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Saikosaponin b2 inhibits tumor angiogenesis in liver cancer
via down-regulation of VEGF/ERK/HIF-1a signaling
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Abstract. Saikosaponin b2 (SSb2) is an active component of
Radix Bupleuri, which is commonly used in traditional Chinese
medicine for defervescence and liver protection. In the present
study, it was demonstrated that SSb2 exhibited potent antitumor
activity by inhibiting tumor angiogenesis in vivo and in vitro.
As measured by tumor weight and measures of immune func-
tion such as thymus index, spleen index and white blood cell
count, SSb2 inhibited tumor growth, with low immunotoxicity,
in H22 tumor-bearing mice. Furthermore, proliferation and
migration of HepG2 liver cancer cells was inhibited following
SSb2 treatment, which demonstrated SSb2's antitumor effect.
The angiogenesis marker CD34 was downregulated in the
SSb2-treated tumor samples, which suggested the antiangio-
genic activity of SSb2. Furthermore, the chick chorioallantoic
membrane assay demonstrated the potent inhibitory effect of
SSb2 on basic fibroblast growth factor-induced angiogenesis.
In vitro, SSb2 significantly inhibited numerous stages of angio-
genesis, including the proliferation, migration and invasion of
human umbilical vein endothelial cells. Further mechanistic
studies demonstrated that SSb2 treatment reduced the levels
of key proteins involved in angiogenesis, including vascular
endothelial growth factor (VEGF), phosphorylated ERK1/2,
hypoxia-inducible factor (HIF)-1a, MMP2 and MMP9 in H22
tumor-bearing mice, which supported the HepG2 liver cancer
cell results. Overall, SSb2 effectively inhibited angiogenesis
via the VEGF/ERK/HIF-1a signal pathway and may serve as
a promising natural agent for liver cancer treatment.
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Introduction

Liver cancer is the fifth most prevalent cancer and the second
most common cause of tumor-related deaths worldwide (1,2).
China accounts for approximately 50% of the world's new
cases and deaths regarding this disease (3). The main etiolog-
ical factors of liver cancer include hepatitis B virus, hepatitis
C virus, aflatoxin contamination and alcoholic liver disease.
The current clinical treatment of liver cancer is lacking due to
the low curative ratio and high recurrence rate. Despite their
importance as a treatment method, chemotherapeutic drugs
have numerous serious side effects; therefore, developing
natural agents with improved therapeutic efficacy and low
toxicity, to combat liver cancer, is essential.

Saikosaponin (SS) is the main active component of
Radix Bupleuri, accounting for ~7% of the total dry weight
of the roots of Bupleurum chinense DC. It possesses many
important pharmacological activities, including immune
regulation (4), liver protection (5), liver fibrosis inhibition as
well as anti-inflammatory (6), antiviral (7) and antitumor (8)
activities. SS's antitumor activity regulates fundamental
cellular processes, such as S-phase DNA synthesis, protein
metabolism, proliferation and apoptosis. Several monomers
have been identified in SS, including SSa, SSb1, SSb2, SSc,
SSd and SSe, based on their different chemical structures.
Numerous studies have demonstrated that SSa and SSd have
potent antitumor effects (8). However, little is known about
SSb2's effect on liver protection and cancer prevention. We
previously demonstrated that SSb2 significantly mitigated
LPS/GalN-induced acute liver injury in mice. This effect
may be attributable to decreased NF-xB and increased Sirt-6
protein expression levels, both of which improve inflamma-
tory injury and energy metabolism (9). Further study on SSb2's
role in liver cancer is crucial for the development of safe and
effective new anticancer agents.

Liver cancer is a highly vascularized solid tumor in
which the growth of new blood vessels continuously supplies
oxygen and nutrients to tumor cells (10). As a prerequisite for
continued tumor growth, angiogenesis significantly contributes
to liver cancer development. Recent cancer research studies
have concentrated on anti-angiogenesis as a novel approach
for the treatment of cancers with poor prognoses (11,12).
Antiangiogenic therapy has become an important adjunct
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to conventional chemotherapy in the treatment of many
solid tumors (13,14). The vascular endothelial growth factor
(VEGF) is a key regulator of angiogenesis and its expression is
closely associated with liver cancer (15). In most experimental
systems, hypoxia-inducible factor-1o. (HIF-1a) regulates VEGF
transcription (10,16). HIF-1a is closely associated with impor-
tant aspects of tumor biology, such as angiogenesis, invasion,
glucose metabolism and cell survival, and it is overexpressed
in many human cancers (17). Notably, VEGF/HIF-1a is the
target of many anti-liver cancer drugs, which are considered
a promising treatment strategy for liver cancer (18-20). The
present study evaluated the role of SSb2 in liver cancer to
determine whether SSb2 suppresses liver cancer development
through regulation of the expression of proteins involved in
angiogenic pathways.

