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Inducing angiogenesis is a hallmark of cancers that sustains tumor growth and metas-
tasis. Neovascularization is a surprisingly early event during the multistage progres-
sion of cancer. Cinobufagin, an important bufadienolide originating from Chan Su, 
has been clinically used to treat cancer in China since the Tang dynasty. Here, we 
show that cinobufagin suppresses colorectal cancer (CRC) growth in vivo by down-
regulating angiogenesis. The hierarchized neovasculature is significantly decreased 
and the vascular network formation is disrupted in HUVEC by cinobufagin in a dose-
dependent way. Endothelial apoptosis is observed by inducing reactive oxygen spe-
cies (ROS) accumulation and mitochondrial dysfunction which can be neutralized by 
N-acetyl-l-cysteine (NAC). Expression of hypoxia-inducible factor 1α (HIF-1α) is re-
duced and phosphorylation of mTOR at Ser2481 and Akt at Ser473 is downregulated 
in HUVEC. Endothelial apoptosis is triggered by cinobufagin by stimulation of Bax 
and cascade activation of caspase 9 and caspase 3. Increased endothelial apoptosis 
rate and alterations in the HIF-1α/mTOR pathway are recapitulated in tumor-bearing 
mice in vivo. Further, the anti-angiogenesis function of cinobufagin is consolidated 
based on its pro-apoptotic effects on an EOMA-derived hemangioendothelioma 
model. In conclusion, cinobufagin suppresses tumor neovascularization by disrupting 
the endothelial mTOR/HIF-1α pathway to trigger ROS-mediated vascular endothelial 
cell apoptosis. Cinobufagin is a promising natural anti-angiogenetic drug that has 
clinical translation potential and practical application value.
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1  | INTRODUC TION

Angiogenesis is a hallmark of cancer.1 Vascular endothelial cells begin 
to resuscitate even if the diameter of tumors is only approximately 
0.2-2.0 mm.2 This early angiogenic switch emerges in premalignant or 
in in situ carcinomas. Neovasculature promotes solid tumor growth 
and metastasis.3 Therefore, targeting angiogenesis is one of the most 
conventional approaches for controlling tumor progression.

In 2018, colorectal cancer (CRC) was the third main cause of es-
timated cancer death in the USA.4 CRC is the fifth most common 
cancer in China and the incidence rate has shown an upward trend 
from 2000 to 2011.5 Chemotherapy is the treatment of choice for 
postoperative CRC patients. However, the influences of chemother-
apeutic agents on angiogenesis are still controversial. Chemotherapy 
drugs such as cisplatin, doxorubicin and vincristine increase vessel 
densities in neuroblastoma.6 However, the absolute counts of cir-
culating endothelial cells, a biomarker for angiogenesis, were not 
changed after a 4-week gemcitabine treatment in pancreatic carci-
noma patients.7 On the contrary, low-dose metronomic chemother-
apy docetaxel treatment effectively inhibited the growth of gastric 
tumor by decreasing microvessel number.8 For breast cancer pa-
tients with highly angiogenic tumor subtypes, angiogenesis pheno-
type enhances chemotherapeutic resistance. These patients cannot 
derive sufficient benefit even after receiving intensified adjuvant 
chemotherapy.9 Therefore, seeking more effective anti-angiogenic 
agents would renew our enthusiasm for this therapeutic strategy.10

Our previous work shows that intrinsic apoptosis is a feasible and 
efficacious pathway to eliminate transformed cells with damaged 
DNA and aberrant expression of oncogene. Arenobufagin isolated 
from skin and parotid venom glands (Chan'Su) is an active compo-
nent that suppresses the progression of CRC by inducing intrinsic 
apoptosis.11 Cinobufagin is another cardiotonic steroid isolated from 
Chan'Su of the toad Bufo bufo gargarizans Cantor. It inhibits the growth 
of breast cancer,12 osteosarcoma13 and colorectal cancer14 by induc-
ing apoptosis. It can also reverse multidrug resistance in colon cancer 
cells.15 Cinobufagin treatment significantly ameliorates nutritional 
status and quality of life of patients with lung cancer cachexia, sug-
gesting that it is a well-tolerated natural agent for cancer therapy.16 
However, its function on angiogenesis has not been fully investigated.

