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Abstract. Sorafenib mainly exerts its anti-hepatoma effect by 
inhibiting tumor angiogenesis. However, its curative effect is 
limited. Thus, application of drugs which could augment its 
anti-angiogenic effect is necessary. Bufalin has been reported 
to possess anticancer properties. In the present study, we 
investigated the synergistic anti-angiogenic effect of sorafenib 
combined with bufalin. The enhanced anti-angiogenic effect 
of the combination treatment was firstly assessed in nude 
mice bearing human HCC intradermal tumors. In addition, 
we found that proliferation was significantly inhibited and 
the morphology was obviously changed in the combination-
treated human umbilical vein endothelial cells (HUVEC) 
at 48 h of treatment. In addition, the combination treatment 
was found to suppress vessel formation potently as proved 
in the tube formation, chick chorioallantoic membrane and 
rat aortic rings. Mechanistically, HUVEC incubated with the 
combination treatment showed increased apoptosis, decreased 
migration, which might account for its capacity against 
angiogenesis. Vascular endothelial cells have been reported 
to secrete cytokines to affect angiogenesis. Therefore, 
suspensions from HUVECs with different treatments were 
collected as conditioned medium (CM). The combination-
treated CM significantly inhibited the migration of HUVEC 
and blood vessel formation in vitro. Importantly, multiple 
cytokines associated with angiogenesis were downregulated 
in the combination-treated CM. Furthermore, we verified 
that the secretion of VEGF was downregulated and revealed 
that the reduction might be regulated through the inhibition 
of the PI3K/AKT pathway. Taken together, our findings 
demonstrated for the first time that bufalin can enhance 

anti-angiogenic effect of sorafenib via modulating the AKT/
VEGF signaling pathway.

Introduction

HCC has been recognized as a hypervascular cancer  (1). 
The growth of a liver tumor requires the formation of new 
blood vessels, which has provided a strong rationale for anti-
angiogenic strategies as therapy  (2,3). Angiogenesis plays 
an important role in tumor growth by supplying nutrients 
and providing a route for tumor growth, invasion and metas-
tasis  (4,5). Therefore, targeting tumor angiogenesis might 
be a good option for HCC treatment. Moreover, a series of 
signaling pathways participating in the development of micro-
vasculacture have been identified (5).

Studies have shown that VEGF is strongly involved in the 
development of liver tumor vascularization and the infiltration 
of cancer cells into the tumor capsule in HCC (2,6). VEGF 
can be derived from different sources such as stromal cells, 
extracellular matrix, and cancer cells. The VEGF/VEGFR 
signaling pathway is essential for drawing endothelial cells 
from pre-existing blood vessels and in stimulating their growth. 
A number of studies have shown that the vascular endothe-
lial cells can affect angiogenesis by induction of a number 
of cytokines such as VEGF (7,8). Therefore, suppression of 
VEGF released from endothelial cells is of vital importance 
in the inhibition of tumor angiogenesis, which may achieve 
enhanced tumor shrinkage.

Previous studies have shown that PI3K/AKT signaling 
regulates angiogenesis through affecting the expression of 
VEGF (9-12). It may contribute to tumor angiogenesis via 
a paracrine pathway to the surrounding microvessels by 
targeting endothelial cells  (13,14). In endothelial cells, the 
majority of growth factor-induced responses are mediated 
by the activation of the PI3K-AKT signaling cascade (15,16). 
First, AKT is known to mediate hypoxia-induced expression of 
VEGF in vitro and in vivo (17,18). Studies suggest that the level 
of active AKT, as well as its short-term and long-term activa-
tion states, in vascular cells can regulate various signaling 
pathways to affect the balance of pro- and anti-angiogenic 
factors (19-21). In addition to VEGF, AKT might affect the 
protein levels and activities of several key regulators of angio-
genesis, including Anhiopoetin (15,22). Thus, AKT/VEGF 
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pathway may constitute a therapeutic target for angiogenesis 
anomaly in HCC.

Sorafenib, serving as a tyrosine kinase inhibitor, mainly 
exerts its anti-angiogenic effect by targeting VEGFR-2, -3, 
PDGFR. However, its effect on inhibiting angiogenesis is 
limited, as it only improves overall survival of HCC patients 
by no more than three months (23,24). Thus, combination with 
other drugs which may augment the anti-angiogenic effect of 
sorafenib should be encouraged.

Bufalin, extracted from Chinese herbs, has been proven 
to induce apoptosis, inhibit proliferation and metastasis 
among various cancers (25). However, little information exists 
concerning the anti-angiogenic role of bufalin. An earlier 
study has demonstrated that the in vitro angioinhibitory action 
of bufalin may be induced by the proliferation inhibition of 
endothelial cells through the arrest at the G2/M phase of a cell 
cycle (26).

