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Compound 5-61, a 5-(2-carboxyethenyl)isatin derivative was previously shown to have potent anticancer
activity. Its effect on angiogenesis was further explored in this study. Notably, 5-61 showed selective
cytotoxicity against liver hepatocellular carcinoma HepG-2 cells (ICsg = 7.13 nM). 5-61 powerfully
induced apoptosis and G,/M phase arrest as well as inhibited the migration of HepG2 cells. Additionally,
5-61 clearly diminished tube formation and the actin arrangement in HUVECs. The physiological anti-

angiogenic effects of 5-61 were further assessed by chick chorioallantoic membrane assays in vivo. The
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DOI: 10.1039/c9ra08448g These results suggested that 5-61 is a potential tumor angiogenesis inhibitor that functions by
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Introduction

Isatin(indole-2,3-dione) is considered one of the most struc-
turally versatile heterocycles and its core structure is present in
many bioactive agents and pharmaceutical agents."” Isatin has
been incorporated into many synthetic drugs such as indirubin
and sunitinib, which have been approved for treating various
diseases.’>” Isatin derivatives exhibit a wide spectrum of phar-
macological activities including anti-fungal,® anti-convulsant,”
anti-inflammatory,® anti-depressant,® anti-cancer,'® anti-micro-
bial," anti-bacterial," and anti-human immunodeficiency
virus* activities.

As destruction of ecological equilibrium and environmental
deterioration has occurred worldwide, malignant tumors and
other diseases have become more common, threatening human
health. Therefore, new antitumor agents with high efficiency
and low toxicity are urgently needed. Among the various anti-
cancer drugs developed, targeting angiogenesis-related mech-
anisms is an attractive option for slowing or halting cancer
progression.'* Angiogenesis is considered a hallmark of tumor
progression as it supplies nutrients and oxygen for tumor cell
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growth and provides a route for tumor cell metastasis.™
Angiogenesis is regulated by multiple angiogenic stimulators
including vascular endothelial growth factor (VEGF), hypoxia-
inducible factor, fibroblast growth factor. During tumor neo-
vascularization, the most prominent positive regulator, VEGF,
shows high expression and functions by binding to VEGFR-2,
which results in the development and maintenance of
a vascular network and promotion of cancer cell survival,
proliferation, adhesion, and migration."'>'® Apatinib, a novel
VEGFR2 inhibitor approved for terminal gastric cancer treat-
ment, significantly blocks the effects of the intracellular VEGF
signaling pathway."”** Another small molecule anti-angiogenic
agent, sunitinib, inhibits VEGF-dependent mitogenesis of
human umbilical vein endothelial cells (HUVECs) which
apparently inhibits tumor growth in different tumor types.*®
However, previous studies have shown that these anti-
angiogenic drugs are associated with adverse reactions such
as teratogenicity and proteinuria.*® Therefore, exploring drugs
that specifically target the VEGF pathway with high efficacy and
few side effects may be a prospective strategy for cancer che-
moprevention and therapy.

Previously, we designed and synthesized a series of 5-(2-
carboxyethenyl)isatin derivatives and evaluated their cytotox-
icity. We found that combining a 5-[¢trans-2-(methoxycarbonyl)
ethen-1-yl] group and 1-(4-methoxybenzyl) group in isatin
(referred to as compound 5-61, Fig. 1A) significantly enhanced
its antitumor activity in vitro.”* However, the underlying anti-
tumor mechanism and angiogenic effects exerted by this
molecule remained unclear. In this study, we examined effects
of compound 5-61 on 2 different cell lines: (1) HepG2 cells for
the inhibition of growth, proliferation, apoptosis, and
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Fig. 1 Inhibitory effect of compound 5-61 on tumor cell growth. (A)
Structure of compound 5-61. (B) The proliferation effect of compound
5-61 on HepG2 cell growth. (C) Morphological changes in compound
5-61-treated HepG2 cells. (D and E) Representative dishes and
quantitative data on the inhibitory effects of compound 5-61 on
HepG2 cells proliferation evaluated by clonogenic assay. Data are
shown as the mean =+ S.D. of three independent experiments.

migration in vitro and (2) HUVECs for the inhibition of angio-
genesis in vitro. We also studied its anti-angiogenic effects using
a chick chorioallantoic membrane (CAM) model in vivo.