Tumor-hypoxia induces advanced but dysfunctional vascular-
ization. Hypoxia-inducible factor 1α (HIF-1α), a transcription fac-
tor, orchestrates angiogenesis by stimulating vascular endothelial 
growth factor (VEGF). The PI3K/Akt/mTOR pathway is activated 
in most human cancers. The constitutive activation of Akt in endo-
thelial cells results in the formation of structurally abnormal blood 
vessels.17 Hyperactivation of this cascade pathway and its down-
stream targets can facilitate tumor neovascularization by increasing 
VEGF secretion.18 The activation of PI3K/Akt/mTOR can, in turn, 
increase the transcription and stabilization of HIF-1α which is the 

pivotal stimulus for angiogenesis.19 Our results provide consolidated 
data that cinobufagin can effectively suppress angiogenesis both in 
vivo and in vitro. It regulates the PI3K/Akt/mTOR pathway to trigger 
apoptosis in endothelial cells. Cinobufagin is a candidate natural drug 
that targets tumor angiogenesis with strong translation potential.

2  | MATERIAL S AND METHODS

2.1 | Materials

Cinobufagin was purchased from Chenguang Biotechnology (Baoji, 
China). MTT and DMSO were purchased from Sigma-Aldrich (St Louis, 
MO, USA). RPMI 1640, FBS, and antibiotics were purchased from 
Thermo Fisher Scientific (Boston, MA, USA). HUVEC was purchased 
from ATCC (Manassas, VI, America). Mice hemangioendothelioma 
cell EOMA was purchased from JNObio (Guangzhou, China). Hoechst 
staining kit, JC-1 kit for mitochondrial membrane potential, reactive 
oxygen species (ROS) assay kit and ROS inhibitor N-acetyl-l-cysteine 
(NAC) were purchased from Beyotime Biotechnology (Shanghai, China). 
Annexin V-FITC/7AAD apoptosis detection kit was purchased from 
Becton Dickinson (BD, Franklin Lakes, NJ, USA). Antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA, USA) and Abcam 
(Cambridge, UK). Rapamycin was purchased from Meilunbio (Dalian, 
China). Endostatin was purchased from Simcere (Shandong, China).

2.2 | Tumor s.c. and orthotopic implantation model

All procedures carried out in animal experiments were done accord-
ing to the ethical standards of Animal Care Ethics Committee of 
Southern Medical University. Male BALB/c nude mice (Laboratory 
Animal Center of Southern Medical University, Guangzhou, China) 
were maintained under controlled conditions (22°C, 12 h/12 h dark/
light cycle). SW480 cells or EOMA cells (5 × 106/mice) were s.c. in-
jected into the bilateral underarms of nude mice to establish an s.c. 
implantation model. To establish the orthotopic implantation model 
further, tumors were excised and cut into 1-mm3 pieces when the 
tumor volume reached an average of 100 mm3. Tumor pieces were 
then used to carry out surgical orthotopic implantation in the as-
cending colon as previously described.20

For the SW480 cell orthotopic implantation model, animals were 
randomly divided into four groups (8 mice/group) 1 week after implan-
tation: (i) control; (ii) cinobufagin 2 mg/kg; (iii) cinobufagin 4 mg/kg; and 
(iv) cisplatin 0.2 mg/kg. Cinobufagin and cis-diamminedichloroplatinum 
(DDP) were i.p. injected every other day for 3 weeks. Weights of 
mice were measured with an electron balance once a week for up to 
3 weeks. Thirty-eight days after implantation, mice were killed.

For the EOMA cell s.c. implantation model, animals were ran-
domly divided into four groups (6 mice/group) 2 weeks after injection: 
(i) control; (ii) cinobufagin 2 mg/kg; (iii) rapamycin 5 mg/kg; and (iv) 
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endostatin 20 mg/kg. Cinobufagin, rapamycin and endostatin were 
i.p. injected every day for 2 weeks. Weights of mice were measured 
every 3 days. Fourteen days after implantation, mice were killed.

