
Genistein synergizes with arsenic trioxide to suppress
human hepatocellular carcinoma
Hongchi Jiang,1,3,4 Yong Ma,1,4 Xiaoning Chen,1,4 Shangha Pan,1 Bei Sun,1 Geoffrey W. Krissansen2

and Xueying Sun1,2,3

1Department of General Surgery, The Hepatosplenic Surgery Center, The First Affiliated Hospital of Harbin Medical University, Harbin, China;
2Department of Molecular Medicine and Pathology, Faculty of Medical and Health Sciences, University of Auckland, Auckland, New Zealand

(Received October 11, 2009 ⁄ Revised November 10, 2009; December 1, 2009 ⁄ Accepted December 4, 2009 ⁄ Online publication March 4, 2010)
3To whom correspondence should be addressed.
E-mail: jianghc@vip.163.com; kevsun88@hotmail.com; k.sun@auckland.ac.nz
4These authors contributed equally to this work.
Arsenic trioxide (ATO) is of limited therapeutic benefit for the
treatment of solid tumors. Genistein exhibits anticancer and pro-
oxidant activities, making it a potential candidate to enhance the
efficacy of ATO whose cytotoxicity is oxidation-sensitive. This
study sought to determine whether genistein synergizes with ATO
to combat hepatocellular carcinoma (HCC). Three human HCC cell
lines, namely HepG2, Hep3B, and SK-Hep-1, were incubated with
ATO, genistein, or ATO + genistein. The cells were also pretreated
with antioxidant agents N-acetyl-L-cysteine (NAC) or butylated
hydroxyanisole (BHA). Cell viability, apoptosis, intracellular reac-
tive oxygen species (ROS), mitochondrial membrane potential
(DWm), expression of Bcl-2, Bax, caspase-9, and -3, and release of
cytochrome c into the cytosol were examined. The synergistic
effect of ATO and genistein was also assessed using HepG2 xeno-
grafts subcutaneously established in BALB ⁄ c nude mice. The
results show that genistein synergized with ATO to reduce viabil-
ity, induce apoptosis, and diminish the DWm of cells. The combina-
tion therapy down-regulated Bcl-2 expression, up-regulated Bax
expression, enhanced the activation of caspase-9 and -3, and
increased the release of cytochrome c. The synergistic effect of
ATO and genistein was diminished by pretreatment with NAC or
BHA. Genistein increased the production of intracellular ROS,
while ATO had little effect. Genistein synergized with a low dose
of ATO (2.5 mg ⁄ kg) to significantly inhibit the growth of HepG2
tumors, and suppress cell proliferation and induce apoptosis
in situ. There were no obvious side effects, as seen with a high
dose of ATO (5 mg ⁄ kg). Combining genistein with ATO warrants
investigation as a therapeutic strategy to combat HCC. (Cancer Sci
2010; 101: 975–983)

H epatocellular carcinoma (HCC) is the third leading cause
of cancer death with an estimated worldwide incidence of

over one million new cases per year.(1) Despite extensive explo-
ration for novel anticancer drugs and therapeutic strategies, there
has been little success in improving the treatment of HCC. Only
surgery offers a cure, but tumor resection is feasible for <15%
of patients, and recurrence rates remain as high as 50% after
tumor resection due to the aggressive features of HCC including
rapid growth, resistance to chemotherapy, and lack of effective
adjunct therapy after surgery.(2–5)

Arsenic trioxide (ATO) has been widely employed to treat
acute promyelocytic leukemia (APL) since its original applica-
tion at Harbin Medical University in China in the 1970s.(6) Its
therapeutic potential and antitumor activity have also been
tested in a variety of solid tumors including HCC.(7–12) The anti-
cancer activities of ATO include inducing cell apoptosis and cell
cycle arrest, and inhibiting tumor angiogenesis.(7–12) However,
the activity of ATO against solid tumors has not been as effec-
tive as against APL. ATO failed to show a therapeutic effect at
an endurable dose in a recent phase II clinical trial.(13) The doses
of ATO required to exert detectable anticancer effects in solid
tumors(7–12,14,15) are much higher than those required to inhibit
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hematologic malignancies.(16,17) We have previously demon-
strated that ATO has a narrow window of therapeutic opportu-
nity in respect of dosage.(9) High doses are not clinically
achievable without the risk of severe side effects due to toxicity.
Therefore, new strategies to enhance the efficacy of ATO while
reducing the dose of ATO to avoid the severe side effects are
essential for the treatment of HCC.