Still, it was unknown whether bufalin could enhance 
anti-angiogenic effect of sorafenib. Moreover, the under-
lying mechanisms involved in this process remain to be 
clearly defined. Therefore, in the present study we inves-
tigated bufalin-mediated regulation of angiogenesis and 
whether it could enhance the anti-angiogenic effect of 
sorafenib.

Materials and methods

Reagents and antibodies. Bufalin and dimethyl sulfoxide 
(DMSO) were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA). Sorafenib was purchased from Bayer Corp. (West 
Haven, CT, USA). Antibodies against VEGF were purchased 
from Bioworld Technology (Minneapolis, MN, USA). The 
specific primary antibodies for mTOR, phosphorylated-mTOR 
(p-mTOR), AKT, phosphorylated-AKT (p-AKT), ERK1/2, 
phosphorylated-ERK1/2 (p-ERK1/2), CD31, and GAPDH 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA); The PI3K/AKT inhibitor PI103 was purchased 
from Selleck Chemicals LLC (Houston, TX, USA). Human 
Angiogenesis Array Q1 was purchased from RayBiotech 
(Norcross, GA, USA).

Cell culture. HUVECs originated from the American Type 
Culture Collection (ATCC) and were cultured in DMEM 
containing 10% fetal bovine serum (FBS; Biochrom, 
Berlin, Germany) in 5% CO2 at 37˚C. The human HCC cell 
lines SMMC7721 also originated from the American Type 
Culture Collection (ATCC) and were cultured in RPMI-1640 
containing 10% FBS in 5% CO2 at 37˚C.

Abdominal tumor model. Six-week-old BALBc nu/nu mice 
were obtained from the Shanghai Institute of Material Medica, 
Chinese Academy of Science. The mice were bred in laminar 
flow cabinets under pathogen-free conditions. We followed 
internationally recognized guidelines on animal welfare. The 
study design was approved by the Animal Ethics Committee, 
and the experiments were undertaken in accordance with the 
ethical principles of the Animal Experimentation of Fudan 
University. The SMMC7721 cells (5x106) were subcutane-
ously inoculated into the abdominal intraderma of 6-week-old 
BALBc nu/nu mice. According to tumor size, the mice were 

randomly separated into four groups with three mice per 
group. The mice in the experimental group received intra
peritoneal injections of 1 mg/kg bufalin (5 days/week), oral 
uptake of 30 mg/kg/day sorafenib (5 days/week), and the 
combination of both intraperitoneal injections of bufalin and 
oral uptake of sorafenib. The control mice were injected with 
the vehicle only. The treatment was continued for two weeks. 
Then, the mice were sacrificed, and the tumors and blood 
vessel were observed.

Subcutaneous tumor model. To determine the in vivo anti-
angiogenic activity of the combination treatment, viable 
SMMC7721 cells (5x106) were subcutaneously inoculated 
into the right f lank of 6-week-old BALBc nu/nu mice. 
When the average subcutaneous tumor volume reached 
100-300 mm3, the mice were randomly divided into four 
groups as indicated, with six mice per group. Tumor size was 
measured every four days after the treatment. Tumor-bearing 
mice were sacrificed after 16 days of treatment, and the 
tumor weight was evaluated.

Cell viability assay. The cell proliferation analysis was 
performed as previously described (27). Briefly, cells were 
plated at 5000 cells per well in 96-well microtiter plates 
and incubated overnight at 37˚C in a humidified incubator 
containing 5% CO2. The following day, various concentra-
tions of drugs were added to the wells, and the cultures were 
incubated for an additional 24, 48, or 72 h. Cell viability 
was determined using a Cell Counting Kit-8 (Dojindo, 
Gaithersburg, MD, USA) according to the manufacturer's 
instructions.

Cell cycle and apoptosis assay. HUVECs were seeded in 
6-well plates at a density of 2x105 cells/well and were subjected 
to different treatments for 48 h. Then cells were trypsinized, 
washed with PBS and fixed in 70% methanol. Fixed cells were 
then washed with PBS, incubated with 100 µg/ml RNAase 
for 30 min at 37˚C, stained with propidium iodide (50 µg/ml). 
Cells were then subjected to flow cytometry (FCM) using 
Beckman FACScanto. The percentages of cells in different 
cell cycle phases were analyzed using ModFit LT software. 
Cell apoptosis was determined by Annexin V and PI staining 
via FCM. The apoptosis was also observed by PI staining 
using Hoechst 33258.

Scratch wound assay. HUVECs were seeded in 6-well plates 
and grown to near 100% confluency. The cells were scratched 
with a pipette tip to create wounds. Treatment with bufalin 
(2.5 nM) and sorafenib (2.5 µM) and their combination was 
given in serum-free medium after the scratch was made. 
Randomly chosen fields were photographed at a magnifica-
tion of x10 with an inverted microscope, and the images were 
taken at identical locations at 48 h after treatment. Percentage 
of wound was calculated by comparing the final gap width to 
the initial gap width using Image pro-plus.

