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Abstract. Hepatocellular carcinoma (HCC) is difficult to 
diagnose early, resulting in only 30% resection rate. HCC is 
a relatively chemo-resistant tumor, molecular targeted therapy 
can only benefit approximately 30% patients with liver cancer. 
Bufalin (Bu) is one of the topoisomerase II inhibitors, many 
studies have recently focused on the anticancer activities of 
bufalin. In the present study, we report that bufalin can inhibit 
the proliferation, invasion and metastasis of liver cancer cells 
via the Hh signaling pathway. The human high metastasis 
potential LM3 hepatoma cells (HCC-LM3) were cultured 
in vitro, bufalin and/or Hedgehog signaling pathway inhibitors 
(GANT61, cyclopamine) was added into cell culture fluid for 
72 h to observe the antitumor effect of bufalin. The results 
showed that bufalin was able to inhibit epithelial mesenchymal 
transition (EMT), and extracellular matrix (ECM) degrada-
tion and angiogenesis of liver cancer cells by influencing 
the expression of Ptch1'Gli1'Gli3 proteins in Hh signaling 
pathway. Bufalin could downregulate the downstream target 
molecules of MMP-2, MMP-9, β-catenin and VEGF in liver 
cancer cells by influencing the Gli1 and Gli3 expression of Hh 
signaling pathway, and upregulate the E-cadherin expression 
of liver cancer cells by influencing the Gli3 expression of Hh 
signaling pathway. Therefore, the present study shows that 
bufalin combined with Hedgehog signaling pathway inhibitors 
can significantly reduce the malignant biological behavior of 
the liver cancer cells.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
malignancies worldwide with annual incidence of 600,000 or 
more, and ranked the third most important cause of cancer 
death, with mortality rate of 18.8% in all malignant tumors  
(1-4). In China, the mortality of HCC ranked second in 
all cancers and the number of deaths was 53% of the total 
number of deaths around the world, being thus the first in the 
world (5,6). Surgical treatments, such as liver resection and 
transplantation, are usually the first-line therapeutic strate-
gies for HCC. But there are many restrictive causes of liver 
cancer including concealed pathogenesis, rapid progress and 
difficulty in early diagnosis resulting in only 30% resection 
rate. In addition, since HCC is a relatively chemo-resistant 
tumor, systemic cytotoxic chemotherapy agents are mini-
mally effective on improving the survival of patients with 
advanced HCC. Furthermore, some chemotherapy drugs 
have also severe toxic side-effects on the heart, liver and 
kidney. Molecular targeted therapy can only benefit approxi-
mately 30% of patients with liver cancer. Moreover, HCC 
metastasize early, and the postoperative recurrence rate can 
reach 40-70%, it seriously affects the survival and quality of 
life in patients with liver cancer (7-10). Therefore, to improve 
the therapeutic efficacy and prolong survival of patients with 
liver cancer preparing new-type and low-toxic drugs against 
cellular proliferation, invasion and metastasis of hepatocel-
lular carcinoma is urgent. Recently, traditional Chinese 
medicines and their active components have attracted a great 
deal of attention as candidates for HCC therapy.

Bufalin (Bu) is the major digoxin-like immunoreactive 
component of Chan Su, a traditional Chinese medicine 
obtained from the skin and parotid venom glands of a toad. It 
is one of the topoisomerase II inhibitors, which has pharmaco-
logical effects such as antitumor, anti-radiation, anti-clotting, 
analgesia and cardiotonic efficacy (11,12). Many studies have 
focused on the anticancer activities of bufalin, which have 
been proven to inhibit the proliferation and angiogenesis, 
induce differentiation and apoptosis, reverse the drug resis-
tance, alter gene expression in tumor cells and regulate the 
body's immune system (13,14). In our previous studies, it was 
indicated that bufalin could significantly inhibit prolifera-
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tion, invasion and metastasis of liver cancer cells by blocking 
cell cycle at S and G2 phase in BEL-7402 hepatoma cells, and 
the inhibitive efficacy was time and dose dependent (15). Yet, 
the effective mechanism of bufalin on inhibiting prolifera-
tion, invasion and metastasis of tumor cells is not yet clear in 
hepatocellular carcinoma. Hedgehog (Hh) signaling pathway 
was first discovered in Drosophila mutant gene research by 
Wieschaus and Nusslein-Volhard C in 1980. It is a highly 
conservative cellular signal transduction system, which plays 
an important role in regulating cell growth and survival (16). 
It was demonstrated that Hh signaling pathway was involved 
in the regulation of the development process of gastric, 
pancreatic, liver cancer and other malignant tumors (17-19). 
We studied whether bufalin can inhibit the growth, invasion 
and metastasis of liver cancer cells by influencing the Hh 
signaling pathway. In vitro culturing the human high metas-
tasis potential LM3 hepatoma cells (HCC-LM3), the present 
study explored the biological role of bufalin in inhibiting 
proliferation, invasion and metastasis of liver cancer cells via 
Hh signaling pathway.

Materials and methods

Reagents. Bufalin, purchased from Sigma Chemical Co. 
(St. Louis, MO, USA), was dissolved in anhydrous alcohol 
at a concentration of 10-1  mol/l and stored at 4˚C. High 
glucose Dulbecco's modified Eage's medium (DMEM) 
and fetal bovine serum (FBS) were purchased from Gibco 
(Gaithersburg, MD, USA). The antibodies of β-actin, SHH, 
PTCH1, Gli1, MMP-2, E-cadherin and β-catenin were 
purchased from Cell Signaling Technology, Inc. (Beverly, 
MA, USA). Gli3 antibody was purchased from Milipore 
(Billerica, MA, USA). MMP-9 and VEGF antibodies were 
purchased from Abcam (Cambridge, (Ma, USA). GANT61 
(G61) and cyclopamine (cyc), the inhibitors of Hh signaling 
pathway, were purchased from Selleck Chemicals LLC 
(Houston, TX, USA). GANT61 can specifically inhibit Gli1 
protein expression and cyclopamine is the specific inhibitor 
of Smo protein expression.

Cell lines. HCC-LM3 cells were obtained from the Liver 
Cancer Institute of Zhongshan Hospital affiliated to Fudan 
University. The cells were cultured in high glucose DMEM 
supplemented with 10% FBS, 100 U/ml of penicillin and 
100 µg/ml of streptomycin in a humidified atmosphere with 
5% CO2 in air at 37˚C. Then, the cells in the logarithmic 
growth phase were collected for the following experiments.

Grouping. HCC-LM3 cells were cultured in  vitro, they 
were divided into the control group, the bufalin group, the 
bufalin+GANT61 group, the bufalin+cyclopamine group and 
the bufalin+GANT61+cyclopamine group according to the 
experimental requirements.

