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Abstract. Sinensetin (SIN) is a polymethoxy flavone primarily 
present in citrus fruits. This compound has demonstrated 
anticancer activity. However, the underlying mechanism of its 
action has not been fully understood. The present study inves‑
tigated the impact of SIN on angiogenesis in a liver cancer 
model. In a murine xenograft tumor model, SIN inhibited the 
growth of HepG2/C3A human liver hepatoma cell‑derived 
tumors and reduced the expression levels of platelet/endo‑
thelial cell adhesion molecule‑1 and VEGF. In HepG2/C3A 
cells, SIN repressed VEGF expression by downregulating 
hypoxia‑inducible factor expression. In cultured human 
umbilical vein endothelial cells, SIN increased apoptosis 
and repressed migration and tube formation. In addition, SIN 
decreased the phosphorylation of VEGFR2 and inhibited the 
AKT signaling pathway. Molecular docking demonstrated that 
the VEGFR2 core domain effectively combined with SIN at 
various important residues. Collectively, these data suggested 
that SIN inhibited liver cancer angiogenesis by regulating 
VEGF/VEGFR2/AKT signaling.

Introduction

Angiogenesis is required for tumor development (1). This 
process involves the interaction between various cell types and 
molecules, contributing to basement membrane degradation, 

endothelial cell (EC) migration and proliferation and tube 
formation (2). As one of the primary malignant tumors with 
high mortality rates worldwide, liver cancer is characterized 
by an abundant blood supply (3). Therefore, liver cancer 
angiogenesis is a therapeutic target (4,5). New agents of 
anti‑angiogenic therapy are greatly required.

Sinensetin (SIN) is a polymethoxy flavone containing five 
methoxy groups that is present mainly in citrus fruits (6). 
Previous studies have demonstrated that SIN can inhibit the 
development of several malignant tumors, such as gallbladder 
adenocarcinoma, T‑cell lymphoma and gastric cancer (7‑9). A 
recent study revealed that SIN may be a potential anticancer 
drug targeting autophagy of hepatocellular carcinoma (10). 
However, the effects of SIN on liver cancer angiogenesis 
remain to be elucidated.

Angiogenesis is regulated by various angiogenic factors, 
such as VEGF and its receptor (11), platelet‑derived growth 
factor and angiopoietin (12‑14). Among them, VEGFRs are 
the key mediators of angiogenesis (15). VEGF is mainly 
produced by tumor cells, notably found in benign and malig‑
nant lesions (16). The increase in VEGF expression induced 
by tumor secretion is caused by specific hypoxia‑inducible 
factors (HIFs) (17). As a receptor of VEGF, VEGFR is mainly 
located on the EC membrane and has the three following 
types: VEGFR1, VEGFR2 and VEGFR3. VEGFR2 is mainly 
present in vascular ECs (18). VEGF is released by tumor cells 
and can bind to VEGFR2 on ECs, causing its autophosphory‑
lation. Following phosphorylation at Tyr1175 of VEGFR2, the 
latter binds to the p85 subunit of phosphoinositide‑3‑kinase 
(PI3K) and activates the PI3K‑AKT signaling pathway (19). 
However, it remains unclear whether SIN can block the signal 
transduction of VEGF/VEGFR2 and eventually lead to inhibi‑
tion of angiogenesis in liver cancer.

The present study observed that SIN inhibited the growth 
and angiogenesis of HepG2/C3A‑derived tumors in vivo. 
In vitro experiments revealed that SIN reduced VEGF through 
HIF1‑α in the hepatoblastoma cell line HepG2/C3A. In 
addition, it was observed that SIN promoted apoptosis and 
inhibited proliferation in human umbilical vein endothelial 
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cells (HUVECs), causing the repression of invasiveness and 
pro‑angiogenic process of ECs. Moreover, SIN downregulated 
VEGFR2 phosphorylation and the expression levels of its 
downstream targets in ECs. The data indicated that SIN may 
inhibit angiogenesis by regulating the VEGF/VEGFR2/AKT 
signaling pathway.

Materials and methods

Chemicals and reagents. The antibody against VEGF was 
purchased from Novus Biologicals. The primary antibodies 
including anti‑VEGFR2 (cat. no. 9698), anti‑phosphorylated 
(p)‑VEGFR2 (Tyr1175) (cat. no. 3770), anti‑AKT (cat. no. 4691), 
anti‑p‑AKT (Ser473) (cat. no. 4060), anti‑platelet/endothelial 
cell adhesion molecule‑1 (CD31) (cat. no. 77699), β‑actin 
(cat. no. 4970), GAPDH (cat. no. 2118) and α‑tubulin (cat. 
no. 2125) were acquired from Cell Signaling Technology, 
Inc.; anti‑HIF‑1α (cat. no. 20960‑1‑AP) was provided by 
ProteinTech Group, Inc. Synthetic SIN (>98% purity; cat. 
no. SS8550) was purchased from Beijing Solarbio Science & 
Technology Co. Ltd. and characterized by mass spectrometry. 
Recombinant human VEGF (VEGF165; cat. no. 100‑20) and 
insulin‑like growth factor 1 (IGF‑1; cat. no. 100‑11) were 
purchased from PeproTech, Inc. SU1498 (cat. no. HY‑19326) 
is a selective VEGFR2 inhibitor, which was obtained from 
MedChemExpress.