Cell migration assay. For the cell migration assay, the cell 
migration was assessed using the Transwell assay (Boyden 
Chambers, Corning, Cambridge, MA, USA). Cells (5x104) 
were seeded in serum-free medium in the upper chamber and 
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allowed to migrate towards the lower chamber that contained 
10% FBS. After 48 h, the cells that had traveled through and 
adhered to the underside of the membrane were counted at a 
magnification of x200.

Tube formation. HUVECs were cultured and subjected 
to different treatments as described above. At 48 h after 
treatment, cell suspensions were collected as conditioned 
medium (CM). The CM was collected after high speed 
centrifugation and stored at -80˚C. After thawed at 4˚C 
overnight, the Matrigel was coated in 96-well plate then 
incubated at room temperature for at least 30 min to gel. 
HUVECs were seeded at density of 4x104 cells/well/100 µl 
on the Matrigel. HUVECs were cultured and exposed to 
different treatments as indicated. After incubation for 
indicated time, the formed networks at 96-well plate were 
photographed. Minimum of three fields were analyzed per 
image.

Chorioallantoic membrane (CAM) of chick embryos assay. 
The chicken chorioallantoic membrane (CAM) assay was 
performed using eight-day-old fertilized chicken eggs. A 
1-cm diameter window was created in the shell of each egg 
and the surface of the dermic sheet was removed to expose 
the CAM. A 0.5-cm diameter filter paper was placed on top 
of the CAM, and a volume of 100 µl drug (control, bufalin, 
sorafenib, the combination) was placed on the center of 
the filter paper. Then the windows in the shell were closed 
using sterilized bandages. The eggs were incubated at 37˚C 
at 90% relative humidity for 48 h. Following fixation with 
stationary solution (a mixture of methanol and acetone with 
a volume ratio of 1:1) for 15 min, the CAM was excised and 
imaged using a digital camera. The morphology of chicken 
blood vessels with different treatments was detected.

Rat aortic ring assay. Thoracic aortae were first dissected 
from 8-week-old Wistar rats and were then immediately trans-
ferred to a culture dish containing cold DMEM containing 
10% fetal bovine serum. The periaortic fibroadipose tissue 
was carefully removed with fine microdissecting forceps and 
iridectomy scissors, paying special attention not to damage 
the aortic wall. Next, rings were embedded in Matrigel. Once 
embedded, the rings were fed with DMEM every 2-3 days. 
Alternatively, different drugs described above were added to 
the medium for 48 h to test their effects on angiogenesis. Rings 
were photographed under clear field illumination by using an 
inverted microscope.

Detection of cytokines related to angiogenesis using 
Human Angiogenesis Array. To detect the cytokines 
related to angiogenesis in the medium of HUVEC treated 
with different drugs, we performed Human Angiogenesis 
Array. Cytokines closely linked with angiogenesis were 
detected. The conditioned media from HUVECs were 
placed into wells overlaid with antibody specific for these 
cytokines. After binding with specific antibody, the absor-
bance was measured at 450 nm using a microplate reader. 
The concentrations of different cytokines were evaluated. 
Specific experimental procedures were executed according 
to Human Angiogenesis Array Q1 kit instructions.

Enzyme-linked immunosorbent (ELISA) assay. Suspensions 
from HUVECs with different treatments were collected and 
the VEGF levels were measured using a sandwich ELISA kit 
(R&D Systems, Minneapolis, MN, USA) according to the 
manufacturer's instructions and analyzed using a Labsystems 
Multiscan reader (Thermo Fisher Scientific, Waltham, MA, 
USA).

Western blotting. The HUVECs were exposed to the indi-
cated stimulations and washed with cold PBS and lysed in 
the culture dishes using a PhosphoSafe™ Extraction Reagent 
(Merck, Darmstadt, Germany) containing 1% Protease 
Inhibitor Cocktail (EDTA-free, Thermo, San Jose, CA, USA). 
The protein concentrations were then determined using 
the Bio-Rad detergent compatible protein assays (Bio-Rad, 
Hercules, CA, USA). Protein from the control and treated cell 
lysates was loaded onto 8-12% gradient NuPAGE gels (Novex, 
San  Diego, CA, USA), electrophoresed under reducing 
conditions, and transferred onto polyvinylidene difluoride 
membranes (0.22 µm; Millipore). Western blot analysis was 
performed as previously described (27).

Immunohistochemistry. Tumor samples from in vivo studies 
were rinsed in PBS and fixed in 10% paraformaldehyde/PBS. 
Samples were dehydrated in 70% ethanol, paraffin embedded, 
and sectioned (4 µm). Then these sections were stained with 
CD31 antibody. The mean positive staining density was 
analyzed in the randomly selected areas in each section using 
image analysis software.