Drug concentration. According to our previous studies (15), 
the 0.04 µg/ml of bufalin was chosen as an effective concen-
tration. Following the manufacturer's instructions and the 
related experiments, the 2.148 µg/ml of GANT61 and the 
0.412 µg/ml of cyclopamine were chosen as effective concen-
trations, respectively.

Cell proliferation assay. The Cell Counting kit-8 (Dojindo 
Molecular Technologies, Inc., Tokyo, Japan) assay was used 
to evaluate cell proliferation. Briefly, cells in the logarithmic 
growth phase were plated at a density of 10x104 cells/ml, then 
100 µl/well in 96-well plates. Twelve hours later, the cells were 
treated with various concentrations of the drugs. A total of 
200 µl DMEM was used to compare with other groups as the 
blank group, 200 µl DMEM was injected into culture plate 
in the control group, 200 µl bufalin was injected into culture 
plate in the bufalin group, 200 µl bufalin and 200 µl GANT61 
were injected into culture plate in the bufalin+GANT61 group, 
200 µl bufalin and 200 µl cyclopamine were injected into 
culture plate in the bufalin+cyclopamine group, 200 µl bufalin, 
200 µl GANT61 and 200 µl cyclopamine were injected into 
culture plate in the bufalin+GANT61+cyclopamine group. The 
final concentrations of buffalin, GANT61 and cyclopamine 
added to the cell culture medium for each group were 0.04, 
2.148 and 0.412 µg/ml, respectively. After incubation for 72 h, 
the CCK-8 was used to detect the cell viability following the 
manufacturer's instructions. Each experiment was performed 
in triplicate. The cell inhibition ratio was calculated by the 
following formula: cell inhibition ratio (%) = [1 - (average 
absorbance of treated group - average absorbance of blank 
group)/(average absorbance of control group - average absor-
bance of blank group)] x 100%.

Flow cytometry for cell cycle phase. Cell cycle analysis was 
performed using flow cytometry and DNA content Quantitation 
assay kit (Nanjing KeyGen Biotech., Co., Ltd., Nanjing, China). 
Cells in the logarithmic growth phase were plated at a density 
of 10x104 cells/ml, then 100 µl/well in 6-well plates. Twelve 
hours later, the cells were treated with various concentrations 
of the drugs. A total of 2 ml of DMEM was injected into culture 
plate in the control group, 2 ml bufalin was injected into culture 
plate in the bufalin group, 2 ml bufalin and 2 ml GANT61 
were injected into culture plate in the bufalin+GANT61 
group, 2 ml bufalin and 2 ml cyclopamine were injected into 
plate in the bufalin+cyclopamine group, 2 ml bufalin, 2 ml 
GANT61 and 2 ml cyclopamine were injected into culture 
plate in the bufalin+GANT61+cyclopamine group. The final 
concentrations of buffalin, GANT61 and cyclopamine added 
to the cell culture medium for each group were 0.04, 2.148 
and 0.412 µg/ml, respectively. After treatment with different 
compounds for 72 h, cells were harvested, centrifuged, washed 
and suspended twice with cold phosphate-buffered saline 
(0.1 M PBS) at 2000 rpm for 5 min, then fixed in 70% ethanol 
and stored at 4˚C for 2 h. Following two washes with 0.1 M 
PBS, fixed cells were incubated in 100 µl RNase at 37˚C for 
30 min, followed by staining of the DNA with 400 µl propidium 
iodide (PI) at 4˚C for 30 min in the dark. Then, each sample 
was analyzed using CellQuest software (Becton-Dickinson, 
San Jose, CA, USA) and the percentage of cells within the 
G1, S and G2 phases of the cell cycle was determined. Each 
experiment was performed in triplicate.

Analysis of cell apoptosis. Cells in the logarithmic growth 
phase were plated at a density of 10x104 cells/ml, then, 
100 µl/well in 6-well plates. Twelve hours later, the cells 
were treated with various concentrations of all drugs. A 
total of 2 ml DMEM was injected into culture plate in the 
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control group, 2 ml bufalin was injected into culture plate 
in the bufalin group, 2 ml bufalin and 2 ml GANT61 were 
injected into culture plate in the bufalin+GANT61 group, 
2 ml bufalin and 2 ml cyclopamine were injected into culture 
plate in the bufalin+cyclopamine group, 2 ml bufalin, 2 ml 
GANT61 and 2 ml cyclopamine were injected into culture 
plate in the bufalin+GANT61+cyclopamine group. The 
final concentrations of buffalin, GANT61 and cyclopamine 
added to the cell culture medium for each group were 0.04, 
2.148 and 0.412 µg/ml, respectively. After 72 h of treatment 
with different agents, cells were harvested, centrifuged and 
washed twice with cold 0.1 M PBS at 2000 rpm for 5 min, 
then suspended in 100 µl 1x binding buffer. Next, cells were 
incubated with 5 µl Annexin V and 5 µl PI for 15 min at 25˚C 
in dark room. Finally, each sample was injected with 400 µl 
1x binding buffer, phase distributions of the cell cycle and 
hypodiploid DNA were determined by flow cytometry and 
Annexin V-FITC apoptosis detection kit I (BD Biosciences, 
San Jose, CA, USA). Then assessed for cell apoptosis by 
CellQuest software (Becton-Dickinson). Each experiment was 
performed in triplicate.

Analysis of cell migration and invasion. Cells in the loga-
rithmic growth phase were plated at a density of 10x104 
cells/ml, then 100 µl/well in 6-well plates. Twelve hours 
later, the cells were treated with various concentrations of the 
drugs. A total of 2 ml DMEM was injected into culture plate 
in the control group, 2 ml bufalin was injected into culture 
plate in the bufalin group, 2 ml bufalin and 2 ml GANT61 
were injected into culture plate in the bufalin+GANT61 
group, 2 ml bufalin and 2 ml cyclopamine were injected into 
culture plate in the bufalin+cyclopamine group, 2 ml bufalin, 
2 ml GANT61 and 2 ml cyclopamine were injected into 
culture plate in the bufalin+GANT61+cyclopamine group. 
The final concentrations of buffalin, GANT61 and cyclopa-
mine added to the cell culture medium for each group were 
0.04, 2.148 and 0.412 µg/ml, respectively. The cell migration 
assay was analyzed in a Transwell permeable support system 
(Corning, Inc., Corning, NY, USA) containing 24-well tran-
swell (unit 8 µl pore size polyvinylidenefluoride) filters. After 
72 h of treatment with different agents, cells were harvested 
and suspended in new DMEM at a density of 1x106 cells/ml. 
Then, the colected cells were seeded into the upper chamber 
at 100 µl/well with a serum-containing medium (500 µl) 
simultaneously added to the lower chamber. Forty-eight 
hours later, the cells on the upper surface of the filter were 
removed with cotton swabs, and the cells invading across 
the matrigel to the lower surface of the membrane were 
stained with Giemsa (Sigma-Aldrich, Munich, Germany) for 
10 min, the number of migrated cells was counted in five 
fields of each triplicate filter with an inverted microscope. 
cell migration ratio (%) = (the number of cell migrations in 
the treated group/the number of cell migrations in the control 
group) x 100%.