Xenograft tumor growth assay. A total of 10 male BALB/c nude 
mice (age, 4 weeks; weight, 15‑20 g) purchased from Beijing 
Weitong Lihua Biotechnology Co., Ltd., were used for the tumor 
xenograft growth assay. Mice were housed at room tempera‑
ture (22±1˚C) with 50% humidity under special pathogen‑free 
conditions with a 12‑h light/dark schedule. All animal studies 
were conducted with approval (no. 2017‑106) obtained from 
the Ethics Committee of Shandong Provincial Qianfoshan 
Hospital. HepG2/C3A cells (ATCC) (5x107/ml) suspended in 
0.2 ml 1:1 serum‑free DMEM and Matrigel (Corning, Inc.) 
were implanted into the right flank of the mice (20). When 
the tumor size reached a volume of 100 mm3 (approximately 
two weeks), tumor‑bearing mice were randomized into two 
groups (n=5, each group). The experimentalgroupmice were 
administered with SIN (40 mg/kg) (21) by gavage every day 
for 14 days and the control group received the same volume of 
0.9% normal saline for 14 days. Animal health and behavior 
were monitored daily. The tumor diameter was measured by 
a slide caliper and the body weight was recorded every two 
days. The maximum diameter of the observed tumors was 
17 mm. The tumor size was calculated with the following 
formula: Length x width2 x 0.5. Tumors exceeding 10% of the 
body weight of mice or became infected were used as humane 
endpoints. Animals were euthanized using 30% volume/min 
CO2 upon reaching experimental or humane endpoints. None 
of nude mice died during the experiment. Following 14 days, 
the tumors were harvested and subsequently used for western 
blot and immunohistochemical (IHC) analyses. The duration 
of the experiment was 4 weeks from the start of the experiment. 
Cell inoculation and sample collection were performed under 
anesthesia using 1% (w/v) pentobarbital sodium (40 mg/kg) 
injections intraperitoneally and all efforts were made to mini‑
mize suffering, discomfort and distress.

IHC assay. The tumors were fixed overnight in 4% formal‑
dehyde at room temperature, and then ethanol was used for 
dehydration at the conventional gradient, xylene for vitrifica‑
tion and paraffin for embedding. Sections (5 µm) were created 
and deparaffinized with graded xylene and rehydrated by 
graded ethanol. Following heat‑induced antigen retrieval in 
citrate buffer (pH 6.0) in a high‑pressure sterilizer at 121˚C 
for 10 min, the slides were treated with 3% hydrogen peroxide 
to quench endogenous peroxidase activity and subsequently 
incubated with 4% bovine serum albumin at 37˚C for 
30 min. The tumor tissue slides were incubated with primary 
anti‑CD31 antibodies (1:100) at 4˚C overnight and washed with 
PBS three times. HRP‑labeled secondary antibody from the 
MaxVision™ HRP‑Polymer anti‑mouse/rabbit IHC kit (ready 
to use; cat. no. KIT5020; Fuzhou Maixin Biotech Co., Ltd.) 
was applied and incubated for 30 min at room temperature. 
The slides were then dehydrated in an ascending graded series 
of absolute ethyl alcohols, cleared in xylene and cover‑slipped 
with neutral balsam. Following treatment with hematoxylin 
for 2 min at room temperature to stain the nuclei, images were 
captured using a light microscope and in ten random fields at 
x200 magnification.

Cell culture. HUVECs (cat. no. PCS‑100‑010) and 
HepG2/C3A (cat. no. CRL‑10741) cells were purchased from 
the American Type Culture Collection. HUVECs were incu‑
bated in Endothelial Cell Medium (ECM; ScienCell Research 
Laboratories, Inc.) containing 5% fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc.) and 1% EC growth 
supplement (ECGS; ScienCell Research Laboratories, Inc.) 
at 37˚C. HepG2/C3A cells were incubated in Dulbecco's 
modified Eagle's medium (HyClone; Cytiva) comprising 10% 
FBS in a hypoxic incubator with 94% N2, 5% CO2 and 1% O2 

at 37˚C.

Proliferation assay. HUVECs were harvested and seeded into 
96‑well plates at a density of 5x103 cells/well and exposed 
to various concentrations of SIN (3, 10, 30, 60 and 100 µM). 
Following culture for 24 h, the viability of HUVECs was 
detected using CCK‑8 (Dojindo Molecular Technologies, 
Inc.). The optical density, which represented the proliferation 
of HUVECs, was measured at 450 nm using a Spectra Max 
190 (Molecular Devices, LLC).