Statistical analysis. The experiments reported herein were 
repeated in triplicate. Independent Student's t-test was used to 
analyze the variation of two selected groups. A P<0.05 was 
considered statistically significant and P<0.01 was considered 
highly statistically significant. All statistical analyses were 
performed with SPSS software.

Results

Combination treatment inhibits intradermal tumor angio-
genesis. In order to observe the effect of the combination 
treatment on tumor angiogenesis, we used the intradermal 
tumor angiogenesis model  (28). SMMC7721 cell lines 
implanted intradermally in nude mice were found to induce 
significant angiogenesis within a period of days until the 
tumors could be measured. Intraperitoneal injection of bufalin 
at a dose of 1 mg/kg/day and oral administration of sorafenib 
at a dose of 30 mg/kg/day for consecutive 14 days inhibited 
blood vessel formation in the intradermal tumors in nude 
mice, as manifested by the vessel numbers and branches. Not 
surprisingly, the tumor vessel formation was more inhibited in 
nude mice with the combination treatment, as reflected in both 
vessel numbers and branches (Fig. 1A and B). We also found 
that the tumor weight was significantly attenuated in nude 
mice with the combination treatment, as compared with the 
ones treated with either bufalin or sorafenib (Fig. 1C).

Synergistic inhibitory efficacy of combination treatment on 
proliferation of HUVEC in vitro. HUVECs were subjected 
to the indicated treatments. They were incubated with either 
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sorafenib or bufalin and the combination at various concen-
trations. Sorafenib at concentrations of 2.5, 5 and 10 µM and 
bufalin at concentrations of 2.5, 5 and 10 nM were all applied. 
To test their synergistic effect on the growth of HUVECs, 
the combination treatment with sorafenib and bufalin after 
48 h of exposure was also performed using CCK8 assay. The 
combination of sorafenib and bufalin resulted in a significant 
inhibition in cell growth when compared with either drug 
alone (Fig. 2A). The combination index (CI)/fractional effect 
curve showed that the synergistic effects between these two 
agents became stronger (Fig. 2B). Besides, the morphology of 
HUVECs with different treatments was observed. HUVECs 
with no treatment were typically pebble-shaped while those 
with either sorafenib or bufalin stimulation resembled fibro-
blast morphology. In addition, the combination treatment even 
gendered stronger morphological changes (Fig. 2C).

Combination treatment leads to enhanced inhibition of angio-
genesis in blood vessel models. The effect of the combination 
treatment on angiogenesis was evaluated. First, we investi-
gated the impact of different treatments on HUVEC tubule 
formation. Results revealed that the combination treatment 
significantly decreased the formation of tubule structures 
compared to those from other groups (Fig. 3A). To confirm 
whether the combination treatment has stronger angiogenic 
activity in  vivo, we investigated their effect in a chicken 
chorioallantoic membrane (CAM) model. As seen from the 
images, sorafenib or bufalin exerted a certain inhibitory 

effect in angiogenesis. However, the combination treatment 
successfully disrupted the vasculature and attenuated the 
thickness of the vessels (Fig. 3B). Next, arterial ring sprouting 
experiment was applied and analyzed. The result showed that 
under control conditions the aortic ring was able to generate 
neo-vessel sprouting and the density of sprouting decreased 
when the microvessels were incubated with either bufalin or 
sorafenib. The neo-vessel sprouting almost vanished when 
incubated with the combination (Fig. 3C).

Combination treatment leads to cell cycle arrest and apop-
tosis in HUVECs. As we have demonstrated the inhibitory 
effect of the combination treatment on angiogenesis, specific 
mechanisms need to be further analyzed. The percentage 
of cells in G2 phase increased in HUVECs treated with the 
combination compared to HUVECs treated with either agent 
alone (Fig. 4A). We then determined the effect of sorafenib, 
bufalin and the combination on apoptosis of HUVECs in vitro. 
To clarify the effect of different treatments on apoptosis in 
HUVECs, flow cytometry was employed. HUVECs treated 
with sorafenib and bufalin experienced more apoptosis than 
the untreated ones, as quantified by Annexin V and PI staining. 
Not surprisingly, the result showed that apoptotic rate was 
significantly higher in HUVECs treated with the combination 
of sorafenib and bufalin, suggesting that bufalin cooperates 
with sorafenib to induce apoptosis of HUVECs (Fig. 4B). A 
drastic increase in the apoptosis by the combination treatment 
was also confirmed, as determined by the quantification of 

Figure 1. The combination treatment inhibits intradermal tumor angiogenesis. (A) Images of angiogenesis in intradermal tumor in nude mice with different 
treatments. (B) Statistical analysis of vessel numbers and branches in nude mice with different treatments. (C) Statistical analysis of the tumor weight in nude 
mice with different treatments.
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fluorescent intensity of Hoechst 33258 via fluorescent micro-
scope (Fig. 4C).