The cell invasion assay was carried out similarly, except 
that 1:4 DMEM-diluted Matrigel (BD Biosciences, Franklin 
Lakes, NJ, USA) was added to each well for 24 h before cells 
were seeded onto the membrane. the number of invaded 
cells was counted in five fields of each triplicate filter with an 
inverted microscope. cell invasion ratio (%) = (the number of 

cell invasion in the treated group/the number of cell invasion 
in the control group) x 100%.

Cell adhesion assay. The 96-well flat-bottomed plates were 
precoated with 50 µl/well of 1:4 DMEM-diluted Matrigel at 4˚C 
overnight. Cells in the logarithmic growth phase were plated at 
a density of 10x104 cells/ml, then 100 µl/well in 6-well plates. 
Twelve hours later, the cells were treated with various concen-
trations of the drugs. A total of 2 ml DMEM was injected into 
culture plate in the control group, 2 ml bufalin was injected into 
culture plate in the cufalin group, 2 ml bufalin and 2 ml GANT61 
were injected into culture plate in the bufalin+GANT61 group, 
2 ml bufalin and 2 ml cyclopamine were injected into culture 
plate in the bufalin+cyclopamine group, 2 ml bufalin, 2 ml 
GANT61 and 2 ml cyclopamine were injected into culture 
plate in the bufalin+GANT61+cyclopamine group. The final 
concentrations of buffalin, GANT61 and cyclopamine added 
to the cell culture medium for each group were 0.04, 2.148 
and 0.412 µg/ml, respectively. After 72 h of treatment with 
different agents, cells were harvested and suspended in new 
DMEM with 10% FBS at a density of 1x106 cells/ml. Then, 
the collected cells were seeded into a 96-well plate at 100 µl/
well, blocking at 37˚C for 2 h. Only 100 µl of DMEM without 
cells was injected in each well as a blank group. The average 
numbers of adhered cells were counted using the CCK-8. The 
96-well plate was put into enzyme-labeled instrument, and 
OD value was obtained by 450 nm wavelength detection. Each 
experiment was performed in triplicate. The cell adhesion 
ratio was calculated by the following formula: cell adhesion 
ratio (%) = (average OD value of treated group/average OD 
value of control group) x 100%.

Protein expression assay with western blot technique. Cells 
in the logarithmic growth phase were plated at a density of 
10x104 cells/ml, then 5 ml/flask in cell culture flask. Twelve 
hours later, the cells were treated with various concentrations 
of the drugs. A total of 2 ml DMEM was injected into culture 
flask in the control group, 2 ml bufalin was injected into culture 
flask in the bufalin group, 2 ml bufalin and 2 ml GANT61 
were injected into culture flask in the bufalin+GANT61 group, 
2 ml bufalin and 2 ml cyclopamine were injected into culture 
flask in the bufalin+cyclopamine group, 2 ml bufalin, 2 ml 
GANT61 and 2 ml cyclopamine were injected into culture 
flask in the bufalin+GANT61+cyclopamine group. The final 
concentrations of buffalin, GANT61 and cyclopamine added 
to the cell culture medium for each group were 0.04, 2.148 
and 0.412 µg/ml, respectively. After cultured for 72 h, cells in 
various groups were, respectively, washed with ice-cold 0.01 M 
PBS and extracted in protein lysis buffer (Beyotime Institute of 
Biotechnology, Haimen, China). Protein concentrations were 
assayed with the BCA protein assay kit (Beyotime Institute 
of Biotechnology). Protein samples of cell lysates were mixed 
with 5x sodium dodecyl sulfate (SDS) loading buffer (dilution 
1:4), boiled for 5 min, then separated on 10% SDS polyacryl-
amide gels. After electrophoresis, proteins were transferred 
onto polyvinylidene fluoride membranes, blocked in 5% 
non-fat dry milk in phosphate-buffered saline with Tween-20 
(PBST) for 1 h, and incubated with corresponding antibodies 
against β-actin (dilution 1:2,000), SHH (dilution 1:1,000), 
PTCH1 (dilution 1:1,000), Gli1 (dilution 1:1,000), Gli3 (dilu-
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tion 1:1,000), E-cadherin (dilution 1:1,000), β-catenin (dilution 
1:1,000), MMP-2 (dilution 1:1,000), MMP-9 (dilution 1:5,000) 
and VEGF (dilution 1:2,000) overnight at 4˚C. The membranes 
were washed three times with PBST and incubated for 1 h at 
room temperature with a horseradish peroxidase-conjugated 
secondary antibody (dilution 1:1,000). After washing again 
three times with PBST, blots were incubated with ECL plus 
chemiluminescence substrate (Millipore, Billerica, MA, 
USA) and digital images were acquired using a ChemiDoc 
system employing Quantity One software (Shanghai Peiqing, 
Shanghai, China). Three independent blots were analyzed for 
each protein.

Statistical analysis. Data were analyzed using analysis of 
variance (SPSS 18.0 and Graphpad Prism 5; SAS Institute, 
Inc., Cary, NC, USA). Data are expressed as the mean 
values ± standard of the mean. p-values of <0.05 were consid-
ered statistically significant.

Results

Bufalin inhibits proliferation of HCC-LM3 cells. The CCK-8 
assay showed that the inhibitive rates of cell proliferation 
were 33.68±8.38, 38.28±8.33, 58.30±9.08 and 72.71±7.13% 
in the bufalin group, the bufalin+GANT61 group, the 
bufalin+cyclopamine group and the bufalin+GANT61+ 
cyclopamine group, respectively. The inhibitory effect of 
cell proliferation in the bufalin combining with Hh signaling 
pathway inhibitor group was significantly stronger than 
that of the bufalin group, especially the inhibitory effect in 
the bufalin+GANT61+cyclopamine group was strongest 
(F=27.777; P=0.001, P=0.026 and P=0.006). It indicated that 
it could significantly enhance the inhibitory effect of bufalin 
on liver cancer cell proliferation after the key proteins of 
Hh signaling pathway such as Gli1 or smo were inhibited. 
Bufalin had the strongest inhibitory effect on liver cancer cell 
proliferation when the key proteins of Gli1 and smo in the Hh 
signaling pathway were simultaneously inhibited (Fig. 1).