Organs of the mice were excised, photographed, and fixed in 
4% paraformaldehyde. Tissues were then used to prepare par-
affin slides for TUNEL staining and immunohistochemistry (IHC) 
analysis. Tumor volume (mm3) was calculated by the formula: 
volume = (width)2 × length/2.21

2.3 | Immunohistochemistry and TUNEL

Expression of CD31 in tumors was assessed by IHC staining as de-
scribed previously.22 In brief, paraffin-embedded tumor sections 
were incubated with anti-CD31 antibody (1:100) overnight at 4°C, 
and then incubated with secondary antibody.

Apoptosis was evaluated by TUNEL assay (Roche diagnostics, 
Mannheim, Germany) following the manufacturer's instructions. The 
image of each case was captured using a fluorescence microscope 
(Nikon Eclipse-Ti; Nikon, Tokyo, Japan) and analyzed using Image-
Pro Plus 6.0 (IPP6) software.

2.4 | Chicken chorioallantoic membrane assay

Chicken chorioallantoic membrane (CAM) assay was carried out as 
described with modification.23 Briefly, fertilized chicken eggs (South 
China Agricultural University) were incubated at 37°C for 10 days, 
and a window was then carefully created through the egg shell. 
Sterilized rings (5 mm × 5 mm) saturated with 0.3 mL cinobufagin (0, 
0.1, 1, and 10 μM/CAM) were placed on CAM. Cinobufagin (0, 0.1, 1, 
and 10 μM/CAM) was added to CAM every other day and incubated 
at 37°C for another 7 days. Then an appropriate volume of 10% fat 
emulsion (Intralipose purchased from Green Cross Pharmaceutical 
Company [Guangzhou, China], 10%) was injected into the embryo 
chorioallantois for observing the density of vessels toward the CAM 
face. Neovascular zones were observed and photographed by a digi-
tal camera. Number of newly grown vessels was counted.

2.5 | Tube formation assay

Tube formation assay was carried out as described by Nagata et al.24 
HUVEC (5 × 104/well) were pretreated with different concentrations 
of cinobufagin for 30 minutes and seeded on the Matrigel layer (BD) 
in 24-well plates. After 8 hours of incubation, tubular structures were 
captured and tube number was counted to evaluate tube formation.

2.6 | Migration assay

For HUVEC migration assay, Transwell inserts (8 μM pore; Corning 
Costar Corp., Cambridge, MA, USA) were used. HUVEC (5 × 104 cells/
well) were resuspended in a serum-free RPMI 1640 medium containing 
0.1% BSA and seeded on the top chambers. RPMI 1640 (700 μL) with 
10% FBS was added to the bottom chambers. HUVEC were coincubated 
with cinobufagin (0.1, 1, and 10 μM) and allowed to invade for 48 hours. 

After 48 hours, the noninvasive cells on the upper surface of the filter 
were removed by a cotton swab. The invaded cells were stained with 
0.1% crystal violet, and counted in five random fields per well.22

2.7 | Annexin V and 7-AAD staining

SW480 and HUVEC cells were seeded in 6-well plates at a density of 
1.0 × 105 cells/well overnight. After treatment with various dilutions 
of cinobufagin for 24 hours or 48 hours, cells were then washed with 
PBS twice and incubated in 300 μL binding buffer with 5 μL annexin 
V-FITC and 5 μL 7-AAD for 15 minutes in the dark at room tempera-
ture. Then, the stained cells were tested by flow cytometer (BD), and 
10 000 cells were counted within 30 minutes.

2.8 | Analysis of mitochondrial membrane potential

The experiment was conducted according to the protocols provided 
by the manufacturer (Beyotime Biotechnology). Then, both red fluo-
rescence and green fluorescence were measured by flow cytometry.

2.9 | Reactive oxygen species analysis

Cinobufagin-treated HUVEC and control group cells were stained 
with 20 μM 2',7'-Dichlorodihydrofluorescein diacetate(DCFH-DA) in 
the dark for 30 minutes and DCF fluorescence intensity by flow cy-
tometry was measured. Green fluorescence was detected in the FL1 
(FITC) channel. Mean fluorescence intensity (MFI) of 10 000 cells 
was analyzed by WinMDI 2.8 software. MFI data were normalized to 
control levels and expressed as relative fluorescence intensity (DCF).