Combination treatment inhibits migration in HUVECs. Since 
endothelial migration plays a critical role in tumor angio-
genesis, we next observed the migration ability of HUVECs 
with the combination treatment. Wound healing was used to 
study whether different treatments would impact migration 
of HUVECs. The combination-treated HUVECs showed 
decreased motility compared with the controls or single drug 
treatment group (Fig. 5A). Transwell assay was further used to 
detect the migration in HUVEC after different treatments. The 
combination treatment also showed a significant decrease in 
migration compared with the controls or single drug treatment 
group (Fig. 5B).

Combination-treated CM impairs HUVEC angiogenesis and 
the expression of angiogenesis-related cytokines in vitro. As 
we found that HUVECs showed increased apoptosis with the 
combination treatment, we assume the anti-angiogenic capacity 
of the combination treatment may, at least in part, be attributed 
to the induced apoptosis acceleration. Vessel formation is a 
process regulated by a network of cytokines, released from 

endothelial cells in an autocrine manner. These cytokines may 
lead to the maturation of the adjacent cells and migration, thus 
affecting angiogenesis. Firstly, the effect of different treat-
ments on angiogenesis in HUVECs was investigated using the 
HUVEC tubule formation assay. CM derived from HUVECs 
with different treatments for 48 h were harvested. The effect 
of CM on tubule formation and migration of HUVECs were 
observed at 12, 24, 36, 48 h after incubation. CM derived from 
the combination treatment significantly decreased the forma-
tion of tubule structures compared to CM from other groups 
(Fig. 6A). 

Moreover, CM from the combination treatment signifi-
cantly decreased the migration capacity of HUVECs, as 
demonstrated in Transwell assay (Fig. 6B). Such phenom-
enon is a good indication of cytokine changes in HUVECs 
with different treatments. Thus, the conditioned media were 
collected and detected. Cytokines crucial for angiogenesis 
were detected using the Human Angiogenesis Array. The 
array has shown that angiogenic cytokines such as angio-
genin, PDGF-BB and VEGF vary significantly between the 
untreated and the combination-treated group (Fig. 6C). As 
VEGF plays a central role in the regulation of angiogenesis, 
we examined the expression of VEGF in untreated and the 

Figure 2. Synergistic inhibitory efficacy of combination treatment on proliferation of HUVEC in vitro. (A) HUVECs were treated with 2.5, 5 or 10 µM 
sorafenib and 2.5, 5 or 10 nM bufalin for 48 h. HUVECs were also treated with the combination of sorafenib and bufalin at different concentrations as shown 
in the picture. Cell viability was determined by CCK8 assay. (B) HUVECs were treated with increasing concentrations of the indicated drugs for 48 h. The 
CI/fractional effects curve showed the synergistic anti-growth effects of the combination drugs. Multiple drug analyses were conducted by calculating CI 
values. (C) The morphologies of HUVECs with individual treatment of either sorafenib or bufalin were detected. The morphology of HUVECs with the 
combination treatment was also observed using a microscope.
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Figure 3. The combination treatment leads to enhanced inhibition of angiogenesis in blood vessel models. (A) HUVECs were subjected to different treat-
ments. After 2 days, cells were seeded onto polymerized matrigel at 4x104 cells/well/100 µl in a 96-well plate. Patterns of tube formation were photographed. 
(B) The anti-angiogenic effect of different treatments on CAM. The 8-day-old CAMs were treated with sorafenib, bufalin and the combination for 48 h and 
then patterns of angiogenesis were photographed. Total numbers of branches of blood vessels were analyzed. Representative results from three independent 
experiments, all of which gave similar results. (C) The anti-angiogenic effects of different treatments on HUVEC were observed using aortic ring assay. Aortic 
segments from Wistar rats were placed in Matrigel-covered wells and treated with different drugs. Photographs of sprouts from the margins of aortic rings 
were captured. Square frames indicate sprouting microvessels.
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Figure 4. The combination treatment leads to cell cycle arrest and apoptosis in HUVECs. Different treatments were assessed for (A) cell cycle progression 
using flow cytometry, percentage of cell cycle in G1, G2, S phases were evaluated, respectively, and (B) flow cytometry was adopted to analyze the effect 
of different treatments on the frequency apoptosis of HUVECs by PE/7ADD staining. (C) Apoptosis was also determined by fluorescent intensity through 
Hoechst 33258 staining.