Bufalin influences the cell cycle of HCC-LM3 cells. In our 
previous studies, it was shown that bufalin could block in S and 
G2 phase of HCC-LM3 cell proliferation, and the percentage of 
G1 phase cells was gradually decreased time and dose depend-
ently (15). Therefore, we only observed the G1 phase and G2+S 
phase of cell cycle in the present study. The results showed 
that the percentage of G1 phase cells in bufalin combining 
with Hh signaling pathway inhibitor groups was less than that 
of the bufalin group, especially the percentage of G1 phase 
cells was the lowest in the bufalin+GANT61+cyclopamine 
group. However, the percentage of G2+S phase cells indi-
cated an opposite trend. The percentage of G2+S phase cells 
were 38.05±2.62, 52.75±2.75, 67.34±2.33, 68.18±1.83 and 
69.76±8.42% in the control group, the bufalin group, the 
bufalin+GANT61 group, the bufalin+cyclopamine group and 
the bufalin+GANT61+cyclopamine group, respectively. The 
percentage of G2+S phase cells in bufalin combining with Hh 
signaling pathway inhibitor groups was significantly higher 
than that of the bufalin group (F=29.782, P=0.002, P=0.001 
and P=0.001). Therefore, it indicated that bufalin blocked S 
and G2 phase of HCC-LM3 cell proliferation after the key 

proteins in Hh signaling pathway were inhibited. Bufalin has 
the strongest blocking effect on HCC-LM3 cells proliferation 
when the key proteins such as Gli1 and smo were simultane-
ously inhibited (Fig. 2).

Bufalin induces apoptosis of HCC-LM3 cells. The results 
showed that the apoptotic rates of HCC-LM3 cells were 
17.72±7.34, 47.26±2.64, 59.91±2.77, 66.51±4.50 and 
76.77±4.05% in the control group, the bufalin group, the 
bufalin+GANT61 group, the bufalin+cyclopamine group 
and the bufalin+GANT61+cyclopamine group, respec-
tively. The apoptotic ratio of HCC-LM3 cells was highest 
in the bufalin+GANT61+cyclopamine group than that of 
the bufalin group, the bufalin+GANT61 group and the  
bufalin+cyclopamine group (F=110.696, P=0.002, P=0.000 
and P=0.010). It indicated that bufalin could induce apoptosis 
of HCC-LM3 cells, and the key inhibitors of Hh signaling 
pathway enhanced the apoptotic effect of bufalin alone when 
combining with GANT61 or cyclopamine (Fig. 3).

Bufalin inhibits migration of HCC-LM3 cells. Bufalin, alone 
or in combination with Hh signaling pathway inhibitors, inhib-
ited migration of HCC-LM3 cells. However, the migrating rates 
of HCC-LM3 cells decreased significantly when HCC-LM3 
cells were treated with bufalin combined with GANT61 or 
cyclopamine, the migrating rate was 65.08±3.31, 42.75±0.97 
and 34.34±5.36% in the bufalin group, the bufalin+GANT61 
group and the bufalin+GANT61+cyclopamine group, respec-
tively. Besides, the migrating rate of HCC-LM3 cells in 
the bufalin+cyclopamine group was lower than that of the 
bufalin+GANT61 group (F=181.230, P=0.001). Compared 
with the other groups, the migrating rate of HCC-LM3 cells 
was lowest in the bufalin+GANT61+cyclopamine group 
(15.13±3.81%, F=181.230, P=0.003). It indicated that bufalin 
was able to inhibit migration of HCC-LM3 cells, and the Hh 
signaling pathway inhibitors enhanced the inhibitory effect 

Figure 1. The influence of bufalin combining with Hedgehog signaling 
pathway inhibitors on the inhibition rate of cell growth in HCC-LM3 
cells. The drug concentration of bufalin and Hedgehog signaling pathway 
inhibitors (cyclopamine, GANT61) was 0.000103, 1 and 5 µmol/l, respec-
tively. Bufalin and/or Hedgehog signaling pathway inhibitors was added 
into cell culture fluid for 72 h in vitro. The inhibition rates of cell growth 
were 33.68±8.38, 38.28±8.33, 58.30±9.08 and 72.71±7.13% in the bufalin 
group, the bufalin+GANT61 group, the bufalin+cyclopamine group and 
the bufalin+GANT61+cyclopamine group, respectively. The results indi-
cated that bufalin had the strongest inhibitory effect on cell proliferation 
of liver cancer cells after the key proteins of Gli1 and smo in the Hh 
signaling pathway were simultaneously inhibited. *p<0.05, **p<0.01 vs. 
bufalin group.
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of bufalin, the synergetic effect was closely relative to the 
blocked site (Fig. 4).

Bufalin inhibits invasion of HCC-LM3 cells. After HCC-LM3 
cells were exposed to bufalin with or Hh signaling pathway 
inhibitors for 72  h, the results showed that the invading 
rates of HCC-LM3 cells were 49.77±13.6, 33.48±2.2, 
27.73±6.98 and 16.96±6.95% in the bufalin group, the 
bufalin+GANT61 group, the bufalin+cyclopamine group 
and the bufalin+GANT61+cyclopamine group, respec-
tively. The invading rate of HCC-LM3 cells in the bufalin 
group was higher than that of the other groups (F=15.694, 
P=0.003, P=0.000 and P=0.000). The invading rate of the 
bufalin+GANT61 group was 1.21 times higher than that of the 
bufalin+cyclopamine group (F=15.694, P=0.001). Therefore, 

bufalin is able to inhibit invasion of HCC-LM3 cells, and Hh 
signaling pathway inhibitors enhanced the inhibitory effect of 
bufalin, the synergetic effect was also closely relative to the 
blocked site (Fig. 5).

Bufalin inhibits adhesion of HCC-LM3 cells. After 
HCC-LM3 cells were exposed to bufalin or with Hh 
signaling pathway inhibitors for 72  h, the adhesive 
rates of HCC-LM3 cells were 73.92±6.67, 47.02±6.26, 
33.86±5.58 and 20.91±3.44% in the bufalin group, the 
bufal in+GANT61 group, the bufal in+cyclopamine 
group and the bufalin+GANT61+cyclopamine group, 
respectively. Compared with the other groups, the 
adhesive rate of HCC-LM3 cells was the lowest in the 
bufalin+GANT61+cyclopamine group (F=48.636, P=0.000, 