2.10 | Western blotting

Total protein was extracted with RIPA buffer (Beyotime Biotechnology) 
and quantified using a BCA protein assay kit (Beyotime Biotechnology) 
following the manufacturer's instructions and then western blot was 
carried out as described.22 ECL solution was mixed for luminescent 
image development, and target protein levels were analyzed by Image 
J software with β-actin as a reference protein for loading control.

2.11 | Statistical analysis

All experimental data are shown as mean ± standard deviation. 
Experiments were repeated three times. Statistical analysis was con-
ducted by one-way ANOVA using statistical package SPSS 20.0 (Chicago, 
IL, USA). P < .05 was considered a statistically significant difference.

3  | RESULTS

3.1 | Cinobufagin inhibits orthotopic CRC growth by 
suppressing angiogenesis in vivo

The antineoplastic effects of cinobufagin were tested on mice 
bearing orthotopically implanted colorectal carcinomas as 
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described previously.11,22 The weight of tumor in situ was signifi-
cantly reduced by cinobufagin and DDP (Figure 1A,C). Tumor size 
was also downregulated by cinobufagin in a dose-dependent way 

as evaluated by vernier caliper (Figure 1D). Body weight of mice 
was obviously lowered by DDP (Figure 1B). However, the rapid 
weight loss was ameliorated in mice treated with cinobufagin 

F IGURE  1 Cinobufagin inhibits tumor growth and tumor angiogenesis in orthotopically transplanted colorectal carcinoma. A, Sizes 
of orthotopically transplanted colorectal carcinoma. B, Body weight of mice (n = 6). C, Tumor weight of control, cinobufagin (2 mg/kg 
and 4 mg/kg) and cisplatin treatment groups (n = 6). D, Tumor volume of control, cinobufagin and cisplatin treatment groups (n = 6). E, 
Representative images of immunohistochemical staining for CD31 (100×). a, control group; b, 2 mg/kg cinobufagin group; c, 4 mg/kg 
cinobufagin group; d, 0.5 mg/kg cisplatin group. F, Vascular area in xenotransplanted tumor tissues. Vascular endothelial cells were stained 
with CD31. #P < .05; *P < .01 compared to control group

(A) (B)

(C) (D)

(E)
(a)

(c) (d)

(b)
(F)
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compared to those treated with DDP (Figure 1B), suggesting that 
cinobufagin is a naturally occurring molecule with high efficiency 
and low toxicity.

CD31 is a widely used angiogenic marker for the measure-
ment of microvessel density (MVD).25,26 Expression of CD31 and 
vascular area were dose dependently decreased in tumor tissues 
by cinobufagin treatment (Figure 1E,F). Collectively, these results 
showed that cinobufagin decreases CRC growth by downregulating 
angiogenesis.

3.2 | Cinobufagin suppresses endothelial cell 
migration and angiogenesis

Neovasculature forms a hierarchized and stereotypic network that 
is lined with endothelial cells in normal tissues, whereas an ab-
normal and chaotic network forms within the tumor. CAM assay 
was conducted as an in vivo approach to validate the putative 
anti-angiogenic effects of cinobufagin. The number of primary, 
secondary and tertiary blood vessels was dose-dependently re-
duced by a 4-day cinobufagin treatment in 8-day-old fertilized 
eggs (Figure 2A).

The ability of endothelial cells to engage in vascular morpho-
genesis was assessed by tubular formation test.27 By using cultured 
HUVEC, we found that vascular networks were formed sponta-
neously in control conditions. The formation of these structures was 
significantly abolished upon cinobufagin treatment (Figure 2B).

The migration of endothelial cells is an early step for the sprouting 
and elongation of a newly formed vessel.28 Cinobufagin significantly 
inhibited endothelial cell migration compared to control (Figure 2C). 
Together, these assays recapitulate the endothelial functions during 
angiogenesis. Cinobufagin suppresses neovascularization by damp-
ening endothelial migration and tubular formation.

