARP (a substrate of caspase-3) was cleaved from the
full-length 116 kDa form to its cleaved 89 kDa form. To investi-
gate the Fas-mediated apoptotic pathway induced by bufalin and
cinobufagin in HepG2 cells, the activation of caspase-8 and -10
and the protein expression of Fas were detected. As shown in
Figure 4, Fas was upregulated and caspase-8 and -10 were acti-
vated with bufalin or cinobufagin treatment. A BH-3 domain-
containing protein Bid, a specific proximal substrate of caspase-
8 and -10, can be cleaved by caspase-8 or -10 into a truncated
bid and translocates from the cytosol to mitochondria triggering
the release of caspase-activating factors.(24) Thus, caspase-8 and
-10 can directly or through cleaving Bid activate downstream
caspases including caspase-3.(25,26) As shown in Figure 4B, buf-
alin and cinobufagin treatment induced a significant decrease in
the Bid protein levels in the cytosol.

Effect of caspase inhibitors on bufalin- or cinobufagin-induced
apoptosis in HepG2 cells. To further confirm the involvement of
caspases in bufalin- and cinobufagin-induced apoptosis, several
caspase inhibitors such as caspase-3 inhibitor Z-DEVD-FMK,
(A)

(B)

Fig. 4. Bufalin and cinobufagin induce caspase-8 and -10 activation,
Fas upregulation and Bid cleavage in HepG2 cells. (A) Relative activity
of caspase-8 and -10. (B) Protein expression of caspase-8, caspase-10,
Fas and Bid. Data are shown as mean ± SD (n = 3). *P < 0.05,
**P < 0.01 and ***P < 0.001 versus untreated controls.

doi: 10.1111/j.1349-7006.2011.01900.x
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(A)

(B)

Fig. 5. Effect of caspase inhibitors on the
morphology and proportion of apoptotic cells
induced by bufalin or cinobufagin in HepG2 cells.
(A) Representative microphotographs of Hoechst
33258 staining (original magnification, ·400). (B)
Proportion of apoptotic cells. The data represent
mean ± SD (n = 3). *P < 0.05, **P < 0.01 and
***P < 0.001 versus bufalin or cinobufagin groups
in the absence of caspase inhibitors.

(A)

(B)

Fig. 6. Effect of caspase inhibitors on caspase activities induced by
bufalin or cinobufagin in HepG2 cells. (A) Relative activity of caspase-9
and -3. (B) Relative activity of caspase-8 and -10. The data represent
mean ± SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus
bufalin or cinobufagin groups in the absence of caspase inhibitors.
caspase-8 inhibitor Z-IETD-FMK, caspase-9 inhibitor Z-LEHD-
FMK and caspase-10 inhibitor Z-AEVD-FMK were used. As
shown in Figure 5, bufalin- and cinobufagin-induced apoptosis
was markedly blocked by these inhibitors and particularly by
caspase-10 inhibitor. As shown in Figure 6, the activity of cas-
pase-3, -9, -8 and -10 was reduced by these caspase inhibitors
Qi et al.
and particularly by caspase-3 and -10 inhibitors. Furthermore,
the roles of caspases in Fas- and mitochondria-mediated path-
ways of apoptosis induced by bufalin and cinobufagin were
determined using western blot. In the mitochondria-mediated
apoptotic pathway, activation of caspse-3 and -9 and cleavage of
PARP were obviously suppressed by caspase-3 inhibitor
(Fig. 7A) or caspase-9 inhibitor (Fig. 7B). In the Fas-mediated
apoptotic pathway, activation of caspase-8, -10, -9 and -3, cleav-
age of Bid, release of cytochrome c and cleavage of PARP
induced by bufalin were markedly eliminated by caspase-10
inhibitor (Fig. 8) and ⁄ or caspase-8 inhibitor (Fig. 9). These
results suggest that bufalin- and cinobufagin-induced apoptosis
in HepG2 cells were associated with both the Fas-mediated cas-
pase-8 ⁄ -10-dependent pathway and the mitochondria-mediated
caspase-9-dependent pathway, and the Fas-mediated caspase-
10-dependent pathway might play a more important role.