Figure 2. The influence of bufalin combined with Hedgehog signaling pathway inhibitors on the cell division cycle in HCC-LM3 cells. The drug concentration 
of bufalin and Hedgehog signaling pathway inhibitors (cyclopamine, GANT61) was 0.000103, 1 and 5 µmol/l, respectively. Bufalin and/or Hedgehog signaling 
pathway inhibitors was added into cell culture fluid for 72 h in vitro. (A) The percentage of cells in the G1, S and G2 phases of the cell cycle was determined 
by flow cytometry. The percentage of G2+S phase cells in the control group, the bufalin group, the bufalin+GANT61 group, the bufalin+cyclopamine group 
and the bufalin+GANT61+cyclopamine group were 38.05±2.62, 52.75±2.75, 67.34±2.33, 68.18±1.83 and 69.76±8.42%, respectively. (B) The percentage of G1 
phase cells in bufalin combining with Hh signaling pathway inhibitor groups was less than that of the bufalin group, especially the percentage of G1 phase cells 
was the lowest in the bufalin+GANT61+cyclopamine group. The percentage of G2+S phase cells in bufalin combining with Hh signaling pathway inhibitor 
groups was significantly higher than that of bufalin group. Bufalin has the strongest blocking effect on HCC-LM3 cells proliferation when the key proteins 
such as Gli1 and smo are simultaneously inhibited. **p<0.01 vs. bufalin group.
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P=0.000 and P=0.000). The adhesive rate of HCC-LM3 cells 
in the bufalin+cyclopamine group was lower than that of the 
bufalin+GANT61 group (F=48.636, P=0.021). It indicated 
that bufalin could inhibit the adhesion of HCC-LM3 cells, 
and Hh signaling pathway inhibitors enhanced the inhibitory 
effect of bufalin, the synergetic effect of cyclopamine was 
stronger than that of GANT61 (Fig. 6).

Bufalin influences the key protein expression of Hh signaling 
pathway in HCC-LM3 cells. After HCC-LM3 cells were 
exposed to bufalin or with Hh signaling pathway inhibitors for 
72 h, the results showed that there was no significant differ-
ence of SHH protein expression in various groups (F=0.309, 
P>0.05).

Bufalin with or Hh signaling pathway inhibitors could 
inhibit the Ptch1 expression of HCC-LM3 cells (vs. control 
group, F=68.736, P=0.037). There was no significant differ-
ence of the Ptch1 expression in HCC-LM3 cells between the 

bufalin group and the bufalin+GANT61 group (F=68.736, 
P>0.05). Bufalin combined with cyclopamine significantly 
inhibited the Ptch1 protein expression of HCC-LM3 cells (vs. 
bufalin group, F=68.736, P=0.000). The results showed that 
bufalin could downregulate the Ptch1 protein expression of 
HCC-LM3 cells. Cyclopamine synergistically enhanced the 
inhibitory effect of bufalin.

Bufalin combined with GANT61 or cyclopamine signifi-
cantly inhibited the Gli1 expression of HCC-LM3 cells (vs. 
bufalin group, F=7.45, P=0.027, P=0.001). There was significant 
difference of the Gli1 expression in HCC-LM3 cells between 
the bufalin+GANT61 group and the bufalin+cyclopamine 
group (F=7.475, P<0.05).

Bufalin was able to downregulate the Gli3 expression 
of HCC-LM3 cells, but there was no signifincant difference 
of the Gli3 expression between the bufalin group and the 
bufalin+GANT61 group (F=20.761, P>0.05). Compared with 
the bufalin+GANT61, bufalin combined with cyclopamine 
could synergistically inhibit the Gli3 expression of HCC-LM3 
cells (F=20.761; P=0.026). Therefore, blocking the smo 
protein could enhance the inhibitory effect of bufalin on the 
Gli3 expression in HCC-LM3 cells (Fig. 7).

Figure 3. The influence of bufalin combined with Hedgehog signaling 
pathway inhibitors on the cell apoptosis in HCC-LM3 cells. The drug 
concentration of bufalin and Hedgehog signaling pathway inhibitors (cyclo-
pamine, GANT61) was 0.000103, 1 and 5 µmol/l, respectively. Bufalin and/or 
Hedgehog signaling pathway inhibitors was added into cell culture fluid for 
72 h in vitro. (A) The percentage of aopototic cells was determined by flow 
cytometry. The apoptotic rates of HCC-LM3 cells in the control group, the 
bufalin group, the bufalin+GANT61 group, the bufalin+cyclopamine group 
and the bufalin+GANT61+cyclopamine group were 17.72±7.34, 47.26±2.64, 
59.91±2.77, 66.51±4.50 and 76.77±4.05%, respectively. (B) The apoptotic 
ratio of HCC-LM3 cells was highest in the bufalin+GANT61+cyclopamine 
group than that of in the bufalin group, the bufalin+GANT61 group and the 
bufalin+cyclopamine group. The key inhibitors of Hh signaling pathway 
enhanced the apoptotic effect of bufalin alone when combining with 
GANT61 or cyclopamine. **p<0.01, vs. bufalin group.

Figure 4. The influence of bufalin combined with Hedgehog signaling 
pathway inhibitors on the cell migration in HCC-LM3 cells. The drug 
concentration of bufalin and Hedgehog signaling pathway inhibitors (cyclo-
pamine, GANT61) was 0.000103, 1 and 5 µmol/l, respectively. Bufalin and/
or Hedgehog signaling pathway inhibitors was added into cell culture fluid 
for 72 h in vitro. (A) The cell migration assay was analyzed in a Transwell 
permeable support system. The number of migrated cells decreased 
gradually when bufalin was combined with GANT61 or cyclopamine (blue-
colored cells; magnification, x200). (B) The migrating rate was 65.08±3.31, 
42.75±0.97 and 34.34±5.36%, respectively, in the bufalin+GANT61 group, 
the bufalin+cyclopamine group and the bufalin+cyclopamine group. The 
Hh signaling pathway inhibitors enhanced the inhibitory effect of bufalin, 
the synergetic effect was closely relative to the blocked site. **p<0.01 vs. 
bufalin group.
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Bufalin influences the expression of downstream target 
proteins in Hh signaling pathway in HCC-LM3 cells. After 
HCC-LM3 cells were exposed to bufalin or with Hh signaling 
pathway inhibitors for 72 h, the results showed that bufalin 
could downregulate the β-catenin expression of HCC-LM3 
cells, and bufalin combined with GANT61 or cyclopamine 
could synergistically inhibit the β-catenin expression, espe-
cially bufalin combined with GANT61+cyclopamine had 
the strongest inhibitory effect on the β-catenin expression of 
HCC-LM3 cells (F=19.149, P=0.000). However, there was no 
statistical difference of the β-catenin expression between the 
bufalin+GANT61 group and the bufalin+cyclopamine group 
(F=19.149, P>0.05).

