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Abstract
Multiple cancers have been reported to be associated with angiogenesis and are sen-
sitive to anti- angiogenic therapies. Vascular normalization, by restoring proper tumor 
perfusion and oxygenation, could limit tumor cell invasiveness and improve the effec-
tiveness of anticancer treatments. However, the underlying anticancer mechanisms 
of antiangiogenic drugs are still unknown. Metformin (MET) and simvastatin (SVA), 
two metabolic- related drugs, have been shown to play important roles in modulating 
the hypoxic tumor microenvironment and angiogenesis. Whether the combination of 
MET and SVA could exert a more effective antitumor effect than individual treat-
ments has not been examined. The antitumor effect of the synergism of SVA and 
MET was detected in mouse models, breast cancer patient- derived organoids, and 
multiple tumor cell lines compared with untreated, SVA, or MET alone. RNA sequenc-
ing revealed that the combination of MET and SVA (but not MET or SVA alone) inhib-
ited the expression of endothelin 1 (ET- 1), an important regulator of angiogenesis and 
the hypoxia- related pathway. We demonstrate that the MET and SVA combination 
showed synergistic effects on inhibiting tumor cell proliferation, promoting apopto-
sis, alleviating hypoxia, decreasing angiogenesis, and increasing vessel normalization 
compared with the use of a single agent alone. The MET and SVA combination sup-
pressed ET- 1- induced hypoxia- inducible factor 1α expression by increasing prolyl hy-
droxylase 2 (PHD2) expression. Furthermore, the MET and SVA combination showed 
a more potent anticancer effect compared with bosentan. Together, our findings sug-
gest the potential application of the MET and SVA combination in antitumor therapy.
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1  |  INTRODUC TION

Angiogenesis is a complex process involving multiple genes ex-
pressed by different cells.1,2 Hypoxia plays a major role in angiogen-
esis and regulates genes in multiple stages of angiogenesis.3 As a 
result of unlimited tumor growth, the hypoxic microenvironment re-
programs the metabolic phenotypes of tumor cells to maintain their 
survival and proliferation. Hypoxia- inducible factor (HIF) is the key 
transcriptional regulator of tumor angiogenesis and hypoxic stress. 
High expression of hypoxia- inducible factor 1α (HIF1α) has been de-
tected in many human cancers and is closely correlated with tumor 
initiation, growth, metabolism, angiogenesis, invasion, inflamma-
tory cell recruitment and metastasis, and poor patient prognosis.3– 5 
Promoted blood vessel normalization through improved pericyte 
coverage and restoration of cell junctions leading to increased tumor 
perfusion would limit tumor hypoxia and prevent the selection of 
tumor cells with a more invasive phenotype; these events would 
improve the distribution and efficiency of anticancer treatments.6 
A variety of tumor therapies and inhibitors have been designed to 
target HIF and angiogenesis- related pathways, and many of these 
treatments have entered clinical trials and clinical application.7,8

Metformin (MET) is the first- line medication for type 2 diabetes. 
Several studies have shown that MET also inhibits the growth of many 
types of tumors, such as breast cancer and hepatocellular carcinoma. 
MET was shown to exhibit antitumor activities such as cell growth 
inhibition and induction of apoptosis by inhibiting the Warburg effect 
and alleviating hypoxia.9– 12 Statins such as simvastatin (SVA) are the 
first- line treatment for decreasing cholesterol levels and cardiovas-
cular disease. Many reports, including our previous studies, showed 
that statins also exhibit antitumor effects. For example, statins have 
been demonstrated to prevent colorectal cancer, inhibit the prolifer-
ation of breast cancer cells, induce apoptosis, and block the invasion 
and metastasis of human melanoma cells.13– 17 However, whether the 
combination of SVA and MET exerts more effective antitumor activ-
ities compared with single- agent treatments has not been explored.

In this study, we investigated the antitumor potential of the com-
bination treatment of MET and SVA against multiple tumor types. 
We found that the MET and SVA combination exerted a synergistic 
effect to significantly inhibit the growth of various types of tumors 
and breast cancer patient- derived organoids (PDOs). The MET and 
SVA combination induced the apoptosis of tumor cells, alleviated hy-
poxia, inhibited angiogenesis, and increased vessel normalization to 
a greater extent than either MET or SVA alone. Our findings indicate 
that the MET and SVA combination treatment represents a potential 
therapeutic strategy for antitumor treatment.