Apoptosis assay. The induction of apoptosis in HUVECs 
was assessed using Annexin V‑FITC and propidium iodide 
staining (ELabscience Biotechnology, Inc.). Following treat‑
ment with SIN, HUVECs were collected and resuspended in a 
binding buffer at a final concentration of 1x106 cells/ml. Single 
cells were incubated with 5 µl Annexin V‑FITC and 5 µl PI 
for 15 min at room temperature in the dark. The percent‑
ages of early and late apoptotic cells were assessed using a 
FACSAria II flow cytometer (BD Biosciences) to calculate 
the apoptotic rate. Data were analyzed using FlowJo (V10; 
FlowJo LLC).

Wound healing assay. Migration was assessed using a scratch 
wound healing assay. The cells were seeded (4x105/well) into 
6‑wellplates. A straight scratch was introduced in HUVEC 
monolayers using a 200‑µl plastic pipette tip. Following 
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incubation for a further 24 h in EBM containing 1% FBS, the 
average distance of the cells migrating into the wound was 
monitored by a light microscope (magnification, x100; Olympus 
Corporation). The migrated distance was calculated using 
ImageJ software (version1.49p; National Institutes of Health).

Transwell assay. Transwell inserts (Corning, Inc.) with a pore 
size of 8‑µm were used to assess the migratory ability of ECs. 
HUVECs (1x105/well) were resuspended in 500 µl serum‑free 
medium with SIN (30 µM) and subsequently added to the 
upper plate compartment. The medium supplemented with 
10% FBS was filled to the bottom chamber. The invaded 
cells were treated with 4% paraformaldehyde for 10 min and 
stained with 0.1% crystal violet (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 30 min at room temperature. Finally, the 
cells numbers in five randomly selected fields were counted 
under an inverted microscope (magnification, x100; Olympus 
Corporation).

Angiogenesis assay. For this assay, 96‑well plates were 
pre‑coated with Matrigel (50 µl) for 30 min at 37˚C. SIN 
was dissolved in DMSO, which was used as a control group. 
HUVECs were resuspended at 1‑2x104 cells/ml in serum‑free 
EBM‑2 with SIN and loaded on top of the Matrigel. Following 
culture for 6 h, the images were captured using a light micro‑
scope (magnification, x40; Olympus Corporation). Vessel 
morphometric parameters, including vessel number, were 
quantified using ImageJ software (version1.49p; National 
Institutes of Health). Tube formation was expressed as a 
percentage of the control group.

Western blotting. The lysates of HUVECs were extracted 
using RIPA lysis buffer. The homogenates were centrifuged 
at 12,000 x g for 15 min at 4˚C. The concentration levels of 
the protein samples were evaluated using a bicinchoninic acid 
protein analysis kit (Thermo Fisher Scientific, Inc.). Total 
protein (30 µg) was electrophoresed on 7.5 and 10% SDS‑PAGE 
gels for 1 h using an electrophoresis apparatus (Bio‑Rad 
Laboratories, Inc.) and transferred to PVDF membranes 
(MilliporeSigma) at 280 mA for 2 h, followed by blocking 
in 5% non‑fat milk for 1.5 h. The membranes were incubated 
at 4˚C overnight with rabbit CD31, p‑VEGFR2, VEGFR2, 
p‑AKT, AKT, β‑actin and GAPDH (1:1,000 each), HIF‑1α 
(1:500), α‑tubulin (1:3,000) and mouse VEGF (1:1,000) anti‑
bodies. Following washing with TBS‑T (0.1% Tween‑20) three 
times, the membranes were incubated with HRP‑conjugated 
secondary antibodies (ShanghaiMorui Biotechnology) for 2 h 
at room temperature and developed with enhanced chemi‑
luminescence (ECL; MilliporeSigma) reagents. The signal 
intensity was calculated using ImageJ software (version1.44p; 
National Institutes of Health).

Tumor‑conditioned medium (CM) preparation. HepG2/C3A 
cells were plated at a density of 5x105 cells/ml in 6‑well plates 
with DMEM containing 10% FBS overnight. At 90% conflu‑
ence, the cells were transferred from a normoxic (21% O2) to a 
hypoxic (1% O2) environment for 48 h following replacement 
of the medium with or without 30 µM SIN. The collected CM 
was filtered through a 0.2‑µm filter (Corning, Inc.) and stored 
in a freezer at ‑80˚C.

ELISA of conditioned media. VEGF levels in HepG2/C3A CM 
were assessed using a human VEGF Quantikine ELISA kit 
(cat. no. E‑TSEL‑H0026; ELabscience Biotechnology, Inc.) 
following the manufacturer's protocol. The experiment was 
repeated in triplicate, with five biological samples each time.