Materials and methods

Cell lines and culture conditions

HepG-2 cells were cultured in DMEM supplied with 10% FCS
and 1% penicillin/streptomycin. The primary HUVECs were
purchased from Shanghai Haling Biotechnology and were
grown in F-12 medium supplied with 15% FCS and 1%
penicillin/streptomycin. HUVECs under passage number three
to seven were used in the evaluations. All cells were cultured in
a 5% CO, humidified cell culture incubator at 37 °C.

MTT assay

Cell proliferation inhibitory effect of 5-61 was assessed using
MTT assay. Briefly, HepG2 cells (5 x 10* cells per mL) were
seeded to 96-well microplate and cultivated at 37 °C for 0, 6, 12,
24, 48 and 72 h. Then various concentrations of compound 5-61
(3, 10, 30 nM) were added to 96-well microplates. MTT (10 pL,
5 mg mL ") were added to each well after 48 h, then the plate
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was incubated without light at 37 °C for another 4 h. After that,
100 pL per well DMSO was added to dissolve formazan crystals.
0OD492 nm and 630 nm were recorded at dual wavelength of
using multi-function microplate reader (Bio-Tek, USA) and the
ICs, values were obtained using Graph Pad Prism 7.0 software.

Clone survival assay

Clone formation assay was performed to further evaluate the
activity of compound 5-61 on HepG2 cell proliferation. In brief,
HepG2 cells (5 x 10° cells per mL) were planted in 6-well
microplate and treated with compound 5-61 (5, 10, and 20 nM)
and incubated for 5 days until colonies were clearly visible and
countable. Then cell colonies were fixed, stained and observed
using the Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan).

Apoptosis analysis using flow cytometric

The proapoptotic effect of compound 5-61 was determined by
an annexin V-FITC/PI apoptosis detection kit. In brief, HepG2 (5
x 10* cells per mL) were planted in 6-well microplate and
treated with DMSO or 5-61 (10, 30, 100, and 300 nM) for 24 and
48 h. Next, cells were collected and resuspended using 1x
binding buffer. After staining cells for 10 min with 5 uL Annexin
V-FITC and 5 uL PI (50 mg mL™ "), the numbers of apoptotic cells
were obtained using flow cytometry.

Cell cycle analysis

After seeded and cultured for 24 h, HepG-2 (5 x 10 cells per
mL) were treated with DMSO or 5-61 (10, 30, 100, and 300 nM)
for another 24 h. Then, the cells were fixed with ice-cold ethanol
70% (v/v) ethanol and stored at —20 °C overnight. The fixed cells
were incubated with 50 ug mL™" PI, 100 pg mL ™" RNase A and
0.2% Triton-100 at 37 °C for 30 min in dark. The rates of
different cell cycle phases were measured by FACS Calibur
system (BD, USA, version 2.0).

Cell migration analysis

The cell migration analysis was studied by wound healing assay
and 8 pum pore size transwell chambers (EMD Millipore corpo-
ration, Germany). HepG2 cells (2 x 10° cells per well) were
added in 6-well microplates and cultivated to grow approxi-
mately 80% confluence for 24 h. Then, a straight line was made
in the middle of the dish by using a 10 pL sterile pipette tip to
scratch HepG2 cells. De-attached cells were washed by PBS(—)
for three times and treated with compound 5-61 (10 and 30 nM)
for 0, 12, 24, and 48 h. The cells migrating into the wounded
area were visualized right after the wound was scratched and 12,
24 and 48 h. The migration distance was calculated following
the formula: migration distance (um) = W, — W,, W, was the cell
width at 0 h; W, was the cell width at different time (12-48 h).

Transwell analysis

2 x10° cells per well HepG2 cells (200 pL) were added into upper
side membrane of the chambers without FCS while the lower
chamber was filled with DMEM (600 pL) containing 10% FCS.
Cells were cultured with DMSO or 5-61 (10, 30, and 100 nM) after

This journal is © The Royal Society of Chemistry 2020
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30 min. Cells were allowed migrating towards a chemotactic
stimulus of 10% FCS for 24 h. The remaining non-migrated cells
were removed from the upper chamber. After washed for three
times by PBS(—), the migrated cells were fixed with absolute
methanol, stained with 1 pg mL ™" DAPI and photographed. The
pictures of five horizons were taken randomly.