Materials and methods

Materials and reagents. SSb2 was purchased from Chengdu
Must Bio-Technology Co., Ltd. Doxorubicin (DOX)
was purchased from Haizheng Pharmaceutical Co., Ltd.
Dulbecco's modified eagle medium (DMEM) was purchased
from Gibco (Thermo Fisher Scientific, Inc.). Trypase and
methylthiazolyl tetrazolium bromide (MTT) were purchased
from MilliporeSigma. The BCA Protein Assay Kit and
Super Signal West Pico Chemiluminescent Substrate were
purchased from Pierce (Thermo Fisher Scientific, Inc.).
Radioimmunoprecipitation assay (RIPA) Lysis Buffer and 10x
poly-L-lysine were purchased from Beijing Solarbio Science
& Technology Co., Ltd. Antibodies against CD34 (1:10,000,
cat. no. 60180-1-Ig), VEGF (1:500, cat. no. 19003-1-AP),
MMP9 (1:500, cat. no. 10375-2-AP) and B-actin (1:1,000,
cat. no. CL594-66009) were purchased from Wuhan
Sanying Biotechnology; antibodies against MMP2 (1:500,
cat. no. TA806846) and ERK1/2 (1:500, cat. no. TA325139)
were purchased from Origene Technologies, Inc.; and
antibodies against p-ERK1/2 (1:500, cat. no. sc-7383),
mouse anti-rabbit [gG-HRP (1:1,000, cat. no. sc-2357) and
goat anti-mouse IgG-HRP (1:1,000, cat. no. sc-2005) were
purchased from Santa Cruz Biotechnology, Inc.

Animals and ethics statement. A total of 50 Male Balb/c mice
weighing 18-22 g were purchased from the Experimental
Animal Center of The Medical College of Henan University
of Science and Technology. The Experimental Animal Ethics
Committee of Henan University of Science and Technology
approved the experimental protocols involving animals and
fertilized chicken eggs (approval no. 20200519). All animal
experiments were performed according to The National Act
on the Use of Experimental Animals (China). Appropriate
measures were taken to minimize the use and suffering
of animals.

Cell culture. The human liver cancer cell line HepG2 was
purchased from the Shanghai Institutes for Biological Sciences
(cat. no. SNL-083). Human umbilical vein endothelial cells
(HUVECs) were purchased from Procell Life Science &
Technology Co., Ltd.(cat. no. CL-0675). H22 liver cancer
cells were purchased from the Henan Institute of Medical
Sciences (cat. no. CL-0341). The identify of each cell line was

confirmed using short tandem repeat profiling analysis. HepG2
and HUVECs were cultured in high-glucose DMEM (Gibco;
Thermo Fisher Scientific, Inc.) and H22 cells were cultured
in Roswell Park Memorial Institute 1640 medium (Gibco;
Thermo Fisher Scientific, Inc) both supplemented with 10%
fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific,
Inc.). All cells were incubated at 37°C in a 5% CO,, humidified
atmosphere.

Cell viability assay. HepG2 liver cancer cells and HUVECs
were seeded at a density of 2.5x10* cells/well in 96-well
plates for 24 h at 37°C in a 5% CO, incubator before treat-
ment with different SSb2 concentrations at 37°C. After 20 h
of culturing with SSb2, 20 ul MTT (5 mg/ml) was added to
each well, followed by incubation for 4 h at 37°C. Then, 200 ul
dimethyl sulfoxide was added to each well after removing
the supernatant. The final absorbance was measured at a
wavelength of 490 nm using a microplate reader.