Figure 5. The influence of bufalin combined with Hedgehog signaling 
pathway inhibitors on the cell invasion in HCC-LM3 cells. The drug 
concentration of bufalin and Hedgehog signaling pathway inhibitors 
(cyclopamine, GANT61) was 0.000103, 1 and 5  µmol/l, respectively. 
Bufalin and/or Hedgehog signaling pathway inhibitors was added into cell 
culture fluid for 72 h in vitro. (A) The cell invasion assay was analyzed 
in a Transwell permeable support system. The number of invaded cells 
decreased gradually when bufalin was combined with GANT61 or/and 
cyclopamine (blue-colored cells;  magnification, x200). (B) The invading 
rates of HCC-LM3 cells in the bufalin group, the bufalin+GANT61 group, 
the bufalin+cyclopamine group and the bufalin+GANT61+cyclopamine 
group were 49.77±13.6, 33.48±2.2, 27.73±6.98 and 16.96±6.95%, respec-
tively. Bufalin inhibited invasion of HCC-LM3 cells, and Hh signaling 
pathway inhibitors could enhance the inhibitory effect of bufalin. **p<0.01 
vs. bufalin group.

Figure 6. The influence of bufalin combined with Hedgehog signaling 
pathway inhibitors on the cell adhesion in HCC-LM3 cells. The drug 
concentration of bufalin and Hedgehog signaling pathway inhibitors 
(cyclopamine, GANT61) was 0.000103, 1 and 5  µmol/l, respectively. 
Bufalin and/or Hedgehog signaling pathway inhibitors was added into cell 
culture fluid for 72 h in vitro. The cell adhesion assay was analyzed in 
a flat-bottomed plates containing DMEM-diluted Matrigel. The adhesive 
rates of HCC-LM3 cells in the bufalin group, the bufalin+GANT61 group, 
the bufalin+cyclopamine group and the bufalin+GANT61+cyclopamine 
group were 73.92±6.67, 47.02±6.26, 33.86±5.58 and 20.91±3.44%, respec-
tively. Bufalin inhibited the adhesion of HCC-LM3 cells, and Hh signaling 
pathway inhibitors were able to enhance the inhibitory effect of bufalin, 
the synergetic effect of cyclopamine was stronger than that of GANT61. 
**p<0.01 vs. bufalin group.

Figure 7. The influence of bufalin on the expression of key proteins of 
Hedgehog signaling pathway in HCC-LM3 cells. The drug concentration of 
bufalin and Hedgehog signaling pathway inhibitors (cyclopamine, GANT61) 
was 0.000103, 1 and 5 µmol/l, respectively. Bufalin and/or Hedgehog sig-
naling pathway inhibitors was added into cell culture fluid for 72 h in vitro. 
(A) The key proteins expression of Hedgehog signaling pathway in HCC-LM3 
cells were determined by western blotting. The expression of the key proteins 
SHH, Ptch1, Gli1 and Gli3 in Hedgehog signaling pathway were displayed 
in the form of gel electrophoresis. β-actin was regarded as an internal refer-
ence. (B) The results indicated that bufalin with or the Hh signaling pathway 
inhibitors had not impact on the SHH protein expression in HCC-LM3 cells. 
Bufalin could downregulate the Ptch1 protein expression of HCC-LM3 cells. 
Cyclopamine could synergistically enhance the inhibitory effect of bufalin. 
Bufalin could significantly downregulate the Gli1 expression of HCC-LM3 
cells by blocking Gli1 or smo protein. Blocking the smo protein enhanced 
the inhibitory effect of bufalin on the Gli3 expression in HCC-LM3 cells. 
*p<0.05, **p<0.01 vs. bufalin group.
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Bufalin upregulated the E-cadherin expression of 
HCC-LM3 cells, and bufalin combined with GANT61 
or cyclopamine could synergistically upregulate the 
E-cadherin expression, especially bufalin combined with 
GANT61+cyclopamine had the strongest upregulating effect 
on the E-cadherin expression of HCC-LM3 cells (F=19.348, 
P=0.000). However, there was no statistical difference of the 
E-cadherin expression between the bufalin+GANT61 group 
and the bufalin+cyclopamine group (F=19.348, P>0.05).

Bufalin could downregulate the MMP-2 expression of 
HCC-LM3 cells, and bufalin combined with GANT61 or 
cyclopamine synergistically downregulated the MMP-2 

expression, especially bufalin with GANT61+cyclopamine had 
the strongest downregulating effect on the MMP-2 expression 
of HCC-LM3 cells (F=10.913, P=0.001). Moreover, there was 
a statistical difference of the MMP-2 expression between the 
bufalin+GANT61 group and the bufalin+cyclopamine group 
(F=10.913, P=0.046).

Bufalin was able to downregulate the MMP-9 expression 
of HCC-LM3 cells, and bufalin combined with GANT61 
or cyclopamine synergistically downregulated the MMP-9 
expression, bufalin combined with GANT61+cyclopamine 
had the strongest downregulating effect on the MMP-9 
expression of HCC-LM3 cells (F=93.588, P=0.000). 

Figure 8. The influence of bufalin on the expression of invasive and metastatic proteins of Hedgehog signaling pathway in HCC-LM3 cells. The drug concen-
tration of bufalin and Hedgehog signaling pathway inhibitors (cyclopamine, GANT61) was 0.000103, 1 and 5 µmol/l, respectively. Bufalin and/or Hedgehog 
signaling pathway inhibitors was added into cell culture fluid for 72 h in vitro. (A) The expression of invasive and metastatic proteins of Hedgehog signaling 
pathway in HCC-LM3 cells were determined by western blotting. The expression of invasive and metastatic proteins of β-catenin, E-cadherin, MMP-2, 
MMP-9 and VEGF in Hedgehog signaling pathway were displayed in the form of gel electrophoresis. β-actin was regarded as an internal reference. (B) The 
results showed that bufalin could downregulate the β-catenin, MMP-2, MMP-9 and VEGF expression in HCC-LM3 cells, and upregulate the E-cadherin 
expression in HCC-LM3 cells. Bufalin with GANT61+cyclopamine had the strongest synergistic effect on the β-catenin, E-cadherin, MMP-2, MMP-9 and 
VEGF expression in HCC-LM3 cells. The synergistic effect of Hedgehog signaling pathway inhibitors was closely related to the blocked site. It indicated that 
bufalin could inhibit the invasion and metastasis of HCC-LM3 cells by influencing the expression of key proteins in Hedgehog signaling pathway. *p<0.05, 
**p<0.01 vs. bufalin group.
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Moreover, the inhibitory effect of the MMP-9 expression in 
the bufalin+cyclopamine group was stronger than that of the 
bufalin+GANT61 group (F=93.588, P=0.000).