Tube formation analysis

In vitro capillary-like network formation of HUVEC cells was
carried out in 96-well microplate precoated with Matrigel (BD
Bioscience, USA).>> Matrigel (13.9 mg mL™", 50 uL per well) was
added to 96-well microplate and polymerized for 30 min to form
a gel layer at 37 °C. Following the polymerization, the HUVECs
(1 x 10° cells per well) were seeded to the Matrigel-coated wells
and incubated at 37 °C for 40 min and then compound 5-61 (1,
3, and 10 nM) were added to incubate for 12 h. The images of
capillary-like tube formation were taken by a Nikon Eclipse Ti
microscope. The number of nodes, total branching lengths and
number of meshes were measured using Image-J software.

Phalloidin staining assay

Phalloidin staining assay was used to evaluate the activity of
compound 5-61 on HUVEC cell cytoskeleton. In brief, 2 x 10 cells
per mL HUVEC cells were planted in 24-well microplate and then
treated with 5-61 (10 and 30 nM) for 24 h. Afterwards, cells were
fixed for 20 min with 4% paraformaldehyde and then blocked with
1% BSA for 20 min at room temperature. Next, cells were stained
for 30-60 min with FITC-phalloidin (5 pug mL~", Sigma-Aldrich,
Germany) at room temperature in dark environment and then
stained with 5 pg mL ™" DAPI for 5 min. The samples washed by
PBS(—) for three times in the middle of each step above. Finally,
the images were captured by fluorescence microscope.

Chicken embryo chorioallantoic membrane (CAM) analysis

Chorioallantoic membranes (CAM) from developing chicken
eggs are usually used in biological and biomedical research to
investigate angiogenesis in tissue level. The fertilized chicken
eggs (55-60 g) were incubated in a humidified incubator at 37.8
=+ 0.5 °C and rotated once in every 2 h. Until the seventh day, an
air chamber (10 mm x 10 mm) was carefully produced on the
broad side of the egg and continually incubate for another 1
day. Then the carrier of fertilized gelatin sponge (3 mm x 3 mm
x 3 mm) with compound 5-61 (2, 6, and 20 uM) or sunitinib (as
positive control) was put on well-vascularized sites of the CAM.
The eggs were incubated in egg incubator for 72 h. Then CAM
was separated from chick embryos, fixed with 1 mL meth-
anol : acetone = 1:1 fixing solution for 15 min and photo-
graphed using stereo microscope. The total numbers of vessels
in the CAM were quantified by Image-] software.

Western blotting assay

Total protein from HUVECs treated with 5-61 (30, 100, 300, and
1000 nM) for 24 h was extracted using lysis buffer. Sample were
evaluated by SDS-PAGE and was detected by Odyssey Infrared

This journal is © The Royal Society of Chemistry 2020
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Fluorescence Imaging System (Li-cor company, USA). All anti-
bodies (1 : 2000 dilution) were purchased from CST.

ELISA assay

Quantikine ELISA kit (Nanjing jiancheng Bio Institute, China)
was used to measure the expression level of VEGF-A protein in
the supernatant of HepG2 cells treated with various concen-
trations of 5-61. In brief, 1 x 105 cells per mL HepG2 cells were
plated in 6-well plate and treated with 5-61 (30, 100, 300, and
1000 nM) for 24 h. Then cells supernatants were harvested and
examined. A standard curve drawn by ELISA was used to
calculate the OD and the expression level of VEGF-A protein.

Statistical analysis

GraphPad Prism 7 (San Diego, CA) was used for statistical
analysis. The minimum statistically significance level was set at
a p value of 0.05. The differences between the mean values of
tested groups were presented as mean =+ SD and determined by
one-way analysis of variance (ANOVA). All experiments were
independently repeated more than three times.