Genistein, a soy-derived isoflavone, that exhibits multiple bio-
chemical effects,(18) has been shown to inhibit the growth of
breast cancer,(19) prostate cancer,(20) pancreatic cancer,(21) and
HCC(22) cells, yet does not display cytotoxicity against normal
cells.(23) A recent study has shown that genistein induced the
apoptosis of HCC cells by increasing intracellular reactive oxy-
gen species (ROS), and inducing endoplasmic reticulum stress
and mitochondrial injury.(24) Genistein was shown to selectively
potentiate ATO-induced apoptosis in human leukemia cells.(25)

Therefore, we hypothesized that genistein may enhance the effi-
cacy of ATO in treating HCC.

Materials and Methods

Mice, cell lines, and reagents. Male nude BALB ⁄ c mice
(H-2b), 4–6 weeks of age, were obtained from the Animal
Research Center, The First Clinical Medical School of Harbin
Medical University, China. The human HCC cell lines HepG2,
Hep3B, and SK-Hep-1 were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). The cells
were routinely cultured at 37�C in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum. An
ATO solution was purchased from Yida Pharmaceutical, Harbin
Medical University, China. Genistein, N-acetyl-L-cysteine
(NAC), butylated hydroxyanisole (BHA), and 2¢,7¢-dichlorodi-
hydrofluorescein-diacetate (DCFHDA) were purchased from
Sigma (St. Louis, MO, USA). Genistein was dissolved in DMSO
to make a stock solution of 100 mM for in vitro assays. The PI
(propidium iodide) ⁄ Annexin V-FITC apoptosis detection kit
was purchased from BD Biosciences (San Jose, CA, USA).
5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethylbenzimidazole carbocya-
nine iodide (JC-1) was purchased from Molecular Probes
(Eugene, OR, USA). The antibodies against Bcl-2, Bax, cas-
pase-3 and -9, cytochrome c, and b-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-
Ki67 Ab was purchased from Abcam (Cambridge, MA, USA).

Cell viability assay. We used a Cell Counting Kit-8 (CCK-8)
kit (Dojindo Laboratories, Kumamoto, Japan) to determine the
viability of cells. 3 · 103 cells in 200 lL of medium per well
were seeded into 96-well plates and cultured overnight, and the
culture medium was replaced with fresh DMSO-containing
medium (control) or the same medium containing treatment
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agents. The final DMSO concentration was not >0.02%. Clini-
cally achievable concentrations of ATO (1 to 2 lM) were chosen
based on a previous report(26) and our preliminary experiments.
Genistein was used at 15 lM for HepG2 and SK-Hep-1 cells,
and at 20 lM for Hep3B cells. The latter concentrations were
selected based on the sensitivity of cells to genistein, as deter-
mined in our preliminary experiments, which showed that such
concentrations led to 30–40% growth inhibition of cells after a
72-h incubation. The cells were incubated for 72 h, the culture
medium was replaced with 100 lL of fresh medium followed by
the addition of 10 lL of CCK-8 solution. The cells were incu-
bated for 2 h at 37�C, and the optical density (OD) at 450 nm
was recorded. The growth index (%) was calculated according
to the formula: experimental OD value ⁄ control OD value · 100.
The experiments and all the below in vitro assays were repeated
thrice.

Detection of cell apoptosis. Cells (1 · 105) were washed with
PBS, resuspended in 100 lL of binding buffer, and then incu-
bated with 5 lL of Annexin V and 5 lL of PI for 15 min at
room temperature in the dark according to the manufacturer’s
instructions (BD Biosciences, San Jose, CA, USA). The cells
were analyzed in a Beckman Coulter Epics Altra II cytometer
(Beckman Coulter, Brea, CA, USA) to measure the apoptosis
rate (%), and viewed by laser scanning confocal microscopy
(LSM-510; Carl Zeiss Jena, Jena, Germany).

Measurement of intracellular ROS. Intracellular ROS was
measured using the DCFHDA method described previously.(26)

Briefly, the cells were incubated with 10-lM DCFHDA for
20 min at 37�C in a 5% CO2 incubator, and then washed and
resuspended in PBS at 1 · 106 cells ⁄ mL. The cells were ana-
lyzed by flow cytometry at an excitation wavelength of 514 nm,
and the fluorescence intensity of dichlorofluorescein (DCF) was
measured at an emission wavelength of 525 nm. Untreated cells
served as controls. The intracellular ROS was expressed as fold-
increase of DCF fluorescence compared to control.