Reverse transcription‑quantitative (RT‑q) PCR. HepG2/C3A 
cells (2x105/ml) were treated with or without SIN in 6‑well plates 
under hypoxic conditions for 48 h. Total RNA in the cells was 
extracted using RNAiso Plus kit (Takara Bio, Inc.). The RNA 
concentration levels were measured using spectrophotometry 
(NanoDrop 2000; Thermo Fisher Scientific, Inc.). Following 
treatment with DNAse, 1 µg RNA was reverse‑transcribed 
using a reverse transcriptase kit (Thermo Fisher Scientific, 
Inc.). RT‑qPCR was performed using SYBR‑Green I Master 
(Vazyme Biotech Co., Ltd.). RNA extraction, cDNA synthesis 
and qPCR were performed according to the manufacturer's 
protocols. The primer sequences used were obtained from a 
previously published study (22) and synthesized by Invitrogen 
(Thermo Fisher Scientific, Inc.). The thermocycling conditions 
were as follows: 95˚C for 30 sec, followed by 40 cycles at 95˚C 
for 10 sec and 60˚C for 30 sec. The relative expression levels of 
the target genes were normalized to that of GAPDH using the 
2‑∆∆Cq method (23). The primer sequences used were: Human 
VEGF, forward, 5'‑AAA GGG AAA GGG GCA AAA ACG 
AA‑3' and reverse, 5'‑AGG AAC ATT TAC ACG TCT GCG G‑3'; 
and human GAPDH, forward, 5'‑TGA TGA CAT CAA GAA 
GGT GGT GAA G‑3' and reverse, 5'‑TCC TTG GAG GCC ATG 
TGG GCC AT‑3'. All PCR was repeated in triplicate.

Molecular docking. The crystal structure file of VEGFR2 
(PDB ID: 3VHE) was downloaded from the Protein Data 
Bank (PDB) database (http://www.rcsb.org/). Prior to docking, 
the water molecules of VEGFR2 were removed and subse‑
quently hydrogen atoms and charges (24) were added to the 
structure of this receptor. The SIN structure file was obtained 
from the following website: http://zinc.docking.org/. Molecular 
docking was used to predict the optimal binding site for SIN to 
VEGFR2 (AutoDock 4.2) (25). The docking position of SIN on 
VEGFR2 was defined at the active site with a proper grid box; 
the grid box size was 68x72x74; the grid center was ‑24.402 Å, 
‑0.107 Å and ‑4.276 Å and the grid space was 0.704 Å. The 
optimal binding mode between SIN and VEGFR2 was 
acquired under the minimum binding free energy conforma‑
tion and the output results of AutoDock 4.2 were presented 
to PyMol 1.8.2.0 (Schrödinger, LLC) and Discovery Studio 
2016 Client (BIOVIA Discovery Studio Client v16; Dassault 
Systèmes) software for further analysis.

Statistical analysis. All results are presented as the mean ± stan‑
dard deviation (SD). Unpaired Student's t‑test was applied for 
two‑group comparisons. Significance among multiple groups 
were calculated by one‑way ANOVA with Bonferroni's post‑hoc 
test using GraphPad Prism 5 (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

SIN inhibi ted the growth and angiogenesis  of 
HepG2/C3A‑derived tumors in vivo. The chemical structure 
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of SIN is displayed in Fig. 1A. To examine whether SIN could 
inhibit tumor growth in vivo, HepG2/C3A tumor models were 
established in BALB/c nude mice. The analysis of the growth 
curve of model mice indicated that SIN exerted an antitumor 
effect. As depicted in Fig. 1B, after 14 days of treatment with 

SIN or saline, the tumor volume in SIN treatment group was 
smaller than the control group. The difference became more 
significant with increasing the drug application time (Fig. 1C) 
(day 10, 12 and 14; P<0.05). As one of cachexia‑associated 
symptoms, the body weight of control group increased slowly, 

Figure 1. Effects of SIN on HepG2/C3A tumor growth and angiogenesis in BALB/c nude mice. (A) Chemical structure of SIN. (B) Representative images of 
HepG2/C3A cell‑derived tumors obtained on the last day of the animal experiment. (C) Growth curve of HepG2/C3A cell‑derived tumors. n=5, *P<0.05 vs. 
the control group. (D) Body weight change of the different groups. n=5. (E) Representative images of IHC staining (magnification, x200) in tumor samples 
on day 14 and statistical analysis of CD31 staining results. n=3, *P<0.05 vs. the control group. (F and G) Western blotting and relative gray value analyses of 
CD31 and VEGF protein expressions in tumor tissues. n=3, **P<0.01. SIN, sinensetin; IHC, immunohistochemical; CD31, platelet/endothelial cell adhesion 
molecule‑1; VEGF, vascular endothelial growth factor; AOD, average optical density. 
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but there were no significant differences between the two 
groups (Fig. 1D). As CD31 is a marker of neovasculariza‑
tion (26), CD31expression was evaluated using IHC analysis 
and western blotting. Staining for CD31 revealed that CD31 
expression was significantly lower in SIN treatment group 
than in the control group (Fig. 1E; P<0.05). The CD31 results 
of western blotting were also lower in SIN group, consistent 
with the results of IHC staining (Fig. 1F and G; P<0.01). As 
an indicator of growing tumor tissue, VEGF could promote 
the growth of ECs (15). Western blotting revealed that SIN 
inhibited VEGF expression in HepG2/C3A‑derived tumor 
tissues (Fig. 1F and G).