Results

Compound 5-61 inhibited the proliferation of HepG-2 cells in
vitro

To evaluate the in vitro effectiveness of compound 5-61 on tumor
growth, we conducted an MTT assay to analyze cell proliferation
at different incubation times and at various concentrations of
compound 5-61. As shown in Fig. 1B, compound 5-61 significantly
inhibited the growth of HepG-2 cells in a time- and concentration-
dependent manner with a 50% inhibitory concentration (ICs,) of
7.13 nM. After treatment with 5-61, the cells presented the typical
morphological characteristics of apoptosis, including nuclear
pyknosis, sublobes, fragmentation, and apoptotic body genera-
tion (Fig. 1C). Additionally, clone formation was markedly
decreased when HepG2 cells were treated with 5 and 10 nM of
compound 5-61 (Fig. 1D), suggesting that this compound strongly
prevented tumor cell proliferation in vitro.

Compound 5-61 induced apoptosis and inhibited cell cycle
progression in HepG-2 cells

To further evaluate whether the growth-inhibitory effects of
compound 5-61 were related to apoptosis induction, HepG2
cells were treated with 5-61 (0, 10, 30, 100, and 300 nM) for 24
and 48 h (Fig. 2A). Based on Annexin V-FITC/PI double staining,
the percentage of cell apoptosis induced by 5-61 was examined
by flow cytometry. The data suggest that apoptotic HepG2 cells
were significantly induced after treatment with 5-61 for 24 and
48 h; additionally, treatment with 5-61 at concentrations of 0,
10, 30, 100, and 300 nM resulted in dose-dependent increases in
the numbers of late apoptotic cells from 3.6% to 43.7% and
from 4.0% to 66.4%, respectively. These results demonstrate
that apoptosis induction partially accounts for the growth
inhibition of HepG2 cells.

To clarify the mechanism by which compound 5-61 inhibited
HepG2 cell proliferation, propidium iodide (PI) staining was

RSC Adv, 2020, 10, 1191-1197 | 1193
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Fig. 2 Effect of compound 5-61 induced apoptosis and cell cycle
arrestin HepG2 cells. (A) Effect of compound 5-61 on Annexin V/PI dye
HepG2 cells. (B) Cell cycle distribution analyzed by Modfit LT software.
(C) Quantitative analysis of cell cycle. Annexin V—/PI— (lower left) cells
represent survival, Annexin V+/Pl— (lower right) cells were defined as
early apoptotic cells, Annexin V+/Pl+ (upper right) cells are late
apoptotic cells, Annexin V+/Pl— (upper left) cells are necrotic
apoptotic cells. All experiments were performed in triplicate.

conducted to evaluate the DNA distribution.”®*** Cell cycle
analysis indicated that HepG2 cells were notably arrested at G,/
M phase after treatment with different concentrations of 5-61
for 24 h (Fig. 2B). These results confirm that compound 5-61
induces G,/M phase cell arrest.

Compound 5-61 suppressed the migration of HepG2 cells

Tumor cell metastasis is a complex process involving migration,
invasion, or infiltration into blood vessels. We thus investigated
whether 5-61 inhibits the migratory capacity of HepG2 cells by
conducting an in vitro wound healing assay and transwell
migration assay. In the wound healing assay, the migration
distances were measured at 12, 24, and 48 h after the wounds
were made. Fig. 3A and B show that 5-61 obviously decreased
the ability of cells to cover the scratched area when HepG2 cells
were incubated with 10 and 30 nM of 5-61 for different times
compared to the control group.

To further verify these results and exclude the possibility that
5-61-reduced migration was correlative of decreasing cell
proliferation, a transwell cell migration assay was also con-
ducted to assess the capacity and rate of cell migration. The data
revealed that 5-61 remarkably reduced the migration of HepG2
cells, specifically at doses of 30 and 100 nM, compared to the
control group (Fig. 3C and D).

Compound 5-61 inhibited capillary tube formation by
endothelial cells

HUVECs are widely used as an in vitro model system for
studying the progression of neovascularization. During
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Fig.3 Effect of compound 5-61 on HepG2 cell migration. (A) Effect of
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neovascularization, endothelial cells have been demonstrated
to play a pivotal role in in vitro models.>*** Therefore, a capillary-
like tube formation assay was performed using endothelial cells
on Matrigel to evaluate the antiangiogenic effects of 5-61.