Measurement of mitochondrial membrane potential. The
lipophilic, cationic dye, JC-1, was used to measure changes
in mitochondrial membrane potential (DWm), as described
previously.(27,28) Cells were incubated with 10 lg ⁄ mL of JC-
1 for 20 min at 37�C in a 5% CO2 incubator, washed and
resuspended in PBS at 1 · 106 cells ⁄ mL, and then analyzed
by flow cytometry at an excitation wavelength of 514 nm.
Data were collected at the emission wavelength of 529 nm
(green fluorescence) of the JC-1 monomer and at 585 nm
(red fluorescence) for JC-1 aggregates. The ratio of red ⁄ green
fluorescence intensities was recorded, and the relative DWm
was calculated according to the formula: experimental ratio
value ⁄ control ratio value · 100.

Animal model and treatments. All surgical procedures and
care administered to the animals were in accordance with insti-
tutional animal ethic guidelines. Tumors were established by
subcutaneous injection of 4 · 106 HepG2 tumor cells into the
flanks of mice. Tumors volumes were estimated according to the
formula: p ⁄ 6 · a2 · b, where a is the short axis, and b the long
axis. When tumors reached �100 mm3 at about 3 weeks, the
mice were randomly assigned to five groups (each group had
seven mice): control, genistein, ATO, ATO + genistein, and
high dose of ATO. Mice received daily 200 lL i.p. injections of
either PBS, genistein (50 mg ⁄ kg), ATO (2.5 mg ⁄ kg), 50 mg ⁄ kg
genistein + 2.5 mg ⁄ kg ATO, or high dose of ATO (5.0 mg ⁄ kg),
respectively. Genistein was suspended in PBS, and the ATO
stock solutions were diluted with PBS. The doses and methods
were based on our preliminary experiments and previous
reports.(22,29) The treatments lasted for 15 days and the size of
tumors was recorded. The mice were euthanized 3 days after the
last injection, blood samples were collected via cardiac punc-
ture, and tumors were excised. The carcasses without tumors
were weighed, and compared to original bodyweights before
976
treatments to calculate bodyweight change (%) according to the
formula: (carcass weight – original bodyweight) ⁄ original body-
weight · 100. Blood samples were divided and one aliquot was
used to measure the white blood cell (WBC) count. The other
aliquot was centrifuged at 300g for 10 min to collect sera,
which were used to measure the levels of serum aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), urea
nitrogen (BUN), and creatinine (Cr) with an auto-biochemical
analyzer (Toshiba, Tokyo, Japan). Each tumor was divided into
two halves, one half was fixed with 10% buffered formalin, and
the other stored at )80�C.

Quantitation of Ki-67 proliferation index. The methodology
has been previously described.(30) Briefly, tumor sections were
immunostained with an anti-Ki-67 Ab, counterstained with
hematoxylin, and examined by microscopy. The Ki-67 positive
cells were counted in 10 randomly selected ·400 high-power
fields. The Ki-67 proliferation index (%) was calculated accord-
ing to the following formula: the number of Ki-67-positive cell-
s ⁄ total cell count · 100.

In situ detection of apoptotic cells. The methodology has
been described previously.(31) Briefly, tumor sections were
stained with the TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling) agent (Roche, Shanghai, China), and
examined by fluorescence microscopy. The total number of
apoptotic cells in 10 randomly selected fields was counted.
The apoptosis index (%) was calculated according to the for-
mula: number of apoptotic cells ⁄ total number of nucleated
cells · 100.

Western blotting. The methodology has been described pre-
viously.(30,32) Briefly, cells were sonicated in RIPS buffer and
homogenized; whereas tumor tissues were homogenized in pro-
tein lysate buffer. Debris was removed by centrifugation. Sam-
ples containing 50 lg of total protein were resolved on 12%
polyacrylamide SDS gels, and electrophoretically transferred to
polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked with 3% BSA, incubated with a primary Ab, and
subsequently incubated with an alkaline phosphatase-conjugated
secondary Ab. They were developed with 5-bromo-4-chloro-3-
indolyl phosphate ⁄ nitro blue tetrazolium (Tiangen Biotech,
Beijing, China). Blots were stained with an anti-b-actin Ab to
serve as an internal control. A Mitochondria ⁄ cytosol Fraction-
ation Kit (Beyotime Inst. Biotech, Beijing, China) was used to
prepare mitochondria-free cytosolic fractions, which were used
to detect expression of cytochrome c by Western blot analysis.

Statistical analysis. All the data are expressed as mean val-
ues ± SD. Comparisons among multiple groups were made with
a one-way ANOVA followed by an LSD (least significant differ-
ence) test. A value of <0.05 (P < 0.05) was used for statistical
significance.