2  |  MATERIAL AND METHODS

2.1  |  Cell lines and cell culture

Human hepatocarcinoma cell lines HepG2 and Hep3B, breast 
cancer cell lines MCF- 7 and MDA- MB- 231, human lung cancer 
cell line H1299, cervical cancer cell lines SiHa and C33A, and 

murine mammary carcinoma cell 4T1 were cultured in high glucose 
Dulbecco's Modified Eagle's medium (HyClone) supplemented 
with 10% fetal bovine serum (HyClone). Human lung cancer cell 
line A549 and murine melanoma cell line B16 and Roswell Park 
Memorial Institute (RPMI)- 1640 medium (HyClone) supplemented 
with 10% fetal bovine serum. All cells were maintained at 37 °C 
and 5% CO2 in an incubator. The cell lines were obtained from the 
China Infrastructure of Cell Line Resource (Beijing, China). MET and 
endothelin 1 (ET- 1) were obtained from Aladdin. SVA and Bosentan 
were obtained from Selleck. In experiments conducted under anoxia 
conditions, cells were cultured in a 1% O2, 5% CO2 incubator for 24 h.

2.2  |  Colony formation assays

Cells were treated with MET and/or SVA for 24 h and then reseeded 
into new plates. The cells were then cultured for 14 days, followed 
by fixing using 4% paraformaldehyde (PFA) and staining with 0.5% 
crystal violet, as described previously.11

2.3  |  Apoptosis assays

Treated cells were collected and analyzed using the Annexin V- PE 
apoptosis detection kit (BD Biosciences) and flow cytometry (BD 
Biosciences). Assays were performed following the manufacturer's 
instructions.

2.4  |  Western blotting

Treated cells were lysed in radio immunoprecipitation assay buffer, and 
the lysates were separated by sodium dodecylsulphate polyacrylamide 
gel electrophoresis and transferred onto a polyvinylidene fluoride 
membrane. The membrane was blocked with 5% fat- free milk in tris- 
buffered saline and tween 20 and then incubated with primary anti-
body, followed by incubation with horseradish peroxidase - conjugated 
secondary antibody (1:10000; Proteintech). The chemiluminescent 
signals were detected using ChemiDoc™ XRS+ (Bio- rad). The primary 
antibodies anti- phospho- retinoblastoma (1:1000), anti- retinoblastoma 
(1:1000), anti- cleaved caspase3 (1:1000), anti- caspase3 (1:1000), and 
anti- Hypoxia inducible factor 1 subunit alpha (1:1000) were obtained 
from Cell Signaling Technology. Anti- Minichromosome maintenance 
complex component 7 (1:1000), anti- endothelin 1 (1:1000), and anti- 
prolyl hydroxylase 2 (PHD2) (1:1000) were purchased from Santa 
Cruz, anti- endothelin receptor A (ETAR) (1:1000) was purchased from 
Abcam, and anti- endothelin receptor B (ETBR) (1:1000), anti- survivin 
(1:1000), and β- actin (1:10000) were purchased from Proteintech.

2.5  |  Mouse models

Female BALB/cAnNCrl mice (4– 6 weeks old, n = 6) and C57BL/6J 
mice (4– 6 weeks old, n = 6) were obtained from Xi'an Jiaotong 
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University. All animal procedures were performed according to 
the protocol approved by the Institutional Animal Care and Use 
Committee at Xi'an Jiaotong University.

In experiments with BALB/cAnNCrl mice, 5 × 105 4T1 cells 
were injected into the fat pad of the fourth left mammary gland of 
mice. In experiments with C57BL/6J mice, 1 × 106 B16 cells were 
subcutaneously injected into mice. Mice were randomized into four 
groups: control, SVA, MET, or MET and SVA in combination (n = 6 
for each group). The mice were then treated with 15 mg/kg/day 
SVA and/or 100 mg/kg/day MET by intragastric administration. 
Mice were monitored every 2 days for 2 weeks. At the end of the 
experiment, mice were sacrificed and tumors were harvested for 
subsequent analysis.

2.6  |  Immunohistochemistry

Immunohistochemistry and quantification were performed as de-
scribed previously.11,12 Briefly, tissues were fixed in 10% neutralized 
formaldehyde and embedded in paraffin. Tissues were then sec-
tioned and stained with primary antibodies against proliferating cell 
nuclear antigen (PCNA) (1:500; Santa Cruz) and cleaved caspase- 3 or 
HIF1α (1:200; Cell Signaling Technology). Images were taken using a 
Leica SCN400 slide scanner.

2.7  |  Immunofluorescence

Immunofluorescence was performed as described previously.11 
Briefly, cells or mouse tissues were fixed by 4% PFA and permea-
bilized with 0.5% Triton X- 100 in phosphate belanced solution, 
followed blocking with 5% bovine serum albumin supplemented 
with 10% goat serum. Samples were stained with primary anti-
bodies against platelet and endothelial cell adhesion molecule 1 
(1:50; Abcam), neural/glial antigen- 2 (1:100; BD Biosciences), vas-
cular epithelium (1:100; Biolegend), HIF1α (1:100; Cell Signaling 
Technology), and ETBR (1:100; Abcam). Nuclei were stained with 4, 
6- diamidino- 2- phenylindone (DAPI; 5 μg/ml). Images were taken by 
confocal laser scanning microscopy (Leica TCS SP5).