H22 liver cancer transplanted tumor model. Mice were
housed in a sterile environment at 22+1°C, a relative humidity
of 40-70% and a 12 h light/dark cycle. The mice had free
access to rodent chow and drinkable water. The H22 model
was established through subcutaneous injection, as described
previously (21,22). The suspension of H22 liver cancer cells
was adjusted to a density of 1x10%/ml, and 0.2 ml of H22
liver cancer cell suspensions were subcutaneously inoculated
into the right armpit region of each mouse. After 24 h, the
mice were randomly divided into 5 groups (n=10) as follows:
The control group [normal saline, intraperitoneal (i.p.) injec-
tion, once a day], SSb2-low, middle and high dose groups
(5, 10 and 20 mg/kg/day, respectively, i.p. injection, once a
day) and the positive control group (DOX, 2 mg/kg/day, i.p.
injection, once every two days). All animals were treated
for 10 days. The mice's health and behavior were monitored
and recorded daily. On the 10th day, blood samples were
collected to perform a white blood cell count using a cell
counting plate. Isoflurane was administered via inhalation
as anesthesia with an induction concentration of 4-5% and
a maintenance concentration of 2-3%. At the study endpoint
all mice were euthanized by cervical dislocation under anes-
thesia. Humane endpoints were identified as xenograft tumor
diameter >20 mm, the xenograft tumor weight >10% of the
animal's body weight, body weight loss due to tumor growth
>20% of the animal's body weight, or an animal was deemed
to be in poor health and did not eat. Observations of pupil
dilation and cessation of heartbeat and breath were used to
confirm the animal's death. Following euthanasia, the tumors
were carefully isolated and processed for further analysis.
Tumor tissues, the thymus and the spleen were collected
and weighed in order to calculate the tumor inhibitory rate
and organ index, as follows: Tumor growth inhibition rate
(%)=1-(tumor weight in SSb2 or DOX group/tumor weight
in control group) x100; and organ index=organ weight
(mg)/body weight (g).

Hematoxylin and eosin (H&E) staining, CD34 immunos-
taining and microvessel density (MVD) counting. The tumor
tissues were fixed using a 10% formaldehyde solution for 12 h
at room temperature, followed by rinsing in running water
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for 12 h. The fixed tumor tissues were then dehydrated using
increasing ethanol concentrations, embedded in paraffin
and sectioned to a 4 ym thickness. The tumor sections were
stained using H&E for histologic examination. In this process,
the paraffin embedded sections were placed into xylene two
successively times for dewaxing, for 15 min each at room
temperature. Then the sections were successively placed in
100, 100, 95, 80 and 70% ethanol, and double distilled water,
5 min each at room temperature. The tissue sections were
stained with hematoxylin for 2 min and eosin for 1.5 min,
both at room temperature. After that, the sections were dehy-
drated in 70, 80 and 95% ethanol, followed by immersion in
absolute ethanol twice and xylene twice for treatment, 3 min
each at room temperature. Finally, the sections were sealed
using neutral resin. Microscopic images were captured using
a light microscope (Olympus Corporation). For immunohis-
tochemistry staining, tumor sections were placed into a 60°C
incubator for 60 min, and then the slides were dewaxed twice
in xylene (the first for 30 min and the second for 15 min).
Then, the slides were rehydrated using decreasing ethanol
concentrations. The slides were then incubated in trypsin
solution (trypsin solution:trypsin diluent, 1:3, MilliporeSigma)
for 30 min at 37°C, and then washed in phosphate-buffered
saline (PBS) three times. The slides were incubated with
3% H,0, solution for 15 min at room temperature, and after
washed three times in PBS, goat serum was used for blocking
at 37°C for 20 min. The primary antibody (anti-CD34 anti-
body, 1:50, cat. no. 60180-1-Ig, Proteintech Group, Inc.) was
added for incubation overnight at 4°C. After washing three
times in PBS, the slides were incubated with secondary
antibody (bio-goat anti-mouse IgG, 1:1,000, cat. no. sc-2005,
Santa Cruz Biotechnology, Inc) for 20 min at 37°C. The slides
were incubated with streptavidin-peroxidase for 20 min at
room temperature after 3 washes with PBS. Finally, diamino-
benzidine was used for 4 min at room temperature followed
by washing with PBS, and hematoxylin was used for staining
for 2 min at room temperature. At last, the slides were dehy-
drated with ethanol and xylene, and then were covered. The
images were obtained using a light microscope (Olympus
Corporation). Microvessel density was evaluated using five
randomly selected fields of view from each section at 200x
magnification. Any single cell or discrete cluster, stained
brown, that indicated positive CD34 reactivity was identified
as a single countable vessel. The MVD for each case was
determined as the mean count of the five fields of view.