3.3 | Cinobufagin induces endothelial cell apoptosis

The viability of HUVEC was significantly lowered by cinobuf-
agin in a dose- and time-dependent way (Figure S1). To clarify 
the potential anti-angiogenic mechanism of cinobufagin, cell ap-
optosis was first probed with Hoechst 33342 staining. The posi-
tive ratios of HUVEC (Figure 3A) were essentially upregulated by  
cinobufagin. The results were further confirmed through double 
staining of Annexin V and 7-AAD by flow cytometry (Figure 3B). 
Furthermore, ROS inhibitor NAC lowered the cell apoptosis ratio 
caused by cinobufagin (Figure 3C), suggesting that cinobufagin 
causes apoptosis and lowers cell viability through triggering oxi-
dation reactions in HUVEC.

3.4 | Cinobufagin disrupts mitochondrial membrane 
potential and induces ROS accumulation

JC-1 is a fluorescent, lipophilic, cationic dye that can be used 
to effectively distinguish between apoptotic and healthy cells. 

F IGURE  2 Cinobufagin suppresses endothelial cell migration and angiogenesis. A, Effects of cinobufagin on angiogenesis in chicken 
chorioallantoic membrane (n = 3). Concentrations of cinobufagin are shown above each part. The following figure is in accordance with 
this standard. B, Number of vascular circles in HUVEC treated with cinobufagin. Representative images (magnification, 100×) show tubule 
formation by HUVEC cells plated on Matrigel (n = 3). C, Migration of HUVEC treated with cinobufagin (n = 3). Representative images 
(magnification, 100×) show effect of cinobufagin on the migration of HUVEC in 24 h. #P < .05; *P < .01 compared to 0 μM

(A)

(B)

(C)
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F IGURE  3 Cinobufagin induces apoptosis in HUVEC. A, Hoechst 33342 staining for HUVEC with cinobufagin treatment (n = 3). 
Cells were treated with different concentrations of cinobufagin (0, 0.1, 1, and 10 μM) for 24 h. Original magnification, 200×. Marked 
morphological changes in chromatin morphology such as crenation, condensation, and fragmentation are observed in HUVEC. B, Apoptosis 
rate of HUVEC cells detected by cytometry (n = 3). Cells treated with different concentrations of cinobufagin (0, 0.1, 1, and 10 μM) for 24 h 
were detected by flow cytometry. C, Apoptosis rate of HUVEC treated with N-acetyl-l-cysteine (NAC; n = 3). l-NAC reduced HUVEC cell 
apoptosis induced by cinobufagin. Cells treated with or without cinobufagin or NAC (0.1 μM) for 24 h were detected by flow cytometry. 
#P < .05; *P < .01 compared to 0 μM

(A)

(B)

(C)

F IGURE  4 Cinobufagin lowers mitochondrial membrane potential and induces reactive oxygen species (ROS) accumulation in HUVEC. 
A, Mitochondrial membrane potential measured by flow cytometry (n = 3). HUVEC were treated with different concentrations of 
cinobufagin (0, 0.1, 1, and 10 μM) for 24 h, and then stained with JC-1. B, ROS levels in HUVEC detected by flow cytometry. HUVEC were 
treated with different concentrations of cinobufagin (0, 0.1, 1, and 10 μM) for 24 h, and then stained with 2',7'-Dichlorodihydrofluorescein 
diacetate(DCFH-DA). #P < .05; *P < .01 compared to 0 μM

(A)

(B)
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Flow cytometry showed that mitochondrial membrane potential 
was exhausted dose-dependently by cinobufagin (Figure 4A). 
ROS production was subsequently checked by DCFH-DA stain-
ing. ROS level was increased with dose escalation of cinob-
ufagin (Figure 4B), indicating that cinobufagin-induced ROS 
accumulation and mitochondrial dysfunction are the driving force 
of apoptosis.