Results

Genistein synergizes with ATO to reduce the viability of HCC
cells. HepG2, Hep3B, and SK-Hep-1 cells were incubated with
ATO, genistein (15 lM for HepG2 and SK-Hep-1, 20 lM for
Hep3B; the concentrations were consistent throughout the whole
study), or ATO + genistein for 72 h, and cell viability was deter-
mined with a CCK-8 kit to calculate the growth index. As shown
in Figure 1, 1 lM ATO had little effect on the growth index,
whereas the combination of 1 lM ATO and genistein led to 30–
40% inhibition of the growth index compared to control. Fur-
thermore, while incubation with 2 lM ATO resulted in 20–30%
inhibition of the growth index, the combination of 2 lM ATO
and genistein markedly reduced the growth index by up to 80%,
compared to control. To investigate whether the effects of geni-
stein and ATO were additive or synergistic, we calculated val-
ues for the coefficient of drug interaction (CDI) as described
previously,(19,33) based on the principles proposed by Chou and
doi: 10.1111/j.1349-7006.2009.01464.x
ªª 2010 Japanese Cancer Association



Fig. 1. Cell growth in vitro. As indicated, HepG2, Hep3B, and SK-
Hep-1 cells were incubated with arsenic trioxide (ATO), genistein
(GEN), ATO + GEN, or pretreated with N-acetyl-L-cysteine (NAC) or
butylated hydroxyanisole (BHA) followed by ATO + GEN, for 72 h.
Untreated cells served as the control. Cell viability was determined
using a Cell Counting Kit-8 (CCK-8) assay to calculate the growth
index. *Significant reduction in the growth index from control;
**highly significant difference at P < 0.001 from control; †significant
reduction from same dose ATO treatment; ‡significant increase from
2 lM ATO + GEN treatment.
Talalay.(34) A CDI value less than, equal to, or >1 indicates that
the drugs are synergistic, additive, or antagonistic, and <0.7
indicates a significantly synergistic effect.(33) The CDI for
HepG2, Hep3B, and SK-Hep-1 cells treated with genistein and
2 lM ATO was 0.407, 0.543, and 0.448, respectively, indicating
that the two drugs had significantly synergistic effects in inhibit-
ing the viability of HCC cells.

Genistein synergizes with ATO to induce the apoptosis of HCC
cells. HCC cells were incubated with ATO, genistein, or ATO
+ genistein for 48 h, stained with Annexin V ⁄ PI, and cell apop-
tosis was determined by flow cytometry. As shown in Fig-
ure 2(A), 1 lM ATO slightly increased the apoptosis rate of
HepG2 cells compared to control, but the difference did not
reach significance; whereas the combination of 1 lM ATO and
genistein significantly increased the apoptosis rate by four-fold
compared to control. While incubation of cells with 2 lM ATO
or genistein resulted in �1-fold increase in the apoptosis rate of
HepG2 cells, incubation with 2 lM ATO + genistein led to a
�10-fold increase in the apoptosis rate compared to control, and
a �5-fold increase compared to either 2 lM ATO or genistein
alone,. Similar results were obtained for Hep3B and SK-Hep-1
cells (Fig. 2A). Representative histograms for the above cyto-
metrically analyzed cells are shown in Figure 2(B). Annexin
V ⁄ PI-stained cells were viewed by confocal microscopy. As
shown in Figure 2(C), apoptotic cells were almost undetectable
amongst the untreated cells. However, late-stage apoptotic cells
Jiang et al.
were detected within 2 lM ATO + genistein-treated cells, whose
nuclei were stained red by PI.

The role of ROS in the effects of genistein and ATO. HCC
cells were incubated with 2 lM ATO, genistein, or ATO + geni-
stein for 12 h, and then DCF fluorescence was recorded as a
measure of intracellular ROS. As shown in Figure 3(A), the lev-
els of intracellular ROS were highly significantly (P < 0.001)
increased in genistein-treated cells. ATO had little effect on
intracellular ROS in HepG2 and SK-Hep-1 cells, and a weak
though significantly increased intracellular ROS in Hep3B cells.
The combination of ATO and genistein also elevated the levels
of intracellular ROS, which were highly significantly
(P < 0.001) increased compared to those of untreated cells, and
were significantly (P < 0.01) higher than ROS levels following
treatment with ATO, but were not significantly different from
genistein alone. To confirm the role of ROS in the effects of
genistein treatments, the cells were pretreated with 10 mM NAC,
a well-known inhibitor of ROS production,(35) and then incu-
bated with genistein alone or the combination of ATO and geni-
stein. As shown in Figure 3(A), pretreatment with NAC
significantly (P < 0.01) reduced the level of intracellular ROS
in all three cell types, compared to genistein-treated or ATO +
genistein-treated cells without NAC pretreatment. Similar
results were obtained when the cells were pretreated with 50 lM

BHA, another antioxidant (Fig. 3A). Representative histograms
for the above cells are shown in Figure 3(B). Pretreatment with
NAC or BHA also diminished the ability of ATO + genistein to
inhibit cell viability (Fig. 1) and induce apoptosis (Fig. 2A,B).