Lectin (20 mg/kg) was intravenously injected into mice and 
then the mice received intracardiac perfusion of 40 ml of 4% PFA 
with a flux of 10 ml/min. Tumors were extracted and fixed with 
4% PFA, embedded at optimal cutting temperature (OCT) (Sakura 
Finetek), and sectioned. The samples were co- stained with CD31 
and rhodamine- labeled lectin (Vector Labs) for 15 min. Images were 
acquired by confocal laser scanning microscopy.

Next, 60 mg/kg body weight pimonidazole HCl (PIMO; 
Hypoxyprobe Inc.) was intravenously injected into the tail vein 
of tumor- bearing mice 90 min before tumors were extracted. 
Then, the PIMO+ hypoxic cells were immunostained with anti- 
PIMO antibody (Hypoxyprobe Inc.) following the manufacturer's 
instructions.

2.8  |  RNA sequencing

HepG2 cells were treated with 2.5 μM SVA, 5 mM MET, or a com-
bination of 2.5 μM SVA and 5 mM MET for 24 h. Untreated cells 
were used as controls. The cells were then harvested and cryopre-
served in liquid nitrogen. RNA sequencing (RNA- seq) was performed 
Guangzhou RiboBio. The data were analyzed by Gene Denovo. Each 
group contained three independent samples for gene expression 
analysis.

2.9  |  PDO model

Breast cancer tissues from eight patients were obtained from the 
First Affiliated Hospital of Xi'an Jiaotong University with informed 
consent from the patients. The experimental procedures were ap-
proved by the Ethics Review Committee of the First Affiliated 
Hospital of Xi'an Jiaotong University. PDOs were established as de-
scribed previously.18 Briefly, the breast cancer tissues were chopped 
up and digested by collagenase at 37 °C for 1 h and then filtered 
through a 150 mesh filter and centrifuged for 10 min at 400 × g. The 
precipitate was resuspended in organoid medium and then cen-
trifuged again. The pellet was resuspended with 40 μl BME type 
2 hydrogel (Trevigen). After the BME solidified, 400 μl of organoid 
medium was added into each well for PDO culture.

2.10  |  Statistical analysis

Quantitative analyses were performed using Prism 7.0 software. 
Data are shown as mean ± SEM. Statistical significance was calcu-
lated using two- tailed Student's t- test or two- way ANOVA t- test. 
Each set of experimental data represents a minimum of three bio-
logical replicates. A P value less than 0.05 was considered statisti-
cally significant.

3  |  RESULTS

3.1  |  Combination of MET and SVA alleviates 
hypoxia and inhibits angiogenesis

Hypoxia facilitates metabolic reprogramming in tumors, which is 
feature of tumors.3,19 The metabolic reprogramming in cancer al-
lows tumors to use glucose and lipids as energy sources.20 MET9– 12 
and SVA13– 15,17 are clinically used to reduce glucose and lipids,17,21– 23 
and studies have shown that they inhibit growth and induce the ap-
optosis of tumor cells in vitro and in vivo.24 We examined whether 
the combination of MET and SVA could exert a more effective anti-
tumor effect than individual treatments. We therefore explored the 
effects of the combination treatment in vivo by injecting 4T1 or B16 
cells into mice and treating the mice with the single or combination 
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agents. We first examined the hypoxic areas of 4T1 and B16 tumors 
from the treatment groups by costaining for PIMO (Hypoxyprobe, a 
reagent for detecting hypoxia) and HIF1α. In 4T1 tumors, the tumors 
from the combination treatment group showed a 50% reduction 
in the hypoxic area compared with the control group, and a 25%– 
35% reduction in hypoxic area compared with the single treatment 
groups. In B16 tumors, we observed a decrease in the hypoxic area 
of more than 60% compared with the controls and a 40%– 50% re-
duction compared with the single treatments (Figure 1A,B). In line 
with the in vivo results, the combination treatment inhibited HIF1α 
expression in cells cultured under hypoxic conditions (1% O2) and 
4T1 and B16 tumors (Figures 1C and S1). In 1992, vascular endothe-
lial growth factor (VEGF) probably plays as a hypoxia- inducible an-
giogenic factor,25 thus we also found the combination treatment 
inhibited HIF1α- induced VEGF expression (Figure 1C). Together 
these findings indicate that the combination treatment led to re-
duced hypoxia in tumors.