3.5 | Cinobufagin cleaves caspase-3 and 
downregulates mTOR signaling

Mitochondrial membrane potential depletion will lead to the ini-
tiation of mitochondrial outer membrane permeability (MOMP).29 
Cinobufagin downregulated Bcl-2 and activated Bax in HUVEC 
(Figure 5A). Mitochondrial translocation of Bax is the key event 
for opening the dynamic Bax/Bak-lipid pore in the process of 
MOMP.11 Upon rupture of the mitochondrial outer membrane, 
secreted cytochrome c triggers hierarchical activation of caspase-
9 and caspase-3. The cleaved forms of caspase-9 and caspase-3 
were upregulated in HUVEC treated with cinobufagin (Figure 5A). 
Subsequently, cleavage of poly-ADP ribose polymerase (PARP) 
was observed in cinobufagin-treated HUVEC. Collectively, cinob-
ufagin induces cascade activation of caspase to stimulate HUVEC 
apoptosis.

Members of the anti-apoptotic Bcl-2 subfamily normally stabilize 
the outer membrane by binding to pro-apoptotic BH123 effectors, 
such as Bax and Bak. Hypoxia is known to modulate apoptosis sen-
sitivity by increasing expression of anti-apoptotic Bcl-2 and Bcl-xL 
and downregulating Bax, Bad and Bid. The serine/threonine kinase 
Akt is widely acknowledged as a proto-oncogene that promotes cell 
survival and inhibits apoptosis. Cinobufagin decreased the expres-
sion of HIF-1α and downregulated the phosphorylation of Akt at 
Ser473 dose-dependently (Figure 5B). Hypoxia is a key stimulator 
of endothelial migration and angiogenesis through activating Akt.30 
Reduction of HIF-1α and p-Akt is accompanied by downregulated 
survival and migration of HUVEC.

mTOR is a key nutrient and energy sensor that regulates met-
abolic processes. mTOR hyperactivation is the driving force for 
angiogenesis.31 Cinobufagin downregulated phosphorylation of 
mTOR at ser2481 in HUVEC, suggesting that deactivation of en-
dothelial mTOR inhibits endothelial cell proliferation and migration. 
Collectively, cinobufagin suppresses the survival pathway in HUVEC 
through downregulation of HIF-1α and dephosphorylation of Akt 
and mTOR.

3.6 | Cinobufagin activates endothelial apoptosis 
in vivo

To verify the pro-apoptotic effects of cinobufagin in vivo, tumor tis-
sue slides were double stained with TUNEL and CD31 (Figure 6A). 
Cinobufagin downregulated the vascular area dose dependently 
and upregulated the apoptotic ratio of CD31-positive cells, sug-
gesting that cinobufagin induces the apoptosis of endothelial cells 
(Figure 6B,C).

Cleavage of PARP, caspase-3 and -9 was increased by cinobufagin 
treatment. Bax expression was upregulated, representing the trig-
gering of a mitochondrial apoptosis process (Figure 6D). Cinobufagin 
also reduced the expression of HIF-1α and significantly decreased 
the phosphorylation of mTOR and Akt, indicating that cinobufagin 
might be an mTOR inhibitor to suppress angiogenesis (Figure 6E). 
Taken together, cinobufagin is an efficacious angiogenesis inhibitor 
through triggering endothelial apoptosis. It inhibits HIF-1α and de-
phosphorylates Akt and mTOR to switch the apoptosis program.

3.7 | Cinobufagin suppresses hemangioendo 
thelioma in vivo

The anti-angiogenic effects of cinobufagin in vivo were tested on 
mice bearing s.c. hemangioendothelioma EOMA. Tumor weight and 
tumor size were significantly reduced by cinobufagin, rapamycin 
and the endogenous angiogenesis inhibitor endostatin, respectively 