Genistein synergizes with ATO to diminish DWm. The DWm
of cells was measured following a 48-h incubation with 2 lM

ATO, genistein, or ATO + genistein, given that ATO induces
cell apoptosis via the mitochondrial intrinsic pathway, and ROS
is closely related with DWm. As shown in Figure 4(A), genistein
significantly (P < 0.05) diminished the DWm compared to con-
trol in all the three cell types, whereas ATO had little effect.
The combination of ATO and genistein highly significantly
(P < 0.001) diminished the DWm compared to control, and also
significantly (P < 0.01) diminished the DWm compared with
ATO alone. Pretreatment of the cells with NAC inhibited reduc-
tions of DWm following the combinational treatment (Fig. 4A).
Representative histograms for the above cells are shown in Fig-
ure 4(B).

Genistein synergizes with ATO to regulate apoptotic pro-
teins. As shown in Figure 5(A), both ATO and genistein up-
regulated Bax expression and down-regulated Bcl-2 expression,
and activated caspase-9 and -3. Genistein synergized with ATO
to further up-regulate Bax expression and down-regulate Bcl-2
expression, thus reducing the ratio of Bcl-2 ⁄ Bax. The combina-
tion also further increased the activation of caspase-9 and -3
(Fig. 5A). The expression of cytochrome c in the cytosol was
examined, given that the release of cytochrome c from mito-
chondria to the cytosol initiates the process of apoptosis. Both
ATO and genistein increased the level of cytochrome c in the
cytosol. The combination of ATO and genistein further
increased the level of cytosolic cytochrome c, whereas the lev-
els were diminished by pretreatment of cells with NAC
(Fig. 5B).

Genistein and ATO synergistically suppress HCC tumors
without obvious cytotoxicity. Tumors were established by sub-
cutaneous injection of HepG2 cells, which have been demon-
strated to be more resistant to ATO than other hepatocellular
carcinoma cell lines.(7) As shown in Figure 6(A), the tumors of
mice treated with 2.5 mg ⁄ kg ATO reached 1680.3 ± 223.9 mm3

in volume 18 days after treatment, which was not significantly
different compared to controls (1775.3 ± 289.4 mm3). Genis-
tein alone significantly reduced the size of tumors
(1368.0 ± 250.9 mm3). The tumors treated with 2.5 mg ⁄ kg
ATO + genistein were highly significantly (P < 0.001) smaller
Cancer Sci | April 2010 | vol. 101 | no. 4 | 977
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(A)

(B)

Fig. 3. Levels of intracellular reactive oxygen species
(ROS) in vitro. (A) HepG2, Hep3B, and SK-Hep-1cells
were treated with 2 lM arsenic trioxide (ATO),
genistein (GEN) (15 lM for HepG2 and SK-Hep-1,
20 lM for Hep3B), ATO + GEN, or pretreated with
N-acetyl-L-cysteine (NAC) or butylated hydroxyanisole
(BHA) followed by GEN or ATO + GEN, for 12 h.
Untreated cells served as the control. The cells
were incubated with 2¢,7¢-dichlorodihydrofluorescein-
diacetate (DCFHDA), then subjected to flow cytometry
to measure levels of intracellular ROS, represented by
dichlorofluorescein (DCF) fluorescence. *Significant
increase in DCF fluorescence from control; **highly
significant difference from control at P < 0.001;
†significant increase from ATO treatment; #significant
reduction from GEN treatment; ‡significant reduction
from ATO + GEN treatment. (B) Representative
histograms are shown for cytometrically analyzed cells
stained with DCFHDA.

(A) (B)

(C)

Fig. 2. Cell apoptosis in vitro. (A) HepG2, Hep3B, and SK-Hep-1 cells were treated with arsenic trioxide (ATO), genistein (GEN) ATO + GEN, or
pretreated with N-acetyl-L-cysteine (NAC) or butylated hydroxyanisole (BHA) followed by ATO + GEN, for 48 h. Untreated cells served as the
control. The cells were stained with Annexin V ⁄ PI, and subjected to flow cytometry to measure the apoptosis rate (%). *Significant increase in
apoptosis rate from control; **highly significant difference at P < 0.001 from control; †significant increase from same dose ATO treatment;
‡significant reduction from 2 lM ATO + GEN treatment. (B) Representative histograms are shown for cytometrically analyzed cells. (C)
Representative photographs of control and ATO + GEN-treated cells stained with Annexin V ⁄ PI and viewed by laser scanning confocal
microscopy (scale bar, 20 lm).
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(A)