Discussion

Bufalin and cinobufagin have been reported to possess potent
anticancer activity by triggering apoptosis in a wide spectrum of
cancer cells.(14) However, the exact mechanism and signaling
pathways involved in bufalin- and cinobufagin-induced apopto-
sis are not well established in HCC. The current study showed
that bufalin and cinobufagin significantly induced apoptosis of
HepG2 cells. Marked morphological changes indicative of cell
apoptosis were clearly observed, and the apoptotic cell popula-
tion increased in a dose-dependent manner with bufalin and cin-
obufagin treatment. Moreover, the apoptotic rate induced by
bufalin was higher than that induced by cinobufagin. Based on
these findings, a series of experiments was performed to further
determine potential apoptotic signaling pathways. Classical
Cancer Sci | May 2011 | vol. 102 | no. 5 | 955
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(A)

(B)

Fig. 7. Effect of caspase-9 and -3 inhibitors on caspase-dependent
apoptotic pathways induced by bufalin or cinobufagin in HepG2 cells.
(A) Protein expression of pro-caspase-3, poly(ADP-ribose)polymerase
(PARP) and cleaved PARP. (B) Protein expression of pro-caspase-9, pro-
caspase-3, PARP and cleaved PARP. The data represent mean ± SD
(n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus bufalin or
cinobufagin groups in the absence of caspase inhibitors.

Fig. 8. Effect of caspase-10 inhibitor on caspase-dependent apoptotic
pathways induced by bufalin or cinobufagin in HepG2 cells. The
protein expression of pro-caspase-10, -9, -3, Bid, cytochrome c,
poly(ADP-ribose)polymerase (PARP) and cleaved PARP was analyzed.
The data represent mean ± SD (n = 3). *P < 0.05, **P < 0.01 and
***P < 0.001 versus bufalin or cinobufagin groups in the absence of
caspase inhibitors.
apoptosis can be initiated via two death-signaling pathways, the
intrinsic or mitochondria-mediated pathway and the extrinsic or
death receptor-mediated pathway, which both result in the acti-
vation of caspases.(27) The present study demonstrated that both
the death receptor Fas- and mitochondria-mediated pathways
were found to be involved in apoptosis induced by bufalin and
cinobufagin.

The Bcl-2 family proteins Bax and Bcl-2 play important roles
in initiating the mitochondrial death cascade.(21) Pro-apoptotic
protein Bax translocates to the mitochondria and integrates into
the outer mitochondrial membrane, where it promotes the dis-
ruption of Dwm and the release of cytochrome c into the cytosol.
In contrast, anti-apoptotic protein Bcl-2 prevents this process by
preserving mitochondrial integrity. Thus, the ratio of Bax to
Bcl-2 is crucial to the sustenance of drug-induced apoptosis in
the mitochondria-mediated apoptotic pathway.(17) The present
study showed that bufalin and cinobufagin upregulated the
expression of Bax and downregulated the level of Bcl-2, eventu-
ally leading to an increase in the ratio of Bax ⁄ Bcl-2 protein
levels. Following the disruption of Dwm and the release of cyto-
chrome c, a caspase cascade including caspase-9 and caspase-3
is activated.(23) Activated caspase-3 subsequently cleaves intra-
cellular protein PARP into cleaved PARP, which serves as an
important marker of apoptosis.(28) The present studies showed
that a marked loss of Dwm and release of cytochrome c were
observed in HepG2 cells with bufalin or cinobufagin treatment.
Furthermore, the activation of caspase-9 and -3 and the cleavage
956
of PARP were detected, and these events were blocked mark-
edly by caspase-3 inhibitor and partially by caspase-9 inhibitor.
These results suggest that bufalin and cinobufagin induced apop-
tosis of HepG2 cells via a mitochondria-mediated intrinsic apop-
tosis pathway (Fig. 10).