To more closely investigate the mechanism underlying the an-
titumor effect of the MET and SVA combination, we performed 
RNA- seq in HepG2 cells treated with SVA or MET alone or in com-
bination. Compared with the vehicle group, we identified genes that 
only showed greater than 2- fold changes in cells treated with the 
MET and SVA combination but did not show differences in response 
to MET or SVA alone. Gene Ontology analysis was performed to de-
termine the top 8 biological processes enrichment terms in genes 
from the MET and SVA combination group. The results showed 
enrichment in terms related to angiogenesis, blood vessel develop-
ment and morphogenesis, and vasculature development (Figure 1D). 
These findings suggest that the antitumor activities of the MET and 
SVA combination may involve effects on angiogenesis.

Excessive angiogenesis and immature vasculature are character-
istic features of tumors and are closely related to the hypoxic tumor 
microenvironment. Angiogenesis plays a critical role in cancer pro-
gression, and anti- angiogenic therapies are currently widely used as 
antitumor therapies.26– 28 We examined the expression of platelet 
endothelial cell adhesion molecule (PECAM- 1 or CD31), a marker of 
vessel endothelial cells,29 in tumor sections from the mouse treat-
ment groups established above. We observed a dramatic decrease 
in both the numbers of vessels and branch points in tumors as de-
tected by CD31 staining in the combination group compared with 
the single- treatment and control groups (Figure 1E– J). Together, 
these results suggest that the MET and SVA combination may play a 
role in inhibiting tumor angiogenesis.

3.2  |  Combination of MET and SVA promotes 
vessel normalization

VEGF is a major driver of angiogenesis and has become a critical 
target for antitumor treatment strategies. However, in preclinical 
studies, anti- VEGF therapy induces tumor vasculature, showing a 
more “mature” or “normal” phenotype with attenuated hyperperme-
ability, increased vascular pericyte coverage, and a normal basement 
membrane. Endothelial cells lining tumor vessels show regular and 
organized morphology and stain for CD31. Vascular normalization 
might enhance the benefits of host antitumor immune responses 
and conventional cancer treatments.29 We found a similar phenom-
enon in our immunofluorescence results: while fewer vessels were 
detected in the combination group, the length of the CD31- stained 
vessels appeared to be longer than that in other treatment groups 
(Figure 1B,E).

NG2 is a marker of pericytes and vascular endothelial (VE)- 
cadherin is an endothelial- specific adhesion molecule.29 We found 
that both NG2 and VE- cadherin showed increased expression in 
CD31+ vessels after the MET and SVA combination group compared 
with the single- treatment groups (Figure 2A– D).

Lectin binds the surface of endothelial cells along the blood 
flow. We found that lectin- positive vessels were also increased in 
the MET and SVA combination group compared with the controls 
(Figure 2E,F). Together these results suggest that the MET and SVA 
combination inhibited disorganized and nonfunctional vessels, and 
promoted vessel normalization and maturity.

3.3  |  Combination treatment of MET and SVA 
inhibits tumor growth in vivo

We found that the combination treatment showed potent antipro-
liferation effects in cancer cells in vitro. The mouse model groups 
treated with SVA, MET or the combination showed a reduction in 
tumor growth and improved survival compared with the controls 
(Figure 3A– F). Notably, the inhibition of tumor growth and prolonged 
survival of mice was enhanced in the group treated with the com-
bination of MET and SVA compared with the groups treated with 
MET or SVA alone. Immunohistochemical analysis of tumors from 
each group showed increased cleaved caspase 3 expression and 
decreased PCNA expression in the combination treatment group 
compared with levels in the other groups (Figures 3G,H and S1). 

F I G U R E  1  The effects of MET and SVA on hypoxia and angiogenesis. Costaining of HIF1α and PIMO (A) and quantification of hypoxic 
area (B) of 4T1 tumors and B16 tumors. Bar = 50 μm. (C) Western blotting of HIF1α and VEGF in HepG2, Hep3B, MCF7, and MDA- MB- 231 
cells cultured under hypoxic conditions and treated as indicated. (D) The transcriptomes of HepG2 cells treated with vehicle, SVA, MET or 
the combination of SVA and MET were determined by RNA sequencing. We identified genes that only showed changes after treatment with 
the SVA and MET combination but did not show differences in response to SVA or MET by a trend analysis. The top 10 biological process 
enrichment terms in the SVA and MET combination group by Gene Ontology (GO) analysis were determined. Immunofluorescence was 
performed for CD31, a vessel marker, in 4T1 tumors (E) and B16 tumors (H) from the treatment groups described above. Bars = 100 μm. 
The vessel numbers and branch points in 4T1 tumors (F, G) and B16 tumors (I, J) from the indicated groups were determined. **P < 0.01, 
***P < 0.001.
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F I G U R E  2  Vessel maturity and functional status in response to MET and SVA combination treatment. Immunofluorescence and of 
CD31 (green) and NG2 (red) of frozen sections of 4T1 tumors and B16 tumors from the indicated groups (A) and their quantification (B). 
Immunofluorescence of CD31 (green) and VE- cadherin (red) of frozen sections of 4T1 tumors and B16 tumors from the indicated groups (C) 
and their quantification (D). Lectin- perfused CD31+ vessels in frozen sections of 4T1 tumors and B16 tumors in the indicated groups (E) and 
their quantification (F). Bar = 50 μm.
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Together, these results indicated that the combination treatment 
showed potent effects in inhibiting tumor growth and inducing the 
apoptosis of tumor cells in vivo.