Western blotting. Total proteins were extracted from tumor
tissues and HepG2 liver cancer cells using RIPA lysis buffer,
the concentration of extracted protein was quantified using a
bicinchoninic acid (BCA) protein assay kit, and the protein
lysates (70 pg/lane) were subjected to 12% SDS-PAGE and
transferred onto a nitrocellulose membrane. The membranes
were then incubated overnight at 4°C with primary antibodies
after being blocked with 5% non-fat dry milk at 37°C for 1 h.
After three washes with PBST (0.05% Tween-20), membranes
were incubated with the aforementioned secondary antibodies
for 1 h at room temperature. Signals were assessed using an
enhanced chemiluminescence kit (Thermo Fisher Scientific,
Inc.) and the gray values were measured by Gel-Pro analyzer
32 (Media Cybernetics. Inc.).
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Transwell migration and invasion assay. For the Transwell
migration assay, HUVECs were seeded into the upper chamber
of the Transwell plate at a density of 3x10° cells/well into
wells containing 100 1 serum-free medium. A total of 600 ul
HUVEC special medium (cat. no. CM-0122, Procell Life
Science & Technology Co., Ltd.) with 20% FBS (Gibco; Thermo
Fisher Scientific, Inc.) was added in the bottom chamber as a
chemoattractant. After SSb2 (25, 50, 100 pg/ml) treatment, the
cells were cultured in a 37°C incubator for 8 h. HUVECsS that
migrated to the bottom chamber were fixed using 4% para-
formaldehyde at room temperature for 30 min and stained for
30 min using 0.1% crystal violet at room temperature. HUVEC
migration was observed and quantified using an inverted light
microscope. For the Transwell invasion assay, 50 pl of diluted
Matrigel was pre-applied to the upper chamber, then placed in a
37°C incubator overnight. All other procedures were identical to
those for the Transwell migration experiments.

Wound-healing assay. HUVECs and HepG2 liver cancer cells
were seeded in 6-well plates and cultured in high-glucose
DMEM supplemented with 10% FBS at 37°C for 24 h (23,24)
until the cells were densely confluent (80-90%), after which the
monolayer cells were scratched using a sterile 200 ul pipette tip
and washed with PBS to remove nonadherent cells. Then the
cells were incubated for an additional 24 h (HUVECS) or 48 h
(HepG2) in serum-free medium with or without SSb2 (25, 50,
100 pg/ml) treatment., Plates were imaged using an inverted
light microscope. The width of the cell-free gap was measured
to calculate the migration rate using Image J (version 1.53m,
National Institutes of Health).

Chicken embryo chorioallantoic membrane (CAM) assay. For
10 days, fertilized chicken eggs were incubated at 37°C and
65-70% relative humidity in an incubator. On day 11, a window
of approximately 1 cm? was gently opened with a tweezer in
the chick embryo air sac. The eggs were selected at random
and divided into 5 groups (n=10). SSb2 (0.1, 0.2 0.4 ug/embryo)
and DOX (0.2 ug/embryo) were injected into the chick embry-
onic blood vessel branch, the control group were administered
the same volume of normal saline.

An additional, 60 chicken embryos were selected and
divided into 6 groups (n=10). Groups were treated as above,
with an additional group basic fibroblast growth factor (b-FGF)
group (0.1 pg/embryo) introduced; the aforementioned SSb2
groups also contained the growth factor b-FGF (0.1 ug/embryo)
as an inducer. The windows were then covered with sterile
membranes, and the eggs were returned for incubation for an
additional 3 days. Subsequently, the CAM microvessels were
imaged using a light microscope (Olympus Corporation) after
fixation using 4% formaldehyde for 8 h at room temperature.
The number of vascular branches were recorded in eight fields
of view per embryo and a mean calculated to quantify the
effect of SSb2 on angiogenesis.

Statistical analysis. SPSS22.0 (IBM Corp.) was used for
statistical analysis. Data were presented as mean + SD.
Comparisons among multiple groups were performed using a
one-way analysis of variance followed by Dunnett's or Tukey's
post hoc tests. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 1. Effects of SSb2 on H22 tumor-bearing mice. (A) Chemical structure of SSb2. (B) Mean tumor weights of mice in different groups. (C) Representative
images of xenograft tumors in different groups. (D) Pathomorphological changes in tumor tissue of H22 tumor-bearing mice (H&E staining, magnification,
x200). (E). MVD of different groups. (F) Representative images of CD34 immunohistochemical staining of tumor tissues in different groups (magnification,
x200) “P<0.05 and “P<0.01 vs. Control; *P<0.05 and *P<0.01 vs. DOX. SSb2, saikosaponin b2; DOX, doxorubicin; H&E, hematoxylin and eosin; MVD,

microvessel density.