F IGURE  5 Western blot analysis of the effect of cinobufagin on caspase and mTOR signaling. A, Effect of cinobufagin on the caspase 
pathway (Bax, Bcl-2, caspase-3, cleaved-caspase-3, caspase-9 and cleaved-caspase-9) in HUVEC cells. Western blot analysis was carried out 
to detect changes in the levels of Bax, Bcl-2, caspase-3, cleaved-caspase-3, caspase-9 and cleaved-caspase-9 after treatment with 0, 0.1, 
1, 10 μM cinobufagin for 24 h (n = 3). B, Effect of cinobufagin on the expression of hypoxia-inducible factor 1α (HIF-1α), mTOR, p-mTOR 
(ser2481), Akt, and p-Akt (ser473) (n = 3). HUVEC cells were treated with various concentrations of cinobufagin (0, 0.1, 1, and 10 μM) for 
24 h, and then the levels of proteins were detected by western blot analysis
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(Figure 7A,C,D). Surprisingly, body weight of mice was obviously 
lowered by mTOR inhibitor rapamycin (Figure 7B). To further verify 
the pro-apoptotic effects of cinobufagin in vivo, hemangioendo-
thelioma tissue slides were double stained with TUNEL and CD31 
(Figure 7E). Similar to rapamycin and the endogenous angiogen-
esis inhibitor endostatin, cinobufagin upregulated apoptotic en-
dothelial vascular cells but with a much stronger effect (Figure 7F). 
Cinobufagin reduced the expression of HIF-1α and significantly de-
creased the phosphorylation of mTOR and Akt similar to rapamycin 
(Figure 7G), and similar to the result shown in Figure 6E. Collectively, 
we confirmed that cinobufagin suppresses angiogenesis by regulat-
ing mTOR signaling with lower toxicity compared with DDP.

4  | DISCUSSION

Since the approval of bevacizumab for treating metastatic colorectal 
cancer in 2004, angiogenesis is an attractive target as an angiogen-
esis inhibitor. Blockade of angiogenesis can effectively retard tumor 

growth. However, angiogenesis inhibitors may also paradoxically 
increase metastasis by aggravating tumor hypoxia and preventing 
absorption of the chemotherapeutic regimen. “Vascular normaliza-
tion” has been proposed as a revolutionary strategy to overcome 
the aforementioned shortcomings of angiogenesis inhibitors. Even 
so, the therapeutic window for vascular normalization is transient 
and unpredictable. It is too difficult to estimate and grasp the most 
appropriate timeframe of vascular normalization to maximize de-
livery of chemotherapeutic agents.32 Although still controversial, 
clinical studies of single bevacizumab and combination trials have 
shown positive outcomes that angiogenesis inhibitors can be an 
optional frontline therapy for metastatic CRC.33 Cinobufagin sup-
presses in vivo and in vitro angiogenesis and inhibits the growth of 
orthotopic transplanted colorectal carcinoma. It dose-dependently 
downregulates tumor microvessel number, suggesting that targeting 
tumor neovasculature is still a valuable and effective choice for CRC 
management.

Tuberous sclerosis complex (TSC) patients are predisposed to 
highly vascularized tumors. mTORC1 is a critical driver for HIF-1α 

F IGURE  6 Cinobufagin induces 
apoptosis of endothelial cells in vivo. 
A, Apoptotic vascular endothelial cells 
were detected using TUNEL and CD31 
staining in tumor tissues from BALB/c 
nude mice with treatment (0, 2 mg/kg, 
4 mg/kg of cinobufagin and 0.5 mg/kg 
of cisplatin) (n = 6). Double-stained cells 
indicate apoptotic endothelial vascular 
cells (green) in the tumor tissues (200×). 
Anti-CD31 antibody was used as a marker 
for endothelial cells (red). B, Area of tumor 
endothelial cells (red) was quantified 
by Image-Pro Plus 6.0 (IPP6) software. 
C, Percentage of apoptotic endothelial 
cells (double stained) in tumor issues. 
Immunostained plugs were assessed 
by microscopy at 200× magnification. 
*P < .01 compared with control group. 
D, Effect of cinobufagin on the caspase 
pathway (Bax, Bcl-2, caspase-3, cleaved-
caspase-3, caspase-9 and cleaved-
caspase-9) in tumor tissues. Western 
blot analysis was carried out to detect 
changes in the levels of different groups 
of mice. E, Effect of cinobufagin on the 
expression of hypoxia-inducible factor 
1α (HIF-1α), mTOR, p-mTOR (ser2481), 
Akt, and p-Akt (ser473).  DDP, cis-
diamminedichloroplatinum
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synthesis. mTORC1 activates a 10-fold increase of HIF-1α transcrip-
tional activity under hypoxic conditions.34 HIF-1α knockdown can 
suppress the induction of VEGF in hypoxic cells and reduce vascular 
leakage.35 However, none of the HIF inhibitor compounds are cur-
rently suitable for clinical therapy. We propose a model whereby 
HIF-1α is a downstream signaling molecule of mTORC1 that can 
induce angiogenesis for tumor progression.36 Cinobufagin signifi-
cantly inhibits the phosphorylation of mTOR and subsequently 
downregulates HIF-1α, which is consistent with the highlighted anti-
angiogenic effects of mTOR inhibitor.37 Hypoxic condition induces 
activation of Akt which is essential for HIF-1α expression. HIF-1α 