3.4  |  Combination treatment of MET and SVA 
shows a synergistic anticancer effect in vitro

Next, we examined the effects of MET and SVA alone or in com-
bination on the proliferation of various types of tumor cell lines in 
vitro using liver cancer cell lines (HepG2, Hep3B), lung cancer cell 
lines (A549, H1299), and cervical cancer cell lines (SiHa, C33A) 
(Figures 4A and S2, Table 1). Both MET and SVA individually showed 
growth inhibitory effects on the cell lines to varying degrees. 
Notably, the combination treatment showed potent growth inhibi-
tory effects compared with the individual treatments, with a moder-
ate to strong synergistic effect.30 We previously showed that SVA 
inhibits phosphorylated retinoblastoma (RB) and mini- chromosome 
maintenance protein 7 (MCM7) expression to suppress tumor cell 
growth.14 The MET and SVA combination treatment resulted in a 
dramatic decrease in p- RB and MCM7 levels (Figure 4B). Similarly 
to our previously research on SVA treatment in the regulation of cell 
cycles, the MET and SVA combination treatment also can reduced 
the percentages of the G2/M phase cells (Figure S3).

We next evaluated the effect of the individual and combination 
treatments on the apoptosis of HepG2, Hep3B, MCF7, and MDA- 
MB- 231 cancer cell lines. Similar to the cell proliferation results, 
while the individual treatments induced apoptosis, the combination 
treatment resulted in markedly increased apoptosis in all cell lines 
compared with the individual treatments with synergistic effects 
(Figure 4C,D). Survivin is a novel anti- apoptosis gene, and knock-
down of survivin expression induces cell apoptosis through activa-
tion of caspase- 3.31– 33 The induction of apoptosis was accompanied 
by the elevation of cleaved caspase 3 and downregulated survivin 
levels (Figure 4E). Together, these results demonstrate that the MET 
and SVA combination exhibits potent effects on suppressing cancer 
cell proliferation and inducing apoptosis to levels higher than the in-
dividual treatments alone.

3.5  |  MET and SVA synergistically inhibit the ET- 1- 
HIF1α  signaling axis

KEGG pathway analysis of RNA- seq in HepG2 cells identified the 
relaxin and HIF1α signaling pathways in the data from the MET and 
SVA combination group. The HIF1α transcription factor is a criti-
cal regulator of hypoxia and plays key roles in various aspects of 
tumor development, including angiogenesis. EDN1, which encodes 
endothelin 1 (ET- 1),34 an important regulator of the HIF1α signaling 
pathway, was markedly decreased in cells treated with the combi-
nation treatment compared with controls (Figure 5A). We further 
found that ET- 1 and its receptor ETBR were reduced by the combi-
nation treatment in vivo and in vitro, but no changes were observed 
in the expression of ETAR (Figure 5B– D).

Our data showed that the combination treatment led to a de-
crease of ET- 1 expression and HIF1α levels. Under normoxic con-
ditions, PHD2 catalyzes the hydroxylation of HIF1α, leading to its 
proteasomal degradation.4 Furthermore, ET- 1 stabilizes HIF1α by 
inhibiting PHD2.35,36 Treatment of HepG2 and MCF7 cells with ET- 1 
resulted in inhibited PHD2 expression and induced HIF1α levels, 
along with upregulated expression of ETBR (Figure 6A). The com-
bination treatment prevented the effects of ET- 1 on inducing ETBR 
and HIFα expression, and increased PDH2 expression (Figure 6B). 
HIF1a can increase transcriptional expression of the survivin 
gene.37,38 Hence, we also found that MET and SVA combination 
treatment inhibited ET1- induced survivin expression (Figure 6A,B). 
Immunofluorescence showed that ET- 1- induced HIF1α protein was 
localized in the nucleus and reduced by the combination treatment 
(Figures 6C and S3). HIF1α is a key transcriptional regulator of mol-
ecules in angiogenic pathways. The decrease in HIF1α expression is 
associated with inhibition of tumor angiogenesis.