Results

Effect of SSb2 on tumor growth in H22 tumor-bearing mice.
Fig. 1A presented the molecular structure of SSb2. To evaluate
its antitumor effect on tumor growth in vivo, the tumor weights
of H22 tumor-bearing mice treated with 5, 10 or 20 mg/kg
SSb2 or DOX for 10 days were assessed. Fig. 1B presented
the inhibitory effect of SSb2 on tumor growth, the average
tumor weights of the SSb2- and DOX-treated groups were
significantly lower compared with those of the control group.
The inhibitory rates of tumor growth in the low-, medium- and
high-dose SSb2-treated groups and the DOX-treated group
were 32.12, 44.85, 55.88 and 62.94%, respectively, which
suggested that SSb2 had a concentration-dependent antitumor
effect on H22 tumor-bearing mice. Furthermore, the tumor
inhibitory rate of high-dose SSb2 did not differ significantly
from that of the DOX group.

H&E staining was performed to evaluate pathological
changes in the tumors. As presented in Fig. 1D, the control
group's tumor cells were heteromorphic and densely arranged,
and many obvious nuclear atypia could also be observed in the
tumor tissue. However, in the SSb2 and DOX groups, tumor

cell growth was disrupted and vacuolated, and the tumor cells
displayed a disorganized arrangement and a large, red-stained
nucleolytic region. These results demonstrated that SSb2 had a
significant antitumor effect on H22 tumor-bearing mice.

Effect of SSb2 on immune function in H22 tumor-bearing
mice. To evaluate whether SSb2 administration had any
adverse effects on the immune system, the white blood
cell count, thymus index and spleen index of the H22
tumor-bearing mice were assessed. As presented in Table I,
the white blood cell counts in H22 tumor-bearing mice did
not differ significantly between the control,SSb2-treated and
DOX-treated groups; however, the thymus and spleen indices
in the SSb2-treated mice were significantly lower compared
with those in the control group. The thymus and spleen indices
of the SSb2-treated mice were, significantly higher compared
with those of the DOX group, which indicated that SSb2's
immunotoxicity was less severe than that of DOX.

Effect of SSb2 on MVD in H22 tumor-bearing mice. To eval-
uate whether SSb2 treatment affected angiogenesis in tumor
tissues, MVD was assessed using immunohistochemistry with
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Table I. Effects of SSb2 on immune function in H22 tumor-
bearing mice.

Organ index (x107%)

White blood cell

Groups count (x10%/1) Thymus Spleen
Control 7.3+3.01 1.80+0.35  6.93+0.62
SSb2, mg/kg

5 7.3+1.14 1.65£0.30*  6.61+0.53¢

10 7.7+1.90 1.54+0.23* 5.83+0.65*¢

20 8.0+1.31 1.16£0.25"  5.74+0.55%¢
DOX, 2 mg/kg 6.1+2.30 0.93+0.28" 4.49+0.57*

P<0.05 and P<0.01 vs. Control; ‘P<0.05 and ‘P<0.01 vs. DOX.
SSb2, saikosaponin b2; DOX, doxorubicin.

an anti-CD34 antibody. The micrographs in Fig. 1F demon-
strated the changes in MVD, where the brown regions indicate
angiogenesis. As presented in Fig. 1E, SSb2 or DOX treatment
significantly decreased MVD in the tumor tissue. Moreover,
SSb2 decreased MVD in a markedly concentration depen-
dent manner, with no significant difference demonstrated
between the medium/high-dose SSb2 and DOX groups. These
results indicated that SSb2 inhibited angiogenesis in H22
tumor-bearing mice.

Effect of SSb2 on the expression of angiogenesis-related
proteins in H22 tumor-bearing mice. To evaluate the
mechanisms underlying the suppressive effects of SSb2
on tumor growth, western blotting was used to assess the
expression level of proteins involved in the regulation of
angiogenesis in tumor tissue. As presented in Fig. 2A-E,
the protein expression levels of VEGF, HIF-1a, MMP-2 and
MMP-9 markedly decreased in the SSb2-treated groups as the
SSb2 concentration increased. As presented in Fig. 2F and G,
the concentration-dependent phosphorylation of ERK1/2 was
markedly decreased in response to SSb2 treatment; however,
the total expression level of ERK1/2 was unaffected. The
protein expression levels of VEGF, HIF-1a, MMP-9 and
p-ERK1/2 were downregulated in the DOX group. These
results suggested that the antitumor mechanism of SSb2 was
associated with its antiangiogenic effect via inhibition of the
VEGF/ERK/HIF-1a signal pathway.