(B)Fig. 4. Changes in mitochondrial membrane
potential in vitro. (A) HepG2, Hep3B, and SK-Hep-1
cells were treated with 2 lM arsenic trioxide (ATO),
genistein (GEN) (15 lM for HepG2 and SK-Hep-1,
20 lM for Hep3B), ATO + GEN, or pretreated with N-
acetyl-L-cysteine (NAC) followed by ATO + GEN, for
48 h. Untreated cells served as the control. The cells
were incubated with 5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-
tetraethylbenzimidazole carbocyanine iodide (JC-1),
then subjected to flow cytometry to measure green
and red fluorescence intensities, and the ratio of
red ⁄ green fluorescence was recorded to calculate
the relative DWm. *Significant decrease in DWm
from control; **highly significant decrease from
control at P < 0.001; †significant decrease from ATO
treatment; ‡significant increase from ATO + GEN
treatment. (B) Representative histograms are shown
for cytometrically analyzed cells labeled with the JC-
1 dye.

(A)

(B)

Fig. 5. Expression of apoptosis-related proteins
in vitro. (A) HepG2, Hep3B, and SK-Hep-1 cells were
treated with 2 lM arsenic trioxide (ATO) (lane 2),
genistein (GEN) (15 lM for HepG2 and SK-Hep-1, 20 lM

for Hep3B) (lane 3), or ATO + GEN (lane 4), for 48 h.
Untreated cells served as the control (lane 1). The cells
were homogenized and subjected to Western blot
analysis to detect the expression of Bax, Bcl-2,
pro-caspase-9, cleaved caspase-9, and pro-caspase-3.
b-Actin served as an internal control. (B) Cytoplasmic
proteins from each of the treated cells as in (A) (lanes 1
to 4) were prepared using a Mitochondria ⁄
cytosol Fractionation Kit. As an additional control,
cytoplasmic proteins were prepared from cells
pretreated with N-acetyl-L-cysteine (NAC) followed by
ATO + GEN (lane 5). The expression of cytochrome c
(Cyto-c) in the mitochondria-depleted cytosolic
fractions was examined by Western blot analysis. b-
Actin served as an internal control.
than controls, reaching 407.7 ± 138.8 mm3 in volume. The CDI
was 0.315, indicating that genistein and ATO have significant
synergistic effects in suppressing the growth of HepG2 tumors.
A high dose of ATO (5 mg ⁄ kg) also highly significantly
Jiang et al.
(P < 0.001) suppressed the growth of tumors
(958.0 ± 258.1 mm3 in volume) compared to controls. The cyto-
toxicity of the treatments was assessed by measuring body-
weight changes and WBC counts (Fig. 6B), examining liver
Cancer Sci | April 2010 | vol. 101 | no. 4 | 979
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(A) (B)

(C) (D)

Fig. 6. Genistein (GEN) synergizes with arsenic
trioxide (ATO) to suppress HepG2 tumors in mice.
When tumors reached �100 mm3 in volume, the
mice received daily injections of 100 lL PBS
(Control), or an equal volume of genistein at a dose
of 50 mg ⁄ kg (GEN), ATO at doses of 2.5 (2.5ATO)
or 5 (5ATO) mg ⁄ kg, or the combination of
genistein + 2.5 mg ⁄ kg ATO (2.5ATO + GEN), for
15 days as indicated. (A) The sizes of tumors were
recorded. *Significant difference in tumor volumes
from control; **highly significant difference from
control at P < 0.001; †significant difference from
2.5 mg ⁄ kg ATO; ‡significant difference from
genistein. Blood samples were collected when the
mice were euthanized on day 18, and tumors were
removed. (B) The carcasses without tumors were
weighed, and compared to the bodyweights on day
0 to calculate bodyweight change (%), and white
blood cell (WBC) numbers were counted. (C) The
serum levels of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT), and (D) urea
nitrogen (BUN) and creatinine (Cr) were measured.
*Significant difference from control.

(A)

(F)

(B) (C) (D) (E)

Fig. 7. Genistein (GEN) synergizes with arsenic trioxide (ATO) to inhibit cell proliferation in situ. Illustrated are representative tumor sections
prepared from mice that received daily injections of PBS (control) (A), 2.5 mg ⁄ kg ATO (B), genistein (C), genistein + 2.5 mg ⁄ kg ATO (D) or
5 mg ⁄ kg ATO (E), as in Figure 6. The sections were stained with an anti-Ki-67 Ab to detect proliferating cells. (F) Cells expressing Ki-67 were
counted to calculate the proliferation index. n, number of tumors assessed. *Significant difference in the proliferation index from control;
**highly significant difference at P < 0.001 from control; †significant difference from ATO monotherapy.
function by measuring serum levels of AST and ALT (Fig. 6C),
and examining renal function by measuring serum levels of
BUN and Cr (Fig. 6D). Neither 2.5 mg ⁄ kg ATO or genistein
alone, nor genistein + 2.5 mg ⁄ kg ATO in combination, signifi-
cantly influenced any of the six health parameters. However, the
high dose of 5 mg ⁄ kg ATO significantly reduced changes in
bodyweight and WBC count, and elevated the serum levels of
AST, ALT, and Cr, compared with control.