Bosentan is an endothelin receptor antagonist that targets 
ETAR and ETBR, and has been evaluated in clinical oncology for 
metastatic melanoma.39– 41 The combination treatment suppressed 
ET- 1- induced HIF1α, ETBR and survivin expressions at a level sim-
ilar to the inhibition of ETBR by bosentan or knockdown by small 
interfering RNAs (Figures 6D and S4). The combination of SVA and 
MET also displayed a stronger inhibition on cell proliferation com-
pared with bosentan (Figure 6E). This suggests that the MET and 
SVA combination inhibits ET- 1- induced hypoxia.

3.6  |  The MET and SVA combination suppresses 
growth and ET- 1- induced HIF1α  expression of breast 
cancer PDOs

PDO models have expanded the cell- line-  and xenograft- based re-
search of cancer and drug development. These models have been 
used to directly and rapidly test drug sensitivity and facilitate the 
identification of personalized tumor therapy.18,42 To explore the 
potential application of the combination of MET and SVA in cancer 
treatment, we first established breast cancer PDOs from eight pa-
tients and confirmed that the PDOs readily expanded. Hematoxylin 
and eosin staining was performed on paraffin sections of patient tu-
mors, and the results confirmed that the histopathological features 
of breast cancer PDOs showed a strong concordance with that of the 
corresponding parental tumor (Figure 7A and Table S1). The MET and 
SVA combination treatment dramatically inhibited the viability and 
volume of breast cancer PDOs compared with that of the single treat-
ments (Figure 7B– D). The expressions of ET- 1 and ETBR were also 
suppressed by the combination treatment (Figure 7E,F). Furthermore, 
ET- 1- induced HIF1α expression was inhibited by the combination 
treatment to a similar extent to that of bosentan (Figure 7G).

A schematic for our proposed model is shown in Figure 7H. We 
propose that the MET and SVA combination treatment induces its 
antitumor effects by inhibiting ET- 1- induced HIF1α expression and 
blocking the effects of HIF1α on promoting angiogenesis and sup-
pressing apoptosis.
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4  |  DISCUSSION

In this study, we demonstrated that the MET and SVA combination 
showed synergistic antitumor effects compared with either MET or 

SVA alone. The MET and SVA combination treatment was found to 
inhibit the growth of tumor cells, promote the apoptosis of tumor 
cells, inhibit angiogenesis, promote vessel normalization, and allevi-
ate hypoxia. Our results indicate that the MET and SVA combination 

F I G U R E  3  Inhibitory effects of the combination treatment of MET and SVA on tumor growth and mouse survival in vivo. BALB/cAnNCrl 
mice were injected with 4T1 cells and treated with 15 mg/kg/day SVA, 100 mg/kg/day MET, or the combination of 15 mg/kg/day SVA and 
100 mg/kg/day MET (n = 6 per group). C57BL/6J mice were injected with B16 cells and treated with 15 mg/kg/day SVA, 100 mg/kg/day 
MET or the combination of 15 mg/kg/day SVA and 100 mg/kg/day MET (n = 6 per group). Tumor weight (A, D), tumor growth (B, E), and 
survival (C, F) of the individual groups were recorded. (G, H) Immunohistochemistry staining of cleaved caspase 3 in 4T1 and B16 tumors. 
Bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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may exert its effects through the prominent inhibition of ET- 1/ETBR 
expression, and subsequently suppression of expression and nuclear 
localization of ET- 1- induced HIF1α.

A previous study examined the combination treatment of MET 
and SVA in polycystic ovary syndrome.43 Other studies explored the 
combination treatment and the related cancer inhibitory activity in 
prostate cancer, colorectal cancer, hepatocellular carcinoma, and 
endometrial cancer.44– 51 Our results demonstrated that the MET 
and SVA combination treatment showed a wide range of anticancer 
effects in breast cancer, hepatocellular carcinoma, lung cancer, and 
cervical cancer. In addition, we confirmed that SVA combined with 
MET resulted in synergistic antitumor effects compared with the 
use of SVA or MET alone.

The combination treatment of MET and SVA induced apoptosis 
and inhibited proliferation,44,45 which was regulated by increasing 
the catalytic activity of AMPKα and expression of the phosphatase 
and tensin homolog (PTEN) tumor suppressor.50,51 In our study, we 
found that the MET and SVA combination inhibited cell growth, ac-
companied by decreased RB and MCM7 expression, and promoted 
apoptosis, accompanied by increased cleaved- caspase 3 and de-
creased survivin.