Firstly, an MTT assay combined with morphological imaging
was performed to analyze cell proliferation and to evaluate the
cytotoxic action of 5-61 on HUVECs. Fig. 4A and B showed no
apparent reduction in cell viability or morphological changes after
compound 5-61 treatment for 48 h compared to the control group.

After 12 h of incubation, the untreated group showed the
formation of capillary-like enclosed tubular networks, whereas
formation of the basal tube network in groups treated with 1, 3,
and 10 nM of 5-61 was dramatically reduced (Fig. 4C). Quanti-
tative image analysis confirmed that 5-61 significantly dimin-
ished both the dimensional (branching length per field) and
topological parameters (number of nodes and meshes per field)
of the capillary-like network (Fig. 4D).

Inhibitory effect of compound 5-61 in the CAM assay

The CAM assay is a widely-used model of neovascularization
that can be extensively applied to investigate new vessel
formation and inhibition in vivo.>**® The CAM assay was thus
used to further assess the potential anti-angiogenesis effects of
5-61. Blood vessels formed densely a branching vascular
network in the negative control group (Fig. 5A and B). When
chicken embryos were incubated with 300 pM sunitinib (posi-
tive control group) for 72 h, the number of capillaries in the
CAM sections was modestly decreased. However, treatment with
6 and 20 pM 5-61 significantly attenuated neovascularization,
showing comparable to sunitinib.

Compound 5-61 suppressed the activation of signaling
pathways downstream of VEGF

VEGF is one of the most pivotal mediators among angiogenesis-
associated growth factors.”” Accordingly, we examined whether

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Suppressive effects of 5-61 on tube formation of HUVECs. (A)
Morphological changes in 5-61-treated HUVECs. (B) Cell proliferation
were measured by MTT assay after compound 5-61 treatment for 48 h.
(C) Tube formation assay of HUVECs after compound 5-61 treatment
for 12 h. (D) Number of nodes, meshes, and total branching length
were quantified. (E) Phalloidin staining shows F-actin distribution in
normal or infected HUVECs treatment with compound 5-61.

5-61 directly inhibits VEGF-A secretion in vitro by ELISA. The
results showed that 5-61 decreased VEGF-A levels in HepG2 cell
supernatants, suggesting that 5-61 directly regulates the VEGF/
VEGFR?2 signaling pathway (Fig. 6A and B).

Akt, mTOR, and ERK mediate endothelial cell proliferation
and migration downstream of VEGF.?® To identify the potential
molecular mechanisms of 5-61 in tumor angiogenesis, we

A Sunitinib (M Compound 5.61 (uM)
DMSO
i 2 6 20
£ \NS NN iy | BRNE S (
B

Compound $61 (uM)

Fig. 5 Effects of compound 5-61 on neovascular of CAM model. (A)
CAM membranes were extracted from chick embryos after treatment
with different concentrations of compound 5-61 for 72 h. (B) Quanti-
tative analysis of average number of blood vessels. ***p < 0.001 and **p
< 0.01 vs. DMSO group; *p < 0.05 and *#p < 0.01 vs. sunitinib group.
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determined the expression levels of these proteins by western
blot analysis. We found that treatment with 5-61 for 24 h could
remarkably decrease the phosphorylation of Akt, mTOR, and
ERK but had slight effects on their total protein expression
levels (Fig. 7A-F).

Discussion

Indole has been introduced as an important structure in the
discovery and development of new anticancer agents.” In
a previous study, a series of novel indole derivatives were
designed and synthesized in 5-6 steps in our laboratory. Through
structure-activity relationship analysis, compound 5-61 was
found to strongly inhibit tumor cell proliferation.*® Based on the
results displayed above, we confirmed that compound 5-61
inhibited the growth of tumor cells mainly via inducing cell cycle
arrest in the G,/M phase and inducing apoptosis. We also showed
that compound 5-61 exerts potent anti-angiogenic activities by
preventing HepG2 cell migration and endothelial cell tube
formation both in vitro and in vivo. Furthermore, compound 5-61
strongly inhibited small vessel development with similar effects
as sunitinib according to an in vivo CAM assay. The possible
mechanisms involved in the anti-angiogenic activities of 5-61 in
endothelial cells include: (i) directly suppressed formation of
HUVEC actin filaments, (ii) downregulation of VEGF-A expression
in tumor cells, and (iii) direct inhibition of Akt, mTOR, and ERK
tyrosine kinase activity. Our data clarify the molecular mecha-
nisms through which 5-61 exerts its promising anti-angiogenic
and anti-cancer effects.