Effect of SSb2 on HepG?2 liver cancer cell viability, migration
and expression of angiogenesis-related proteins. HepG2 liver
cancer cells were used to investigate the antitumor effect of
SSb2 in vitro. First, an MTT assay was performed to assess
the effect of SSb2 on HepG2 liver cancer cell viability and
to determine the nontoxic concentration of SSb2 in the cells.
As presented in Fig. 3A, SSb2 significantly inhibited HepG2
liver cancer cell proliferation, in a markedly concentration
dependent manner. Based on these results, 15, 30 and 60 pg/ml
SSb2 were chosen for use in the following scratch experiment.
SSb2 significantly inhibited HepG2 liver cancer cell migra-
tion compared with the control group in the scratch wound
experiments, as presented in Fig. 3B and C.
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To further assess the mechanism underlying the inhibi-
tory effect of SSb2 on HepG2 liver cancer cell proliferation,
the protein expression levels of VEGF, HIF-1a, MMP-2 and
MMP-9 were analyzed. As presented in Fig. 3D-H, SSb2 at
different concentrations significantly inhibited VEGF and
HIF-loprotein expression levels compared with the control.
However, MMP2 and MMP9 expression levels were signifi-
cantly reduced compared with the control, in only the 60 xg/ml
SSb2-treated group. The effect of SSb2 on the phosphorylation
of ERK1/2 was also assessed; as presented in Fig. 31 and J,
protein expression levels of p-ERK1/2 were markedly reduced
in different concentrations of the SSb2-treated group, and
were significantly reduced compared with the control in the
60 pug/ml SSb2-treated group. These results indicated that
SSb2 inhibited the proliferation and migration of HepG2 liver
cancer cells, which may be related to its inhibitory effect on
the expression of angiogenesis-related proteins in HepG2 liver
cancer cells.

Effect of SSb2 on HUVEC viability, migration and invasion.
An MTT assay was used to determine the cell viability of
HUVECs treated with varying concentrations of SSb2.As
shown in Fig. 4A, HUVEC viability significantly decreased
compared with the control as the SSb2 concentration increased.

Because the migration of endothelial cells is a critical step
in angiogenesis, wound-healing and Transwell assays were
performed to evaluate the effect of SSb2 on HUVEC migra-
tion. Based on the MTT assay results, 25, 50 and 100 pxg/ml
SSb2 were selected for use in the subsequent cell migration
and invasion experiments. As presented in Fig. 4B and C,
after 48 h incubation, HUVECS in the control group had
migrated into most of the wound area. However, certain
concentrations of SSb2-treated HepG?2 significantly decreased
the wound-healing capacity in HUVECs compared with the
untreated cells. SSb2 also significantly inhibited the migration
activity of HUVECs in a concentration-dependent manner,
compared with the control, as demonstrated by the Transwell
migration assay, presented in Fig. 4D and F, which was used to
evaluate the ability of cells to migrate vertically. As presented
in Fig. 4E and G, in the Transwell invasion assay, HUVECs
demonstrated high levels of invasive activity in the control
group. After exposure to SSb2 at 25, 50 or 100 ug/ml, or
5 pg/ml DOX, cell invasion was suppressed by 28.7,47.1,74.3,
and 71.6%, respectively, which suggested that SSb2 effectively
suppressed HUVEC migration and invasion. These results
demonstrated the effective in vitro antiangiogenic activity
of SSb2.

Effect of SSb2 on tube formation as measured using the
CAM assay in vivo. A CAM assay was performed to further
elucidate the potential function of SSb2 in angiogenesis. SSb2
was injected into the chick embryonic blood vessel branch on
incubation day 11 in the presence of b-FGF. As presented in
Fig. 5A and B, b-FGF triggered a potent angiogenic response,
and the number of branches and vessel diameters of CAM
induced by b-FGF were significantly increased compared with
the control. Moreover, the 0.1 yg/embryo SSb2 significantly
inhibited b-FGF-induced angiogenesis, and SSb2 at concen-
trations of 0.2 yg/embryo and 0.4 yg/embryo demonstrated
greater inhibitory effects on the formation of tube-like vessels,
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Figure 2. Effects of SSb2 on angiogenesis in tumor tissue of H22 tumor-bearing mice. (A) Representative western blots of VEGF, HIF-1a, MMP-2 and MMP-9.
Semi-quantified protein expression levels of (B) VEGF, (C) HIF-1a, (D) MMP-2 and (E) MMP-9. (F) Representative western blots for phosphorylation of
ERK1/2 in the tumor tissue of H22 tumor-bearing mice. (G) Semi-quantified protein expression levels of phosphorylation of ERK1/2. 3-actin was used as the
loading control. Data are presented as mean = SD. n=3 for each concentration. ‘P<0.05 and “"P<0.01 vs. Control; ”/P<0.01 vs. DOX. HIF-1a, hypoxia-inducible

factor-1a; SSb2, saikosaponin b2; DOX, doxorubicin; p, phosphorylated.

which indicated that SSb2 caused a concentration-dependent
blockage of the capillary tubes.