SIN suppresses angiogenesis in vitro by promoting apoptosis 
and inhibiting proliferation, migration and tube formation 
of HUVECs. Under different SIN concentrations (3, 10, 30, 
60 and 100 µM) for 24 h, cytotoxicity was measured using 
CCK8 assay. VEGF was used as a positive control in the 
present study. As an angiogenic factor secreted by tumor cells 
under hypoxic conditions (15), VEGF will bind to VEGF 
receptor 2 on ECs (27) and promote proliferation, migration 
and survival of ECs. As shown in Fig. 2A, SIN demonstrated a 
concentration‑dependent inhibitory effect on the proliferation 
of HUVEC. In addition, endothelial cell proliferation induced 
by VEGF can be inhibited by SIN. These results suggested 
that SIN inhibited the proliferation of HUVEC. For 30, 60 
and 100 µM, this effect was significant (P<0.01). Hence, SIN 
at a concentration of 30 µM was employed for subsequent 
experiments. To further explore the reasons for decreased cell 
viability, the apoptosis levels of HUVECs were assessed by 
Annexin V‑FITC/PI stain. DMSO‑dissolved SIN (30 µM) 
was added to the experimental group. Flow cytometry results 
revealed that VEGF inhibited apoptosis in HUVECs, but it was 
reversed by SIN (Fig. 2B; P<0.01). As wound healing assays and 
Transwell assays showed, HUVEC migration was enhanced 
by VEGF compared to the control group but was significantly 
attenuated in SIN‑treatment group (P<0.05; Fig. 2C; P<0.01; 
Fig. 2D). To further explore the potential antiangiogenic effect 
of SIN, tube formation was performed in 96‑well plates. The 
experimental results indicated that VEGF could promote tube 
formation; by contrast, SIN inhibited angiogenesis in vitro 
(P<0.01; Fig. 2E). The migration assays and tube formation 
also showed a decreased tendency in SIN group compared to 
control group, but were not statistically significant. All these 
data indicated that angiogenesis was suppressed by SIN.

SIN suppresses angiogenesis by inhibiting the activity of 
VEGF in HepG2/C3A. VEGF is a pivotal enabling factor 
for angiogenesis (28), which HIF regulates (29). HIF‑1α, as 
a regulatory subunit, can be increased under hypoxic condi‑
tions (30). HepG2/C3Acells were exposed to 30 µM SIN under 
hypoxic conditions for 48 h and western blot analyses revealed 
that HIF‑1α and VEGF levels were significantly elevated 
under hypoxic conditions (P<0.05) but could be reversed by 
SIN (P<0.05; Fig. 3A). After incubation with SIN (30 µM) 
under hypoxic conditions for 48 h, CM of HepG2/C3A was 
collected to detect the secretion level of VEGF in the superna‑
tant. The results revealed that VEGF content in CM increased 
significantly under hypoxia (P<0.001), but was inhibited under 
SIN treatment (P<0.05; Fig. 3B). VEGF mRNA expression 

was measured in SIN‑treated HepG2/C3A cells under hypoxic 
conditions and PCR results revealed that SIN demonstrated 
a robust VEGF inhibitory effect under hypoxic conditions 
(P<0.05; Fig. 3C). As one of the tumor cell‑secreted angiogenic 
growth factors, VEGF is a crucial agent for angiogenesis (31). 
To mimic in vivo angiogenesis events, CM of HepG2/C3A 
cells were collected to coculture with HUVECs (32) after 
48 h of hypoxia exposure in a serum‑free medium. CM from 
non‑SIN‑treated HepG2/C3A cells was used as the control. 
Tube formation was observed after 6 h CM treatment. As 
shown in Fig. 3D, hypoxia increased VEGF and promoted 
angiogenesis, but SIN repressed VEGF expression and 
inhibited angiogenesis (P<0.001). These results indicated that 
the decrease of VEGF induced by SIN in HepG2/C3A cells 
contributed to angiogenesis inhibition.