Genistein synergizes with ATO to inhibit cell proliferation
in situ. As shown in Figure 7, there were fewer Ki-67-positive
cells in the tumors of mice treated with 2.5 mg ⁄ kg ATO
(Fig. 7B), genistein (Fig. 7C), genistein + 2.5 mg ⁄ kg ATO
980
(Fig. 7D), or 5 mg ⁄ kg ATO (Fig. 7E), compared to controls.
Ki-67-positive cells in tumor sections were counted to record
the proliferation index. As shown in Figure 7F, treatment with
ATO at the dose of 2.5 mg ⁄ kg resulted in a slight reduction in
the proliferation index compared with control, but the differ-
ence did not reach significance. In contrast, genistein therapy
significantly (P < 0.05) reduced the proliferation index. The
proliferation index of tumors treated with genistein +
2.5 mg ⁄ kg ATO was highly significantly (P < 0.001) reduced
by 56.9% compared to controls, and significantly lower than
monotherapies with genistein or 2.5 mg ⁄ kg ATO (both
P < 0.01). ATO at the dose of 5 mg ⁄ kg highly significantly
doi: 10.1111/j.1349-7006.2009.01464.x
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(A)

(F)

(G)

(B) (C) (D) (E)

Fig. 8. Genistein (GEN) synergizes with arsenic trioxide (ATO) to induce cell apoptosis in situ. Illustrated are representative tumor sections
prepared from mice that received daily injections of PBS (control) (A), 2.5 mg ⁄ kg ATO (B), genistein (C), genistein + 2.5 mg ⁄ kg ATO (D), or
5 mg ⁄ kg ATO (E) as in Fig. 6. The sections were stained with the TUNEL agent to visualize apoptotic cells. (F) TUNEL-positive cells were counted
to calculate the apoptosis index. n, number of tumors assessed. *Significant difference in the apoptosis index from control; **highly significant
difference at P < 0.001 from control; †significant difference from ATO monotherapy. (G) The tumor tissues were homogenized and subjected to
Western blot analysis to detect expression of Bax, Bcl-2, pro-caspase-9, cleaved caspase-9, and pro-caspase-3 (left panel). The numbering of lanes
is as in Figure 5(b). b-Actin served as an internal control. The band density was measured and compared to that of b-actin to calculate relative
band density (right panel).
(P < 0.001) reduced the proliferation index by 44.3% com-
pared to control (Fig. 7F).

Genistein synergizes with ATO to induce cell apoptosis
in situ. As shown in Figure 8, a small number of TUNEL-
stained apoptotic cells were detected in the control tumors
(Fig. 8A), whereas a greater number of apoptotic cells were
detected in the tumors treated with 2.5 mg ⁄ kg ATO (Fig. 8B),
genistein (Fig. 8C), genistein + 2.5 mg ⁄ kg ATO (Fig. 8D), and
5 mg ⁄ kg ATO (Fig. 8E). The numbers of apoptotic cells were
counted to record the apoptosis index. As shown in Figure 8(F),
2.5 mg ⁄ kg ATO slightly increased the apoptosis index com-
pared to control, but the difference did not reach significance.
Genistein therapy significantly (P < 0.05) increased the apopto-
sis index compared to control. Treatment with the combination
of genistein + 2.5 mg ⁄ kg ATO resulted in a highly significant
(P < 0.001) four-fold increase in the apoptosis index compared
to control. The apoptosis index was also significantly increased
(both P < 0.01) compared to that of mice treated with genistein
or ATO monotherapy. Treatment with 5 mg ⁄ kg ATO also
highly significantly (P < 0.001) increased the apoptosis index
compared with control. As shown in Figure 8(G), genistein syn-
ergized with 2.5 mg ⁄ kg ATO to up-regulate Bax expression
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and down-regulate Bcl-2 expression, thus reducing the ratio of
Bcl-2 ⁄ Bax. The combination also increased the activation of
caspase-9 and -3, in accordance with the in vitro findings
(Fig. 5A).