Figure 5. The combination treatment inhibits migration in HUVECs. (A) Migrations of different treatments were measured by wound healing. HUVECs 
were exposed to different treatments. After 2 days, cells were wounded with a pipette tip and incubated for 12 h. The number of cells that migrated into the 
denuded areas were counted and are plotted as percentages relative to values for untreated control cells. Results were quantitated by counting migrated cells 
in five randomly chosen fields for each replicate (n=3). (B) Migrations of different treatments were measured by a Transwell assay. Results were quantitated by 
counting migrated cells in five randomly chosen high-power fields for each replicate (n=3).
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Figure 6. The combination-treated CM impairs HUVEC angiogenesis and the expression of angiogenesis-related cytokines in vitro. (A) The effects of con-
ditioned medium extracted from different treatments on HUVECs for 12, 24, 36 and 48 h. (B) Representative images and quantification of the number of 
migrated HUVECs after incubation in CM derived from HUVEC with indicated treatments using the Transwell migration assay. (C) Detection of cytokines 
critical for angiogenesis via Human Angiogenesis Array. The concentrations of the saliently altered cytokines (Angiogenin, PDGF-BB, VEGF) were analyzed. 
(D) Detection of VEGF secretion in conditioned medium from HUVEC with different treatments by ELISA. (E) Western blot analysis of VEGF protein 
expression in HUVECs with different treatments. VEGF levels were normalized to GAPDH and expressed relative to the respective control cells. (F) VEGF 
antibody combined with other treatments were employed to block the secretion in HUVECs, and their effect on tube formation are shown.
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combination-treated HUVECs. The concentration of VEGF 
was significantly downregulated in the medium from HUVEC 
with the combination treatment, as detected by ELISA 
(Fig. 6D). Additionally, the expression of VEGFs proteins were 
detected in HUVECs. The expressions of VEGFs in HUVECs 
as detected through western blotting were consistent with the 
VEGFs released from CM (Fig. 6E). Noteworthy, the addition 
of VEGF reversed the inhibitory effect on tube formation by 
the combination treatment, which was indicative of the role of 
VEGF in vessel formation (Fig. 6F).

Combination treatment regulates VEGF-mediated HUVEC 
via PI3K/AKT pathway. We have already proved that the 
combination treatment-induced VEGF reduction may be one of 
the reasons leading to attenuated angiogenesis. Therefore, the 
effects of different treatments on pathways regulating VEGF 
were analyzed. Thus, we investigated whether the AKT, mTOR 
and ERK pathways could be affected by the combination 
treatment. For this purpose, we performed western blotting to 
detect the activation of AKT, mTOR and ERK in HUVECs. We 
found that HUVECs treated with bufalin showed a significant 
decrease in AKT and mTOR phosphorylation and a significant 
increase in ERK phosphorylation compared with the control 

group. HUVECs treated with sorafenib showed a significant 
decrease in ERK phosphorylation compared with the control 
group. However, HUVECs treated with combination treat-
ment showed a significant decrease in AKT phosphorylation 
compared with the control group or monotherapy group, 
implying that AKT may be involved in the collaborative medi-
cation process (Fig. 7A). 

To further determine whether the AKT signaling pathway 
mediated VEGF expression induced by combination treat-
ment, we treated HUVECs with the PI3K/AKT inhibitor PI103 
(2 µM) (Fig. 7B). We observed that VEGF expression was 
significantly downregulated by PI103 treatment, suggesting 
a role of the AKT pathway in regulating VEGF production 
induced by combination treatment (Fig. 7C). We next evaluated 
the effect of the CM treated by PI103 on HUVEC migration 
and tubule formation. Compared with untreated CM, HUVEC 
migration and tubule formation were obviously suppressed 
by the CM treated with PI103. Such phenomenon was even 
stronger in the CM treated with PI103 combined with bufalin 
(Fig. 7D and E).

Combination treatment inhibits tumor growth and tumor 
angiogenesis in vivo. To further investigate whether bufalin 