Stimulation of Fas has been shown to be highly efficient in
the killing of tumor cells.(29) At the cell surface, Fas receptor
binding to its ligand leads to the formation of the death-inducing
signal complex, which contains the adaptor protein Fas-associ-
ated death domain protein (FADD) and caspase-8 and -10.
FADD leads to the auto-cleavage and activation of caspase-8
and -10.(30,31) A large amount of active caspase-8 and -10 in turn
activates downstream caspases such as caspase-3, causing apop-
tosis. A small amount of active caspase-8 and -10 cleaves the
BH-3-only protein Bid into tBid, which subsequently triggers
the release of cytochrome c and activation of the mitochondria-
mediated apoptosis pathways.(32,33) The present study showed
that the protein expression of Fas was upregulated and caspase-8
and -10 were activated with bufalin or cinobufagin treatment.
The caspase-3, -8 and -10 activation and PARP cleavage during
apoptosis induced by bufalin and cinobufagin were blocked
markedly by caspase-10 inhibitor and partially by caspase-8
inhibitor. These results suggest that a caspase-10-dependent
Fas-mediated extrinsic pathway might play a critical role in
bufalin- and cinobufagin-induced apoptosis in HepG2 cells
(Fig. 10).
doi: 10.1111/j.1349-7006.2011.01900.x
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Fig. 9. Effect of caspase-8 inhibitor on caspase-dependent apoptotic
pathways induced by bufalin or cinobufagin in HepG2 cells. The
protein expression of pro-caspase-8, -9, -3, Bid, cytochrome c,
poly(ADP-ribose)polymerase (PARP) and cleaved PARP was analyzed.
The data represent mean ± SD (n = 3). *P < 0.05, **P < 0.01 and
***P < 0.001 versus bufalin or cinobufagin groups in the absence of
caspase inhibitors.

Fig. 10. The Fas- and mitochondria-mediated caspase-dependent
apoptotic pathways induced by bufalin and cinobufagin in HepG2

cells. In the intrinsic pathway, bufalin or cinobufagin upregulates Bax
expression and downregulates Bcl-2 expression, resulting in the
disruption of Dwm and the release of cytochrome c. Its release leads
to the activation of caspase-9 and -3 and cleavage of the caspase-3
substrate poly(ADP-ribose)polymerase (PARP) and subsequently results
in DNA fragmentation and apoptosis. In the extrinsic pathway, bufalin
or cinobufagin upregulates Fas expression and then caspase-8 and -10
are activated, subsequently inducing apoptotic cell death by
activating caspase-3 either directly or indirectly via the mitochondrial
apoptotic pathway. Furthermore, these two apoptotic pathways can
be inhibited by caspase-3, -9, -8 and -10 inhibitors, indicating that
these caspases play important roles in bufalin- and cinobufagin-
induced apoptosis.
Moreover, a noteworthy finding was that Bid was cleaved
with bufalin or cinobufagin treatment, leading to a decrease in
Bid protein levels. Bid is considered to be a molecular linker
bridging the death receptor pathway and mitochondria path-
way.(24) Once Bid is cleaved by active caspase-8 and caspase-10
as described above, tBid translocates to mitochondria and
induces mitochondrial damage and release of cytochrome c.(24)

The current data indicate that the release of cytochrome c was
blocked markedly by caspase-10 inhibitor and partially by cas-
pase-8 inhibitor. The process of Bid cleavage induced by bufalin
and cinobufagin was reversed by caspase-10 inhibitor. Our
results suggest that the cross-talk between Fas- and mitochon-
dria-mediated pathways might exist in bufalin- and cinobufagin-
induced apoptosis (Fig. 10).

In conclusion, the present study demonstrated that bufalin and
cinobufagin induced apoptosis of HepG2 cells via both Fas- and
mitochondria-mediated apoptotic pathways (Fig. 10). Caspase-
3, -8, -9 and -10 all took part in regulation of these two path-
ways and a caspase-10-dependent Fas-mediated pathway might
play a critical role. These findings should provide important
Qi et al.
clues for further evaluating the potential potency of bufalin and
cinobufagin for use in HCC therapy.
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