Discussion

The present study has demonstrated the synergistic effects of
genistein and ATO in the treatment of HCC. Genistein syner-
gized with ATO to inhibit tumor cell proliferation, and induce
the apoptosis of HCC cells both in vitro and in vivo. This drug
combination suppressed the growth of HCC tumors established
in nude mice. A number of mechanisms appear to explain the
synergistic effects of the two drugs including diminished DWm,
increased release of cytochrome c, up-regulation of Bax expres-
sion, down-regulation of Bcl-2 expression, and activation of cas-
pase-9 and -3. This study demonstrated that ROS plays an
important role in the synergistic effects of ATO and genistein in
inhibiting proliferation and inducing apoptosis of HCC cells, as
evidenced by the fact that the synergism was diminished by pre-
treating the cells with NAC or BHA. In accord, a recent report
has shown that genistein selectively potentiates ATO-induced
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apoptosis of human leukemia cells by virtue of its pro-oxidant
capacity.(25)

Genistein, a natural product, has displayed synergistic effects
with chemotherapy in treating many types of cancer.(19–21,23)

Although genistein has previously been regarded as a ROS scav-
enging agent,(36–38) several studies have demonstrated that geni-
stein disrupts the respiratory chain, leading to the generation of
ROS in isolated mitochondria and intact cells.(39–41) A recent
report showed that genistein elevated the intracellular levels of
ROS in HCC cells.(24) The results presented here confirm the lat-
ter finding, and demonstrate that elevated intracellular levels of
ROS potentiate the cytotoxicity of ATO. This notion is also sup-
ported by the observation that anti-oxidants diminished the
enhanced therapeutic effects of the combinational treatment.
NAC may directly reduce the activity of genistein(24) or protect
mitochondria from oxidation-induced damage.(42) Although not
explored here, other possible mechanisms explaining the ability
of genistein to enhance ATO cytotoxicity include inhibition
of the expression or activity of multidrug resistance protein and
P-glycoprotein efflux pumps, thus decreasing ATO detoxifica-
tion,(43) or causing G2 ⁄ M arrest as cells at the G2 phase are sen-
sitive to the toxic actions of ATO.(44)

Cellular apoptosis is triggered by the death-receptor-induced
extrinsic or mitochondrial-apoptosome-mediated intrinsic path-
ways.(45) The released cytochrome c from mitochondria to the
cytosol binds to Apaf-1, resulting in proteolytic processing and
activation of caspase-9. Active caspase-9 then activates caspase-
3, initiating a cascade of additional caspase activation that cul-
minates in apoptosis.(46) Both ATO and genistein have been
regarded as mitochondria-targeting drugs capable of inducing
apoptosis via activation of the mitochondrial path-
way.(15,22,24,25,39,47,48) The present study has shown that geni-
stein synergized with ATO to increase the release of
cytochrome c into the cytosol, resulting in enhanced activation
of caspase-9 and -3. Hence, the synergistic effect of ATO and
genistein in inducing the apoptosis of HCC cells may involve
the mitochondrial pathway. The members of the Bcl-2 family
are the most prominent regulators of apoptosis in cancer cells,
mediating their effects mainly through the mitochondrial path-
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way.(49) Bcl-2, located on the mitochondrial membrane, is an
anti-apoptotic protein that prevents changes in DWm and inhib-
its the release of cytochrome c. Bax directly binds to Bcl-2 and
inhibits its function; hence the Bcl-2 ⁄ Bax ratio is negatively
related to apoptosis.(49,50) Although not investigated in the cur-
rent study, it has been shown that targeting MEK ⁄ MAPK signal
transduction potentiates ATO-induced apoptosis in multiple
myeloma cells through multiple signaling pathways,(51) and gen-
istein inhibits the activation of phosphatidylinositol 3-kina-
se ⁄ AKT signal transduction pathways, which play a key role in
the balance of cell survival and apoptosis.(19,21) The synergistic
effects of ATO and genistein may also be related to these signal
pathways, which will require further investigation.

Finally, a preclinical animal model using HepG2 xenografts
was employed to evaluate the potential clinical benefit of treat-
ments. Both a high dose of ATO (5 mg ⁄ kg) and the combina-
tional therapy of genistein and low dose ATO (2.5 mg ⁄ kg)
markedly suppressed the growth of HepG2 tumors. In accord
with our previous study,(9) the high dose of ATO reduced the
bodyweight of mice and the WBC count, and caused dysfunc-
tion of the liver and kidney in terms of increased serum levels of
AST, ALT, and Cr. In contrast, the combination of genistein and
low dose of ATO showed no obvious side effects, indicating that
this combination may have clinical utility, and warranting future
investigation of its ability to combat HCC in the clinic.
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