Figure 7. The combination treatment regulates VEGF-mediated HUVEC via PI3K/AKT pathway. (A) The expression of p-AKT, p-mTOR in PI3K/AKT/mTOR 
signaling pathway and p-ERK was detected in HUVECs with different treatments via western blotting. (B) HUVECs were treated with PI3K/AKT inhibitor, 
PI103, and stimulated with bufalin for 48 h. HUVECs were harvested, and western blotting was performed for detection of p-AKT. (C) HUVECs were treated 
with PI3K/AKT inhibitor, PI103 (2 µM), and stimulated with bufalin for 48 h. Secretions of VEGF of different treatments were detected by ELISA. (D) 
HUVECs were treated with PI3K/AKT inhibitor, PI103, and stimulated with bufalin for 48 h. Representative images of the number of migrated HUVECs 
after incubation in conditioned medium (CM) derived from different treatments in the Transwell migration assay are shown. (E) HUVECs were treated with 
PI3K/AKT inhibitor, PI103, and stimulated with bufalin for 48 h. Representative images of the tubule formation after incubation in CM derived from different 
treatment and analysis of the number of tubule formation are shown.
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facilitates the sorafenib antitumor activity in  vivo, HCC 
tumor xenografts were established in BALBc nu/nu mice. As 
shown in Fig. 8A, sorafenib combined with bufalin inhibited 
the growth of HCC-derived tumors more potently than the 
individual group (Fig. 8A). Tumor volumes were smaller 
in the combination-treated group than the individual group 
(Fig. 8B). Tumor weights of mice of all the groups were 
analyzed. As shown in Fig. 8C, mice with the combination 
treatment showed lower weights of tumor, as compared to the 
other groups (Fig. 8C). Since CD31 is the prominent endothe-
lial marker which binds specifically to blood microvessels, 
the tumors were then evaluated for expression of CD31 by 
immunohistochemical analysis. The combination treatment 
group showed reduced microvessel density (MVD) more 
than any other group (Fig. 8D).

Discussion

At present, HCC remains a considerable challenge in clinical 
practice, and current treatments are inadequate (29). Abundant 
blood supply has been noted in HCC, which leads to the appli-
cation of many anti-angiogenic drugs in HCC treatments.

Sorafenib, a commonly known anti-angiogenic tyrosine 
kinase inhibitor, has been approved for liver cancer. Approved 
by the FDA to treat unresectable HCC, sorafenib is currently 
the main drug used in the treatment of patients with advanced 
HCC (23). It is a small molecule that inhibits tumor angio-

genesis. It acts by inhibiting the serine-threonine kinases 
Raf-1 and B-Raf and the receptor tyrosine kinase activity 
of vascular endothelial growth factor receptors (VEGFRs) 
1, 2 and 3 and platelet-derived growth factor receptor β. 
Sorafenib targets VEGF receptors, and is now thought to 
exert its effect primarily by blocking VEGF signaling, as its 
efficacy against B-Raf is questionable. Although sorafenib 
has been shown to improve overall survival from a median of 
7.9 to 10.7 months in patients with advanced HCC, its effect 
remains to be improved (24). Therefore, recently attention 
has been focused on the finding and development of potent 
angiogenesis inhibitors.

Bufalin, one of the prominent components of bufadi-
enolides, was reported to treat various tumors by inducing 
apoptosis, inhibiting proliferation and matastasis  (25). 
However, there are few investigations concerning the effect of 
bufalin on angiogenesis. An earlier study demonstrated that the 
in vitro angioinhibitory action of bufalin may be induced by the 
proliferation inhibition of endothelial cells through the arrest 
at the G2/M phase of a cell cycle (26). Thus, we hypothesized 
that they may exert more potent efficacy against angiogenesis 
than either alone.

In the present study, we first examined the effect of bufalin 
and sorafenib on angiogenesis of human HCC intradermal 
tumor in nude mice. Results confirmed that the combination 
treatment significantly inhibited tumor angiogenesis compared 
with mice administered the vehicle or the individual treat-

Figure 8. The combination treatment inhibits tumor growth and tumor angiogenesis in vivo. Mice with SMMC7721 human xenografts were randomly divided 
into four groups and given indicated treatments five days a week for a period of two weeks. The tumors were then removed for analysis. (A) Tumors from the 
mice treated with the combination drugs were smaller than those from other groups. (B) Tumor volumes were significantly smaller in the combination group 
than in any other group. (C) Tumor weights were significantly lower in the combination group than in any other group. (D) Immunohistochemical staining of 
CD31 was used to quantify the microvessel density (MVD).
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ment. Next, we demonstrated that the combination application 
significantly suppressed vessel formation as demonstrated in 
the tube formation, chick chorioallantoic membrane and rat 
aortic rings. As tumor angiogenesis can be modulated 
through apoptosis and migration of endothelial cells, we 
anticipated that apoptosis and migration alteration could 
be discovered in HUVECs with the combination treatment. 
The assumption was validated, as tested in the apoptosis 
and migration assay.

Considering the pro-angiogenic role of cytokines released 
from endothelial cells, suspensions from HUVECs with 
different treatments were collected as CM. The combination-
treated CM significantly inhibited the migration of HUVEC 
cells and blood vessels formation in vitro. Of note, multiple 
cytokines associated with angiogenesis were downregulated 
in the combination-treated CM, as detected by Human 
Angiogenesis Array, among which VEGF was the most 
saliently downregulated. The inhibition of PI3K/AKT pathway 
upon the combination treatment was observed, as evidenced 
by the evaluation of p-AKT. Finally, we revealed that bufalin-
induced VEGF reduction may be attributed to the inhibition 
of the PI3K/AKT pathway, using PI3K inhibitor. Together, our 
study may provide better insight of the application of sorafenib 
in combination with bufalin.