Our results confirm that compound 5-61 has excellent cyto-
toxic activity against HepG2 cells (ICso = 7.13 nM) (Fig. 1B). As
shown in Fig. 1C, apoptotic morphology (characterized by cell
shrinkage and/or blebbing) and G,/M phase arrest (character-
ized by cell elongation) were clearly observed after HepG2 cells
were treated with 30 nM 5-61 for 48 h. According to flow
cytometry analysis, 5-61 strongly induced apoptosis in HepG2
cells in vitro and decreased the transition to the G; phase
(Fig. 2A and B), which is consistent with the results of
morphological studies showing that 5-61 has pro-apoptotic
effects and induces G,/M phase arrest of cancer cells.

Metastasis of tumor cells is a complex process involving
numerous multi-step pathways including cell detachment from
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Fig. 6 VEGF-A protein was determined by ELISA in HepG2 cells. (A)
Standard curve. (B) Changes in VEGF-A protein in supernatant of
HepG2 cells treated with 5-61 for 24 h.
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Fig.7 Changes in angiogenesis proteins treated with compound 5-61
in HUVECs detected by western blotting. (A—C) Changes in PI3K/Akt
and MAPK pathway protein (D—F). Ratio of P-Akt/Akt, P-mTOR/mTOR,
and P-Erk/Erk.

primary tumors and migration of invading tumor cells. In the
present study, wound healing and transwell migration assays
were performed to investigate the inhibitory effects of 5-61 on
HepG2 cell migration. In wound healing assays, 10 nM 5-61
showed moderate inhibitory effects (Fig. 3A). The strongest
effects were observed at a concentration of 30 nM 5-61. Addi-
tionally, the transwell migration assay showed that 5-61
inhibited cell migration in a dose-dependent manner.

Angiogenesis is a precisely regulated procedure involving an
intricate cascade of events including high endothelial cell
proliferation, migration, and tube formation in the final stage.*
Therefore, targeting of angiogenesis processes may be useful for
cancer therapy. We found that 5-61 dose-dependently reduced
the quality and quantity of capillary-like structures formed in
the tube formation assay; however, the growth and number of
HUVECs were not affected by treatment with the same
concentrations of 5-61 (Fig. 4A). The anti-angiogenic effect of 5-
61 was further verified in a CAM assay in vivo (Fig. 5A). These
results suggest that 5-61 inhibits angiogenesis in endothelial
cells.

VEGF-A, which is widely expressed in most malignant
tumors, is thought to be the most crucial angiogenesis factor.*
Furthermore, among the three different VEGF receptors,
VEGFR-2 is the main responder to VEGF-A in in vitro tumor
angiogenesis.** Here, we demonstrated that 5-61 suppresses the
activity of VEGFA (Fig. 6A), as well as inhibits VEGF/VEGFR-2-
mediated intracellular signaling pathways, including PI3K/
Akt, mTOR, and ERK in HUVECs (Fig. 7A-C), which are essen-
tial for the mitogenic activities of VEGF in endothelial cells.

In conclusion, we demonstrated that compound 5-61 sup-
pressed HepG2 cell proliferation, survival, and migration.
Further, it has potent anti-angiogenic properties both in vivo
and in vitro, by inhibiting capillary-like structure formation of
HUVECs and reducing the neovascularization in the CAM.
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Fig. 8 Schematic illustration of potential action mechanism of
compound 5-61 in angiogenesis.

Moreover, 5-61 likely exerted these effects by targeting VEGFA
and its downstream signal transduction pathways including
PI3K, Akt, mTOR, and MAPKs (ERK). These findings support the
anti-cancer effects and mechanisms of compound 5-61 (Fig. 8).
Studies are underway to further clarify the anti-angiogenesis
effect of 5-61 on other tumor cell lines, and various types of
anti-angiogenic animal models are required for further studies
on 5-61.

These findings thus provide insight into the angiogenesis-
targeting mechanism underlying 5-61 activity.
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