Angiogenesis is a critical hallmark of cancer.27 We previously 
showed that MET or SVA as single agents inhibited tumor angiogen-
esis and induced vessel normalization.12,16,52 In this study, we found 
that the MET and SVA combination treatment inhibited angiogenesis 
and promoted the integrity of the vascular structure and functional 

F I G U R E  4  Inhibitory effects of the combination treatment of MET and SVA on cancer cells. (A) Colony formation assays were performed 
in HepG2, Hep3B, A549, H1299, SiHa, and C33A cells treated with 2.5 μM SVA, 5 mM MET or the combination of 2.5 μM SVA and 5 mM 
MET for 24 h as well as MCF7 and MDA- MB- 231 cells treated with 1 μM SVA, 10 mM MET or the combination of 1 μM SVA and 10 mM 
MET for 24 h. Images were obtained after 14 days of culture. (B) Western blotting of the indicated proteins in HepG2, Hep3B, MCF7, and 
MDA- MB- 231 cells treated with SVA, MET or the combination of SVA and MET. (C, D) The percentages of apoptotic cells in HepG2 and 
Hep3B cells treated with 2.5 μM SVA, 5 mM MET or the combination of 2.5 μM SVA and 5 mM MET for 24 h as well as MCF7 and MDA- 
MB- 231 cells treated with 1 μM SVA, 10 mM MET or the combination of 1 μM SVA and 10 mM MET for 24 h. (E) Western blot analysis of the 
indicated proteins in HepG2, Hep3B, MCF7, and MDA- MB- 231 cells treated with SVA, MET or the combination of SVA and MET. **P < 0.01, 
***P < 0.001.
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normalization in a synergistic manner, with greater effects than MET 
or SVA alone, in tumors of orthotopically transplanted mice. RNA- 
seq results revealed that the gene encoding ET- 1 was downregulated 
in cells treated with the MET and SVA combination treatment. ET- 1 

plays an important role in mitosis of blood vessel endothelial cells, 
fibroblasts, vascular smooth muscle cells, and pericytes, and it is 
highly expressed in many tumors. The ETBR receptor for ET- 1 also 
regulates the proliferation of blood vessel endothelial cells.34 ET- 1 
promotes tubular network formation through ETBR in melanoma 
cells.34,53,54 Here, we found that the MET and SVA combination 
treatment led to reduced ET- 1 and ETBR expression levels in vitro 
and in vivo. Thus, inhibition of ET- 1- ETBR- mediated angiogenesis 
may represent a new important antitumor strategy.

In tumors, hypoxic conditions can lead to the induction of angio-
genesis, resistance of apoptosis, and promotion of cell proliferation, 
a process that is regulated by HIF1α.3 Our findings demonstrated 
that the MET and SVA combination treatment led to decreased 
hypoxia area, inhibited growth, and induced apoptosis in tumors. 
ET- 1 stabilizes HIF1α by inhibiting PHD2 expression to control the 
tumor hypoxic environment.35,36 Our results shown that ET- 1 in-
duced ETBR and HIF1α expression, accompanied by a downregu-
lation of PHD2 and subsequently an upregulation of survivin. MET 
and SVA combination treatment downregulated ET1- induced HIF1α 
expression in vivo and in vitro. Consequently, we speculated that 
MET and SVA combination treatment inhibited angiogenesis and cell 
proliferation, and induced apoptosis. However, hypoxia also upregu-
lates ET- 1 expression.55 One study showed that survivin attenuated 
hypoxia- induced transcriptional induction of ET- 1 by increasing the 
polyubiquitination of HIF1α, reducing HIF1α levels and thereby de-
creasing the amount of HIF1α available to bind to the ET- 1 gene pro-
moter.56 Whether or not the MET and SVA combination treatment 

TA B L E  1  Effects of simvastatin and metformin on cancer cell 
lines

Cell line
Combination index 
(CI50)a

HepG2 0.458 Synergism

Hep3B 0.325 Strong 
synergism

MCF7 0.5 Synergism

MDA- MB- 231 0.625 Moderate 
synergism

A549 0.35 Strong 
synergism

H1299 0.375 Strong 
synergism

SiHa 0.72 Moderate 
synergism

C33A 0.75 Moderate 
synergism

aCI50 > 1.3 (antagonism); 1.3 ≥ CI50 > 1.1 (moderate antagonism); 
1.1 ≥ CI50 > 0.9 (additive effect); 0.9 ≥ CI50 > 0.8 (slight synergism); 
0.8 ≥ CI50 > 0.6 (moderate synergism); 0.6 ≥ CI50 > 0.4 (synergism); 
0.4 ≥ CI50 > 0.2 (strong synergism).

F I G U R E  5  The effects of MET and SVA on hypoxia and ET- 1. (A) Heat map of hypoxia- related genes in the indicated SVA and MET 
treatment groups. (B) Western blotting of ET- 1, ETAR, and ETBR in HepG2 and MCF7 cells treated as indicated. Immunofluorescence of 
CD31 (green) and ETBR (red) of frozen sections of 4T1 tumors (C) and B16 tumors (D) from the indicated treatment groups. Bar = 25 μm. 
**P < 0.01, ***P < 0.001.
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downregulates hypoxia- induced ET- 1 expression, consequently in-
fluencing the HIF1α and ET- 1 feedback loop, is unknown, and we 
plan to examine this question in our next study.