Over the years, researchers have developed a wide range 
of experimental and integrative approaches, including conven-
tional migration and proliferation assays, tubule formation 
assays, the chick chorioallantoic membrane (CAM) assay, the 
aortic ring and many other methods, to investigate the process 
of angiogenesis (30). Among them, the model of intradermal 
tumor angiogenesis was adopted according to previous 
methods, as it may provide a more direct and vivid result (28). 
Our results showed that the combination treatment achieved 
enhanced effect against tumor angiogenesis, as distinctly 
observed in this model.

It has been demonstrated that VEGF secreted by stromal 
cells such as endothelial cells has multiple functions (31). 
VEGF functions as a primary stimulus for angiogenesis, 
which is a process that involves the ability of VEGF 
receptors to stimulate signaling pathways that induce the 
proliferation and the migration of endothelial cells (32). 
The prevailing idea is that therapies target angiogenesis 
and endothelial cell functions, and this aspect of VEGF-
targeted therapy has been extensively studied (14,33,34). 
VEGF binds to VEGF receptor, which leads to the activa-
tion of phosphatidylinositol 3-kinase (PI3K)/AKT signaling 
pathway. PI3K/AKT signaling regulates angiogenesis 
through affecting the expression of VEGF  (9-12,14). In 
addition, forced expression of PI3K alone is sufficient to 
increase angiogenesis via increased VEGF expression. 
The phospholipid second messengers generated by PI3K 
provide a common mechanism for multiple steps during 
angiogenesis  (35,36). Serine-threonine protein kinase 
AKT is a major downstream target of PI3K for regulating 
tumor growth and angiogenesis  (37,38). For instance, 
PI3K/AKT may regulate angiogenesis by several down-
stream targets such as mTOR/p70S6K1, FOXO, NOS, 
and GSK-3β (39-41).A study has reported that Arnebin-1 
promotes angiogenesis by inducing eNOS, VEGF and HIF-1 
expression through the PI3K-dependent pathway (42).

In this study, we found that sorafenib was able to slightly 
decrease the level of VEGF expression in HUVECs. As 
expected, such phenomenon was more salient when combined 
with bufalin, as evidenced by VEGF expression in the HUVEC 
and HUVEC-CM with different treatments. However, the 
exact mechanism of the bufalin regulation of VEGF expres-
sion remains to be elucidated. Previous studies have reported 
that PI3K/AKT stimulation of angiogenesis is mediated, in 
part, by mTOR and HIF-1  (43-45). Sustained endothelial 
activation of AKT has been shown to induce the formation 
of structurally and functionally abnormal blood vessels that 
recapitulate the aberrations of tumor vessels (46). Besides, 
inhibition of AKT signaling was able to inhibit the vascular-
ization (47).

In search of mechanisms underlying the process, we tested 
the effect of different treatments on p-AKT and p-mTOR in 
PI3K/AKT/mTOR pathway and p-ERK expression. We found 
that p-AKT was decreased while p-ERK was increased by 
the combination treatment. It has been reported that p-AKT 
and ERK enhance the expression of pro-angiogenesis target 
genes, such as VEGF, and then promote endothelial cell 
migration and proliferation, thus contributing to tumor angio-
genesis (48-50). The seemingly paradoxical phenomenon that 
the combination treatment enhances ERK phosphorylation 
can be explained by the following: i) The combination-evoked 
increase in p-ERK may be due to ER stress. ii) Its inhibition 
on other pathways contributing to angiogenesis is more potent 
than its effect on p-ERK activation, thus may offset this pro-
angiogenesis process. iii) Although the phosporylation of ERK 
may upregulate VEGF expression, it may downregulate other 
angiogenic factors potently, thus resulting in inhibition of 
angiogenesis.

The PI3K inhibition with PI103 was used to determine 
whether the PI3K pathway has a role in AKT and VEGF 
expression and whether combination treatment can decrease 
VEGF expression via inhibiting the PI3K/AKT pathway. 
VEGF expression was almost completely abolished by PI103, 
which suggest that the PI3K pathway is a positive regulator 
of VEGF expression. The suppression of HUVEC migration 
and tube formation by PI103, the PI3K inhibitor, as well as 
bufalin implies that combination treatment may inhibit VEGF 
expression via the PI3K/AKT pathway.

Collectively, the present study aids the understanding 
of the antitumor effect of bufalin in HCC in terms of its 
anti-angiogenic effect on HUVECs, which may support a 
breakthrough in the use of TCM for the treatment of HCC. 
It also uncovered an important functional role of bufalin in 
enhancing the anti-angiogenic effect of sorafenib, suggesting 
that bufalin combined with sorafenib can serve as an effec-
tive treatment for anti-angiogenesis therapy in HCC.
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