Bufalin could significantly downregulate the VEGF 
expression of HCC-LM3 cells, and bufalin combined with 
GANT61 or cyclopamine could synergistically downregulate 
the VEGF expression of HCC-LM3 cells (F=28.787, P=0.001). 
Moreover, the inhibitory effect on the VEGF expression in 
the bufalin+GANT61 group was stronger than that of the 
bufalin+cyclopamine group (F=28.787, P=0.000). It showed 
that there was a better synergistic effect blocking Gli1 or smo 
protein, it was closely related to the blocked site (Fig. 8).

Discussion

Invasion and metastasis of tumors, characteristic behavior of 
malignant tumors, is involved in multi-genes and multi-steps 
and is a complex pathological process. Tumor metastasis 
mostly begins of cancer cells after a large number of prolif-
eration, then occur a series of pathological process such as 
matrix degradation, interstitial infiltration, tissue specificity 
chemotaxis, vascular invasion, capture for escaping cancer 
cells, choice for target organs, and the secondary prolifera-
tion in migrated site (10). Many signal transduction pathways, 
such as, MAPK, PI3K/AKT, Wnt, Hedgehog, Hippo, JAK/
STAT, TGF-β and Notch, participate in tumor occurrence 
and development process, involving in tumor cell prolif-
eration, apoptosis, differentiation and angiogenesis (20-24). 
Hedgehog signaling pathway is a highly conservative inter-
cellular signal transduction system, which is composed of 
Hedgehog (Hh), Patched-Smoothened (Ptch-Smo), Glioma 
(Gli), Costal-2 (Cos2), Fuse (Fu), Suppressor of Fuse 
(SuFu) and protein kinase A (PKA). Hh, Smo, Gli and Fu 
play positively regulatory roles in the process of Hh signal 
transduction. However, PTCH, Cos2 and PKA, as inhibitory 

factors, play negative regulatory roles (25). After transcrip-
tion factor Gli family are activated, Gli will transfer into the 
nucleus to regulate the Gli target gene expression. Therefore, 
many biological functions such as embryonic development, 
cellular self-renewal and angiogenesis can be maintained 
by regulating the target gene  expression including CCND1, 
CCND2, VEGF, snail, Wnts, Igf2, Bcl-2 and Bcl-XL via Hh 
signaling pathway (26).

GANT61, as a specific inhibitor for Gli1, can directly 
inhibit the transcription of Gli1. Kiesslich et al (27) found 
that GANT61 could effectively block the related molecular 
expression of Hh signaling pathway in bile duct cancer cells, 
induce cancer cells apoptosis, kill cancer cells and play an 
important antitumor role. Cyclopamine is a kind of non-
steroidal alkaloid, and extracted from a lily plant, which 
can block the molecular activation of Smo downstream by 
combining with the Smo protein. Because Hh signaling 
pathway occurs in the non-canonical path, of which the 
activation do not rely on Smo activity. When Smo activity is 
completely inhibited by cyclopamine, only Smo downstream 
of the canonical pathway can be blocked and the path is unaf-
fected. Therefore, if GANT61 is chosen to completely inhibit 
the activity of Gli1, the canonical pathway and non-canonical 
bypass related with Gli1 can both be blocked (28). In addi-
tion, the neutralizing antibody for SHH was used to act on 
the different liver cancer cells (such as Hep3B, Huh7 and 
PLC/PRF/5), the results showed that the endogenous signal 
target gene expression of Hh signaling pathway decreased, 
and it promoted cancer cell  apoptosis (29). The present study 
showed that bufalin could not influence the SHH protein 
expression of Hh signaling pathway, and there was no influ-
ence on the SHH protein expression by blocking the protein 
expression of Gli1 or smo. Bufalin downregulated the Ptch1 
protein expression, cyclopamine could cooperatively enhance 
the inhibitory effect of bufalin, but GANT61 could not. It 

Figure 9. The regulation and control of bufalin on the invasive and metastatic molecules of liver cancer cells via Hh signaling pathway. The protein expression 
of Gli1 and Gli3 of liver cancer cells are regulated by the influence of bufalin on the key proteins of Ptch and Smo in Hh signaling pathway. The expression 
of MMP-2 and MMP-9 locates downstream of Gli1 regulated by the influence of bufalin on the Gli1 expression. The expression of β-catenin, E-cadherin 
and VEGF locates downstream of Gli3 and are regulated by the influence of bufalin on the Gli3 expression. It is an important mechanism of inhibition of the 
proliferation, invasion and metastasis of liver cancer cells by bufalin via Hh signaling pathway.
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indicated that bufalin inhibited the Ptch1 expression of liver 
cancer cells through Smo protein in Hh signaling pathway. 
Blocking the Gli1 or smo protein could significantly enhance 
the inhibitory effect of bufalin on the Gli1 protein expression. 
Blocking the smo protein not GANT61 could significantly 
enhance the inhibitory effect of bufalin on the Gli3 protein 
expression. It indicated that bufalin inhibited the Gli3 expres-
sion of liver cancer cells through Smo protein.

Once proliferation and apoptosis of the tumor cells is out 
of balance, cancer cells will excessively proliferate resulting 
in tumorigenesis. Tsai  et  al  (30) confirmed that bufalin 
could block the cell cycle of SK-Hep-1 liver cancer cells in 
G2/M phase and downregulated the expression of cyclin A 
and cyclin  B. Han  et  al  (31) established the orthotopic 
transplantation model of liver cancer, then bufalin was used 
in vivo, the result showed that the tumor tissues had apoptotic 
signs, such as less cytoplasm, nuclear pyknosis, condensed 
chromatin edging and nuclear fragmentation. The scanning 
electron microscopy showed tumor cell shrinkage, condensed 
cytoplasm, chromatin gathered in nuclear membrane in the 
shape of mass or crescent, cytoplasm vacuoles and apoptotic 
bodies. In this study, the results showed that the inhibitory 
effect of bufalin on the proliferation of liver cancer cells was 
significantly enhanced when the key proteins of Hh signaling 
pathway, Gli1 or smo, were blocked. The inhibitory effect of 
bufalin on the proliferation of liver cancer cells was the stron-
gest when the Gli1 and smo were simultaneously blocked. The 
percentage of HCC-LM3 cells in S and G2 phase significantly 
increased when the bufalin was combined with the Gli1 or 
smo protein inhibitor. The results indicated that bufalin could 
induce cell apoptosis of HCC-LM3 cells, and Hh signaling 
pathway inhibitors could synergistically enhance the apopto-
genic ability of bufalin.