then triggers angiogenesis by upregulating the expression of VEGF 
in cancer cells. In turn, VEGF activates the PI3K/Akt/mTOR pathway 
to stimulate HUVEC proliferation and drive angiogenesis in tumors. 
Our results suggest that cinobufagin inhibits the Akt-HIF-1α signal-
ing axis.38 Together, cinobufagin exerts its anti-angiogenesis effects 
by inhibiting these survival pathways of HUVEC.

Bcl-xL translation is regulated by mTOR through phosphorylation 
of its known target, 4E-BP1.39 Rapamycin triggers apoptosis by in-
creasing the Bax/Bcl-xL ratio. HIF-1 suppresses mitochondrial func-
tion and promotes the efficient use of available oxygen. Therefore, 
HIF-1α reduces the generation of ROS and confers apoptosis 

F IGURE  7 Cinobufagin suppresses 
hemangioendothelioma in vivo. A, Sizes 
of s.c. hemangioendothelioma tumor. 
B, Body weight of mice (n = 6). #P < .05, 
*P < .01 compared to control group. C, 
Tumor weight of control, cinobufagin, 
rapamycin and endostatin treatment 
groups (n = 6). D, Tumor volume of 
control, cinobufagin, rapamycin and 
endostatin treatment groups (n = 6). 
*P < .01 compared to control group. 
E, Apoptotic vascular endothelial cells 
were detected using TUNEL and CD31 
staining in hemangioendothelioma tissues 
from BALB/c nude mice with control, 
cinobufagin, rapamycin and endostatin 
treatments (n = 6). Double-stained cells 
indicate apoptotic endothelial vascular 
cells (green) in the tumor tissues (200×). 
Anti-CD31 antibody was used as a marker 
for endothelial cells (red). Apoptotic 
vascular endothelial cells stained cyan 
as indicated by red arrow. F, Percentage 
of apoptotic endothelial cells (double 
stained) in tumor issues. *P < .01 
compared with control group. G, Effect 
of control, cinobufagin rapamycin and 
endostatin treatment on the expression 
of hypoxia-inducible factor 1α (HIF-1α), 
mTOR, p-mTOR (ser2481), Akt, and p-Akt 
(ser473) by western blot analysis
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resistance to cancer cells.40 Evasion of apoptosis may represent an 
important hallmark of many human cancers. Cinobufagin reduces 
neovascularization by increasing the ROS level which leads to mi-
tochondrial dysfunction in endothelial cells. The ROS accumulation 
induced by oxidation reaction facilitates the triggering of MOMP by 
cinobufagin. Then, it stimulates caspases, which is a biochemical char-
acteristic of apoptosis.41 Cinobufagin treatment increases cleavage of 
caspase-9 dose-dependently. Activated caspase-9 in turn cleaves and 
activates caspase-3 to execute intrinsic apoptosis in HUVEC.

Specific Akt/mTOR double pathway targeting agent, such as 
everolimus, is available and efficacious in metastatic CRC pa-
tients.42 However, everolimus treatment may induce therapy 
resistance by triggering a negative feedback loop which leads 
to ERK activation and Mcl-1 stabilization in colon cancer cells.42 
Cinobufagin dephosphorylates mTOR and Akt. Furthermore, it 
also disrupts the HIF-1α-VEGF pathway by switching the apoptosis 
program,43 suggesting that cinobufagin targets multiple angiogenic 
signaling to suppress neovascularization in CRC. In conclusion, ci-
nobufagin suppresses CRC angiogenesis by downregulating the 
Akt/mTORC1/HIF-1α pathway and triggering MOMP-mediated 
apoptosis. Cinobufagin is a promising biotherapeutic agent for the 
treatment of CRC, particularly for patients with highly vascular-
ized tumors.
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