Fig. 5C and D presented the inhibitory effect of SSb2 on
the CAM model without any inducement. SSb2 and DOX
significantly reduced angiogenesis compared with the control,
as demonstrated by the induction of fewer vessel branches and
a smaller vessel diameter; the effect was amplified at higher
SSb2concentrations. These findings suggested that SSb2 was
capable of inhibiting angiogenesis in vivo.

Discussion

Angiogenesis serves a critical role in solid tumor develop-
ment by supplying nutrients and oxygen to sustain continuous
tumor growth, and numerous malignancies are characterized
by intense and rapid angiogenesis. Moreover, angiogenesis
is a crucial process in vascular remodeling, tissue damage,
tumor migration and invasion (25-27). Therefore, inhibition
of tumor angiogenesis is regarded as an effective cancer
prevention and treatment strategy. Numerous angiogenesis

inhibitors, such as bevacizumab, sunitinib and sorafenib,
have been reported to date (28,29). However, recent clinical
studies have reported that these antiangiogenic drugs do not
have a sufficient curative effect in preventing angiogenesis and
tumor development. Furthermore, numerous adverse effects,
including hypertension, cardiotoxicity, bleeding, gastrointes-
tinal perforation and birth defects, have been reported during
treatment with these drugs (30,31). Therefore, in order to
alleviate the suffering of patients and improve their quality
of life, more effective and safe angiogenesis drugs must be
discovered and developed.

In the present study, the in vivo antitumor efficacy of SSb2
was evaluated by assessing the inhibition of tumor growth in
H22 tumor-bearing mice. These data showed that SSb2 exhib-
ited remarkable antitumor activity in the H22 tumor-bearing
mice model, as a significant concentration-dependent reduc-
tion in tumor weight was observed following SSb2 treatment.
DOX is a chemotherapeutic drug that is frequently used to treat
liver cancer. In the present study, DOX was used as a positive
control. These data demonstrated that the tumor-inhibiting



SPANDIDOS .
J PUBLICATIONS ONCOLOGY REPORTS 50: 136, 2023 7

o
o
l

A B SSb2 (ug/mi) DOX (ug/ml)
12 Control 15 30 60 2
210 el : ' '
8 08 :
> 0h
3 06
& 04
Q
£ 02
0.0 48h
0 15 30 45 60 75 90 100 200 300
SSb2 (ug/ml)
C 1004 D SSb2 (ug/ml)
S 804 ## #i# *t Control 15 30 i
< VEGF | — [—
— dok
3 %1 HIF-10 [§
g o [ — <
o 404
2 20-
MMP-9 fesm — ; -]
Control 15 30 60 2 )
_— -actin I— e —
SSb2 (ng/ml)  DOX (ug/mi) b S — ]
E F 1.51
s
2 044 g
[0} N = -
S %E 1.0 * ok *
x O o =
oW 0.3 o cT o
£> - T %5
25 > g3
Q= 4 # 5 ]
gg 0.2 A §§ 0.5
2 014 £
8 :
0.0- 0.04
Control 15 30 60 2 Control 15 30 60 2
SSb2 (ug/ml)  DOX (ug/ml) SSb2 (ug/ml) DOX (ng/ml)
G 1.0 H 0.84
S 5
3 4 2 #
g 08 2 06 # #
g x sg *
£ = 067 # 83
% ?_ Hk $ = 0.4
S5 4,4 5%
&g 04 g?: ok
28 23
£ 02- £~ 029
> k<
4 &
0.0- 0.0-
Control 15 30 60 2 Control 15 30 60 2
SSb2 (ug/ml) DOX (ng/ml) SSb2 (ug/ml)  DOX (ug/ml)
| J _ 157
SSb2 (ug/ml) DOX (ng/ml) g Q
Control 15 30 60 2 S F
= gy 1.0 # ##
ERK12 | < S S~ e
§ 4 ok
—— ——1 o *
pERK1/2| l 54 054
- =
practn [ — — — | 53
g8
Control 15 30 60 2