SIN inhibits phosphorylation of VEGFR2 and AKT signaling 
pathway. VEGF binds to VEGF receptor 2 on ECs and 
promotes proliferation, migration and survival of ECs (33). 
To explicit the effect of SIN on VEGFR2 protein expres‑
sion, HUVECs were treated with SIN containing exogenous 
VEGF or not for 30 min and then western blotting performed. 
p‑AKT, as a downstream signaling molecule of p‑VEGFR2, 
was also observed by western blotting. Phosphorylation levels 
of VEGFR2 and AKT were significantly increased under 
VEGF treatment (both P<0.01), while they were decreased 
in SIN‑treated HUVEC, even with VEGF (both P<0.05; 
Fig. 4A and B).

To further demonstrate the anti‑angiogenesis mechanism 
of SIN, whether it depended on p‑VEGFR2, p‑AKT, or both, 
VEGF and SU1498 were used in a serum‑free medium to 
treat HUVECs. As a selective inhibitor of VEGFR2, SU1498 
was used as a positive control (34). Immunoblot analyses 
revealed that phosphorylation of VEGFR2 was inhibited by 
SIN similarly to SU1498 (Fig. 5A). IGF‑1, which is an activator 
of PI3K/AKT pathway, was used as a negative control (35). 
AKT is a downstream target protein of VEGFR2 (36). After 
90 min exposure to IGF (10 ng/ml), AKT phosphorylation in 
HUVECs significantly increased, but it could not be reversed 
by SIN (Fig. 5B). The above results suggested that SIN mainly 
acted on VEGFR2 to inhibit angiogenesis rather than acted 
directly on AKT.

Molecule docking analysis. As one of the best theoretical 
methods, molecular docking has traditionally been employed 
to study binding affinities between target proteins and virtually 
screened ligands (37). To more effectively mimic the internal 
environment, molecular docking analysis was performed 
using VEGFR2 (PDB ID: 3VHE) to determine the interac‑
tions between SIN and VEGFR2 (38). Molecular docking 
studies revealed that SIN occupied the active site, as displayed 
in Fig. 6A‑C. SIN was surrounded by some hydrophobic 
residues (PHE918, VAL899, VAL916, LEU840, GLY922, 
ALA866, LEU1035, PHE1047, VAL848 and ALA1050) and 
some polar residues (CYS919, GLU917, LYS868, ASN923, 
CYS1045 and LYS920), as depicted in Fig. 6D. The hydro‑
phobic force may contribute to the interactions between SIN 
and VEGFR2. The hydrogen bond interactions between SIN 
and CYS 919 residue might decrease the hydrophilicity while 
increasing the hydrophobicity of VEGFR 2. As demonstrated 
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Figure 2. SIN inhibits angiogenesis in vitro by promoting apoptosis and inhibiting HUVEC migration, proliferation and tube formation. (A) Inhibitory effects 
of different doses of SIN on the proliferation of HUVECs. The data are presented as percentages of respective control values for cell viability. n=8, *P<0.05, 
**P<0.01, VEGF + SIN group vs. the VEGF + vehicle group; ##P<0.01, SIN group vs. the vehicle group. (B) Effects of SIN on induction of HUVEC apoptosis. 
The cells were treated with or without VEGF and SIN. The levels of apoptosis were assessed using flow cytometry analysis. n=3, **P<0.01. (C) The effects 
of SIN on the migration of HUVECs were assessed using the wound‑healing assay (magnification, x100). n=3, *P<0.05. (D) SIN inhibits HUVEC migration 
as demonstrated by Transwell assays (magnification, x100). n=3, **P<0.01, ***P<0.001. (E) The angiogenic activity of HUVECs was inhibited by SIN as 
determined by the tube formation assays (magnification, x40). n=8, **P<0.01, ***P<0.001. SIN, sinensetin; HUVEC, human umbilical vein endothelial cells; 
VEGF, vascular endothelial growth factor. 
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Figure 3. SIN suppresses angiogenesis by inhibiting the activity of VEGF in HepG2/C3A cells. (A) SIN down regulated the expression levels of VEGF and 
HIF‑1α under hypoxic conditions as determined by western blot analysis. n=3, *P<0.05. (B) SIN inhibits VEGF secretion of HepG2/C3A cells under hypoxic 
conditions as determined by ELISA. n=5, *P<0.05, ***P<0.001. (C) The expression levels of VEGF were analyzed by RT‑qPCR in HepG2/C3A cells. n=3, 
*P<0.05, **P<0.01. (D) HepG2/C3A cells were pre‑incubated with SIN for 48 h in a hypoxic environment and subsequently CM was collected to assess tube 
formation. SIN‑treated CM inhibits the tube‑formation ability of HUVEC (magnification, x40). n=8, ***P<0.001. SIN, sinensetin; VEGF, vascular endothelial 
growth factor; HIF‑1α, hypoxia‑inducible factor 1α; RT‑qPCR, reverse transcription‑quantitative PCR; CM, tumor‑conditioned medium.