Epithelial mesenchymal transition (EMT) is a biological 
process of which epithelial cells are lose polarity by specific 
program and obtain the characteristics of mesenchymal cells. 
The tumor cells of epithelial malignant tumors have powerful 
ability of local invasion and distant metastasis by EMT. 
Once the epithelial cells occur in mesenchymal transition, 
cell cytoskeleton rearrange, phenotype change, homogeneity 
adhesion ability reduce, and cells become looser to obtain 
invasion and metastasis ability. Normal epithelial cells do 
not exist widely in EMT process, the epithelial cells occur in 
EMT when the markers expression of epithelial cells down-
regulate, and the marker expression of mesenchymal cells 
upregulate. The downregulation of E-cadherin expression 
is the marker expression of epithelial cell downregulation. 
E-cadherin, Ca2+-dependent transmembrane glycoprotein, is 
one of the important members of the cadherin family, and 
mainly expressed in the membrane of mammal epithelial 
cells. E-cadherin can promote the adhesive reaction of the 
cells (32,33). Once the E-cadherin expression downregulates 
the tumor cells, homogeneous adhesive ability of tumor cells 
will significantly weakened, and the tumor cells are prone to 
invasion and metastasis. β-catenin is a member of the link 
chain protein family, and mainly exists in the cell membrane 
and slightly in the cytoplasm. β-catenin can combine with 
more than 20 species of proteins to mediate intercellular 
adhesion. The spatial structure of E-cadherin consists of 
intracellular region, extracellular region and transmembrane 

region. A zipper-like space structure will be formed between 
the epithelial cells when β-catenin binding to E-cadherin 
extracellular region, the space structure is of great significance 
to maintain stable morphology of epithelial tissue (34-36). The 
present study showed that bufalin could inhibit the migration, 
invasion and adhesion of HCC-LM3 cells, and Hh signaling 
pathway inhibitors such as GANT61 or cyclopamine could 
strengthen the inhibitory ability of bufalin. The strongest 
inhibitory effect of bufalin was with combining with the 
two inhibitors on HCC-LM3 cells. Bufalin could upregulate 
the E-cadherin expression and downregulate the β-catenin 
expression in HCC-LM3 cells. GANT61 or cyclopamine 
could significantly enhance the regulating effect of bufalin, 
and the two Hh signaling pathway inhibitors synergistically 
enhanced the regulating effect of bufalin. It indicated that 
blocking the key proteins of Hh signaling pathway, smo or 
Gli1, could significantly strengthen the inhibitory effect of 
bufalin on EMT of HCC-LM3 cells, and the inhibitory effect 
of bufalin on EMT was closely related with molecular sites of 
Hh signaling pathway in HCC-LM3 cells.

Extracellular matrix (ECM) degradation is an impor-
tant contribution to the invasion and metastasis of tumors. 
There are complex components of ECM between a large 
number of mammalian cells, which are mainly composed of 
structural proteins, adhesion proteins, glycosaminoglycans 
and proteoglycans. Proteins and polysaccharides constitute 
macromolecules of ECM (37). Malignant cells can produce 
or induce protein degradation enzymes to destroy the 
structure of ECM, resulting in slow local dissolving and 
temporary channels of invasion and metastasis. Protein 
degradation enzymes usually include four categories: serine 
protease, metalloproteinases, elastic protease and cysteine 
protease. Metalloproteinases are very important factors to 
degrade the ECM among them. Matrix metalloproteinases 
(MMPs), of which Ca2+, Zn2+ and other metal ions are key 
cofactors of MMPs, degrading a variety of protein composi-
tion in ECM, and play a key role in the process of tumor 
invasion and metastasis. Under normal circumstances, the 
connective tissue, endothelial tissue and epithelial tissue can 
secrete the MMPs. Various MMPs have sequence homology 
in the form of inactive enzyme precursor. Tissue inhibitor of 
metalloproteinases (TIMPs) limit the activity of MMPs and 
maintain the stability in the ECM (38). Under the influence 
of various factors, once the balance of MMPs and TIMPs 
is broken, the ECM degradation occur (39). Chueh et al (40) 
found that bufalin may inhibit the MMP-2 expression by 
blocking the MAPK signal pathway and eventually reduce 
the ability of invasion and metastasis of osteosarcoma 
cells U-2. Chen et al (41) proved that bufalin inhibited the 
MMP-2 and MMP-9 activity and downregulated the PI3K/
AKT and NF-κB signaling pathways, then inhibited the 
invasion and metastasis ability of liver cancer SK-Hep1 
cells. This study indicated that blocking Gli1 or smo protein 
could significantly enhance the inhibitory effect bufalin on 
downregulating MMP-2 and MMP-9 protein expression in 
HCC-LM3 cells, especially blocking the smo protein had a 
better synergistic effect than that of blocking Gli1 protein. 
Moreover, the two inhibitors together with bufalin had the  
strongest synergistic effect on downregulating MMP-2 and 
MMP-9 protein expression in HCC-LM3 cells.
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Angiogenesis plays a key role in the malignant tumor growth, 
invasion and metastasis process. The division and proliferation 
of vascular endothelial cells are the important material basis of 
tumor angiogenesis. After bufalin was added into human umbil-
ical vascular endothelial cells ECV304 in vitro, Zhai et al (42) 
found that bufalin has significant inhibitory effect of vascular 
endothelial cells on proliferation and angiogenesis time and 
dose dependently. In addition, GDC-0449, an inhibitor of Hh 
signaling pathway, was selected to act on hepatoma cells, in vivo 
and in vitro experimental results showed that VEGF expression 
was downregulated in hepatocellular carcinoma, suggesting that 
Hh signaling pathway was directly related to angiogenesis in 
hepatocellular carcinoma (19). Our experimental results showed 
that bufalin could inhibit VEGF expression in HCC-LM3 
cells, GANT61 or cyclopamine could synergistically enhance 
the inhibitory effect of bufalin, and GANT61 had a better 
synergistic effect than that of cyclopamine. Moreover, bufalin 
combining the two inhibitors had the best inhibitory effect on 
the VEGF expression in HCC-LM3 cells.

In conclusion, the present study shows that blocking the 
key proteins such as Gli1 or smo in Hh signaling pathway can 
significantly enhance the inhibitory effect of bufalin on inhib-
iting the proliferation, invasion and metastasis of liver cancer 
cells. The revealed mechanism is that bufalin can inhibit the 
EMT, and ECM degradation and angiogenesis of liver cancer 
cells by influencing the expression of Ptch1, Gli1, Gli3 proteins 
in Hh signaling pathway. Bufalin can inhibit the downstream 
target molecules of MMP-2 and MMP-9 in liver cancer cells by 
influencing the Gli1 protein expression of Hh signaling pathway. 
Bufalin can upregulate the E-cadherin expression and down-
regulate the β-catenin and VEGF expressions of liver cancer 
cells by influencing the Gli3 protein expression of Hh signaling 
pathway. Bufalin combining with the inhibitors of Hh signaling 
pathway can significantly reduce malignant biological behavior 
of liver cancer cells via Hh signaling pathway (Fig. 9).
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