The therapeutic blockade of ETBR is an attractive strategy for 
antitumor treatment, and several clinical studies have explored 
endothelin receptor antagonists as potential candidates for can-
cer therapy.34 Bosentan is an ETBR antagonist that is used in the 
treatment of pulmonary arterial hypertension. A phase II trial ex-
ploring the use of bosentan in metastatic melanoma is ongoing.41,57 

Notably, our findings showed that the MET and SVA combination 
treatment showed similar effects on the regulation of ET- 1- induced 
HIF1α downregulation and PHD2 upregulation as bosentan in both 
tumor cells and breast cancer PDOs. These findings support the pos-
sibility of the MET and SVA combination and its inhibition of the 
ET- 1- HIF1α axis as a potential therapeutic strategy for antitumor 
treatment. However, our results were derived from only eight breast 
cancer PDOs and therefore more tumors and more tumor types are 
needed to further our findings.

F I G U R E  6  MET and SVA combination treatment inhibits the ET- 1- ETBR- HIF1α signaling axis. (A) Western blot analysis of HIF1α, ETBR, 
PHD2, and survivin in HepG2 and MCF7 cells treated with 100 nM endothelin 1 for 0, 0.5, 1, or 2 h. (B) Western blot analysis of HIF1α, 
ETBR, PHD2, and survivin in HepG2 and MCF7 cells pre- treated with 100  nM (ET- 1) for 1 h and then treated with SVA and/or MET for 
24 h. (C) Immunofluorescence of HIF1α (green) in HepG2 cells with 100 nM (ET- 1) pretreatment followed by SVA and/or MET treatment. 
Bar = 25  μm. (D) Western blot analysis of HIF1α, ETBR, PHD2, and survivin in HepG2 and MCF7 cells pretreated with 100 nM (ET- 1) for 1 h 
and then treated with 100 nM bosentan or SVA and MET for 24 h. (D) Western blot analysis of HIF1α, ETBR, PHD2, and survivin in HepG2 
and MCF7 cells pretreated with 100 nm (ET- 1) for 1 h and then treated with 100 nm bosentan or SVA and MET for 24 h. (E) Cell viability curve 
of HepG2 and MCF7 cells after treatment with SVA and MET or bosentan for 24, 48, or 72 h.



    |  651LIU et al.

Notably, our work identifies the MET and SVA combination as a 
more effective antitumor strategy compared with the ETBR antag-
onist bosentan. The development and approval of new drugs face 
many challenges in terms of effort, time, and expense, and drug de-
velopment research is often accompanied by a high failure rate. Drug 
repurposing, in which drugs are applied for medical conditions other 
than their original indication, has emerged as a critical and valuable 
strategy for drug research and development.58 MET and SVA are 
first- line clinical medications that are widely used for reducing hy-
perglycemia and hyperlipemia, respectively. Importantly, the safety 
and tolerability of both drugs have been tested and well established. 

Our findings therefore have great value in establishing MET and SVA 
as a potential and powerful anticancer strategy, reducing the time 
and cost of research and development.

The MET and SVA combination exerts its antitumor effects by 
alleviating hypoxia and decreasing angiogenesis. Importantly, im-
provement of the tumor hypoxic microenvironment and reduction 
of angiogenesis can increase the sensitivity of chemotherapy, ra-
diotherapy, and tumor immunotherapy,4,59– 61 therefore we specu-
late that application of the combination treatment of MET and SVA 
together with chemotherapy, radiotherapy, or immunotherapy may 
have powerful therapeutic effects and improve patient prognosis.

F I G U R E  7  MET and SVA combination inhibits the growth of breast cancer patient- derived organoid (PDOs) and ETBR and HIF1α 
expression. (A) Hematoxylin and eosin staining of primary breast cancer tumor and PDO. Bar = 50 μm. (B) Images of PDOs treated 
with SVA and/or MET for 72 h. The viability (C) and volume (D) of breast cancer PDOs (diameter ≥ 50 μm) treated as indicated for 
72 h. Immunofluorescence of ET- 1 (E, red) and ETBR (F, green) in PDO treated with SVA and/or MET for 72 h. Bar = 25 μm. (G) 
Immunofluorescence of HIF1α (green) in PDOs pretreated with 100 nm (ET- 1) for 1 h and then treated with 100 nm bosentan or SVA and 
MET. Bar = 50 μm. (H) Schematic model. The SVA and MET combination regulates the ET- 1- ETBR- HIF1α signaling axis to induce apoptosis, 
inhibit angiogenesis, and promote vessel normalization.
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