Figure 4. SIN inhibits phosphorylation of VEGFR2 and AKT in HUVECs. 
(A) SIN inhibits the phosphorylation of VEGFR2 induced by VEGF. The 
expression levels of p‑VEGFR2 and VEGFR2 in HUVECs treated with SIN 
were analyzed by western blotting. n=3, *P<0.05, **P<0.01. (B) SIN inhib‑
ited VEGFR2‑induced phosphorylation of AKT. p‑AKT and AKT were 
examined in HUVECs following treatment with SIN. n=3, *P<0.05, **P<0.01. 
SIN, sinensetin; VEGFR, vascular endothelial growth factor receptor; 
HUVECs, human umbilical vein endothelial cells; VEGF, vascular endothe‑
lial growth factor; p‑, phosphorylated. 

Figure 5. Decrease in AKT phosphorylation levels induced by SIN is 
dependent on the decrease of VEGFR2 phosphorylation. (A) The inhibitory 
effect of SIN on VEGFR2 phosphorylation was similar to that of SU1498. 
n=3, ***P<0.001. (B) SIN inhibits VEGFR2‑induced phosphorylation of 
AKT, which is reversible by IGF‑1. n=3, *P<0.05, **P<0.01. SIN, sinensetin; 
VEGFR, vascular endothelial growth factor receptor; IGF‑1, insulin‑like 
growth factor 1.
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in Fig. 6D, the residue GLU917held SIN at the active site 
through carbon‑hydrogen bonds. The residue PHE1047 formed 
a π‑π T‑shaped interaction, ALA866, CYS1045 and VAL848 
combined with SIN through π‑alkyl interactions. Furthermore, 
the residues LEU840, LEU1035 and PHE1047 held SIN at 
the binding pocket via π‑Sigma interactions. Additionally, 
the residues LYS920, PHE918, VAL899, VAL916, LYS868, 
GLY922, ASN923 and ALA1050 formed van der Waals forces 
between the pocket and SIN. These results indicate that SIN 
inactivates the VEGF/VEGFR2 axis, resulting in decreased 
AKT phosphorylation downstream and participating in its 
anti‑angiogenesis effect (Fig. 7).

Discussion

Chinese herbs are an essential part of Traditional Chinese 
Medicine and contribute to liver cancer management in 
China (39). Fructus Aurantii Immaturus is frequently used 
in Traditional Chinese Medicine and is rich in flavonoids 
that exhibit multiple biological effects, including anticancer 
activity in human liver cancer (40). SIN is a methoxy‑
flavone commonly found in citrus species, exhibiting an 
anticancer effect on liver cancer (10,41). Tumor growth 

depends on angiogenesis to provide nutrition and oxygen to 
tumor cells (42). Although SIN has been shown to promote 
autophagy‑related hepatocellular carcinoma cell death, the 

Figure 7. Schematic diagram summarizing the signaling pathway by which 
SIN inhibits liver cancer angiogenesis. SIN represses VEGF expression by 
downregulating HIF‑1α expression. SIN inhibits VEGF‑induced VEGFR2 
phosphorylation and sequentially inhibits the levels of p‑AKT leading 
to inhibition of EC proliferation, migration, tube formation and angio‑
genesis. SIN, sinensetin; VEGF, vascular endothelial growth factor; HIF, 
hypoxia‑inducible factors; VEGFR, vascular endothelial growth factor 
receptor; EC, endothelial cell; p, phosphorylated.

Figure 6. Optimal conformations between SIN and VEGFR2 are estimated by molecular docking. (A) The binding modes of the SIN‑VEGFR2 complex with 
minimum energy. (B) The overall interactions between SIN and the protein residues. (C) The optimal binding position of SIN with VEGFR2. (D) Representation 
of the interaction between SIN and VEGFR2. SIN, sinensetin; VEGFR, vascular endothelial growth factor receptor. 
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impact of this compound on angiogenesis of liver cancer has 
not been confirmed.

In the present study, an in vivo animal model study was 
used to indicate that SIN restrained HepG2/C3A‑derived 
tumor growth. A previous study (43) demonstrated that CD31 
is enriched at the EC intercellular junctions; this receptor 
is considered a neoangiogenesis marker. IHC staining and 
western blot analysis of CD31 revealed that SIN inhibited 
CD31 expression in tumor tissues, suggesting that this 
compound exhibited an antiangiogenic effect in liver cancer 
in vivo. Western blot analysis indicated that SIN reduced 
VEGF secretion in tumor cells; this may be the mechanism 
responsible for the suppression of tumor angiogenesis caused 
by SIN.

Angiogenesis requires EC proliferation and migration to 
appropriate positions leading to their assembly in vascular 
structures (44). Therefore, the present study investigated the 
antiangiogenic effect of SIN in vitro. SIN exhibited significant 
cytotoxicity to HUVECs even in the presence of VEGF, which 
was consistent with the study of Lam et al (45). VEGF is a 
potent regulator of angiogenesis that inhibits the induction 
of EC apoptosis in new blood vessels (46). Subsequently, the 
induction of apoptosis by SIN was evaluated. Flow cytometry 
results demonstrated that induction of HUVEC apoptosis was 
maintained at a low level in the presence of VEGF compared 
with that of the normal group, whereas it was increased 
following treatment of the cells with SIN. Angiogenesis relies 
on EC destabilization, dissociation and migration. The present 
study revealed that SIN may delay HUVEC migration, as 
determined by the wound healing results. The results of the 
tube formation assays indicated that SIN could inhibit the 
angiogenic activity of ECs induced by VEGF. Based on these 
results, SIN was shown to inhibit angiogenesis, albeit with an 
unknown mechanism.

Angiogenesis is necessary for tumor development and 
provides oxygen and nutrients to tumor cells (47). Circulating 
VEGF levels are increased in hepatocellular carcinoma and are 
linked to tumor angiogenesis and progression (48). VEGF is a 
mitogen of ECs that promotes their proliferation and migration 
into tumors required for the formation of new capillaries (49). 
Western blot analysis revealed that HepG2/C3A‑derived 
VEGF was reduced by SIN. Due to the rapid growth of tumor 
cells leading to hypoxia, the expression levels of HIF increase, 
causing VEGF upregulation and promoting angiogenesis (29). 
SIN treatment was accompanied by reduced protein levels of 
HIF‑1α, which may mediate VEGF downregulation induced 
by SIN. To further account for these phenomena, a tube 
formation experiment was used to assess whether SIN inhibits 
angiogenesis via the HIF‑1α‑VEGF pathway.

VEGF binds to VEGFR2 on the EC membrane and initiates 
angiogenesis (33). Subsequently, VEGFR2 is phosphorylated 
and activates the downstream intracellular pathway, which 
promotes the proliferation, migration and survival of ECs (50). 
The present study demonstrated that SIN downregulated 
VEGFR2 phosphorylation. The data indicated that VEGFR2 
phosphorylation in HUVECs was increased following addition 
of VEGF for 30 min; however, this increase was eliminated 
with the addition of SIN. When SIN was replaced by SU1498, 
a specific inhibitor of VEGFR2 (51), the same results were 
observed. In VEGF‑induced conditions, SIN specifically 

suppressed the phosphorylation of VEGFR2, while this effect 
was not noted in the SIN group in the absence of VEGF. This 
may explain why the SIN‑treated group did not differ signifi‑
cantly from the control group with regard to tube formation 
and migratory activity.

VEGFR2 phosphorylation activates downstream signaling 
pathways, such as MAPK/ERK and PI3K/AKT (36). Western 
blot analysis indicated that the phosphorylation levels of 
ERK in HUVECs did not change significantly following 
SIN treatment, suggesting that SIN‑induced inhibition of 
angiogenesis was independent of the MAPK/ERK pathway. 
However, SIN downregulated the phosphorylation levels of 
AKT in VEGF‑treated cells. To further confirm that inhibi‑
tion of SIN‑induced angiogenesis relies on the VEGFR2/AKT 
pathway, IGF‑1, which is an activator of the PI3K/AKT 
pathway, was added prior to SIN treatment. Western blot 
analysis demonstrated that SIN did not reverse IGF‑1‑induced 
phosphorylation of AKT. Furthermore, the binding of SIN 
to VEGFR2 was simulated using molecular docking. The 
molecular docking data suggested that SIN directly interacted 
with VEGFR2 by various important residues, confirming that 
this compound could directly bind to VEGFR2 and produce 
antiangiogenic effects. Therefore, the VEGF/VEGFR2/AKT 
pathway may be the mechanism by which SIN inhibits liver 
cancer angiogenesis.

The current study contains certain limitations. Although 
it was shown that the expression levels of the HIF‑1α protein 
were downregulated by SIN, the detailed mechanism of this 
process remains unclear. The translation of the HIF‑1α protein 
is considered to be an important regulatory mechanism of 
HIF‑1α‑inhibiting compounds (52). Therefore, further studies 
are required to explore the mechanisms that are related to the 
protein translation of HIF‑1α.

In summary, the present study demonstrated that SIN 
exhibited a significant antiangiogenic effect by inhibiting the 
viability of ECs and inducing apoptosis. Concomitantly, SIN 
suppressed angiogenesis by inhibiting the migratory activity 
and tube formation in HUVECs. SIN potently inhibited angio‑
genesis in vitro by eliciting the blockade of VEGF expression 
in HepG2/C3A‑derived tumors and the inhibition of the 
VEGFR2/AKT signaling pathway in ECs. The results of the 
present study may be necessary for developing strategies that 
aim to prevent liver cancer with SIN.
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