SSb2 (ug/ml)  DOX (ug/ml)

Figure 3. Effects of SSb2 on HepG2 liver cancer cells. (A) The effect of SSb2 on the viability of HepG2 liver cancer cells. (B and C) Effect of SSb2 on the
wound-healing ability of HepG2 liver cancer cells (magnification, x100). (D) Representative western blots for VEGF, HIF1-a, MMP-2 and MMP-9 in HepG2
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efficacy of high-dose SSb2 was only marginally inferior to that ~ which indicated that SSb2 induced less immune damage than
of DOX. However, the spleen and thymus indices of all SSb2 ~ DOX. Therefore, the antitumor effects of SSb2 were worthy of
groups did not decrease as much as those of the DOX group, further study.
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MVD is a good indicator of tumor angiogenesis, and
the measurement of tumor MVD has become the primary
method for determining antiangiogenic drug efficacy (27,32).
According to tumor immunohistochemistry, SSb2 markedly
decreased the CD34 protein expression level and significantly
decreased the corresponding MVD value in tumor tissue,
which indicated that SSb2 had antitumor and antiangiogenic
activity. These findings were also demonstrated in the CAM
model. Due to its advantages of convenient sampling, simple
operation, and widespread use, the CAM assay is regarded as
a good experimental model for angiogenesis studies and is
widely used for screening and evaluating the antiangiogenic
activity of drugs (33). As expected, an increase in vessel
diameter and branches was observed in the b-FGF control
group. However, SSb2 treatment significantly reduced the
number of vessel branches and decreased vessel diameter
in the CAM model with or without b-FGF. Migration of
endothelial cells is an important step in angiogenesis (34).
Therefore, HUVECs were used to assess the antiangiogenic
effect of SSb2. SSb2 was demonstrated to significantly inhibit
both HUVEC migration and invasion. These results validated
the antiangiogenic activity of SSb2 both in vivo and in vitro,
which suggested that SSb2 was a potential therapeutic agent
for the inhibition of cancer metastasis and tumor angiogenesis.
Supporting evidence may provide an experimental basis for
further study of SSb2 as a potent angiogenesis inhibitor in
clinical applications.

To further investigate the mechanism underlying SSb2's
antiangiogenic properties, angiogenesis-related signaling
pathways were assessed. VEGF is overexpressed in liver
cancer, and its high expression is closely associated with

tumor angiogenesis, invasion and metastasis (35,36). VEGF
can promote endothelial cell proliferation, increase vascular
permeability, enable endothelial cell migration, induce tumor
angiogenesis and maintain continued tumor growth by binding
and activating VEGFR. As the most powerful angiogenic
factor currently known (37), VEGEF is related to numerous
physiological and pathological processes, including liver cancer
development. Any agent inhibiting VEGF-related processes
could inhibit angiogenesis and thus restrain tumor growth and
metastasis (34). The present study demonstrated that SSb2
inhibited VEGF expression in liver cancer, which suggested
that SSb2 suppressed angiogenesis by downregulating VEGF
expression, which may be one of the mechanisms by which
SSb2 inhibits liver cancer.

The primary characteristic of malignant tumors is their
high metastatic potential, which is the primary cause of patient
mortality. According to a previous report, >80% of patients
with tumors die as a result of tumor metastasis (38). Tumor
metastasis is a complex process (39) because many proteolytic
enzymes are involved in the degradation of environmental
barriers, such as the basal membrane and extracellular matrix,
among which MMPs serve an important role in promoting the
migration of cancer cells to neighboring tissues by degrading
the main components of the basement membrane, such as
collagen IV (40,41). Furthermore, HIF-1a acting as a signaling
hub can affect the expression of proangiogenic factors, such as
VEGEF, IL-6 and TNFa (42-45) and proangiogenic enzymes,
such as inducible nitric oxide synthase andMMP-9 (43,46,47).
VEGF and HIF-1a, which are involved in the regulation of
angiogenesis, are deemed the most promising therapeutic
targets for direct or indirect angiogenesis inhibitors.
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Activation of the MAPK family, including ERK, P38
MAPK and PI3K/Akt, is essential for the promotion of angio-
genesis. Therefore, suppression of these pathways may induce
anti-angiogenesis and antitumor effects (48-50). The results
of the present study demonstrated that SSb2 markedly down-
regulated the expression of p-ERK1/2, which indicated that
SSb2 was capable of modulating ERK1/2 signaling. ERK1/2, a
downstream protein of various growth factors, such as VEGF,
regulates cell proliferation, differentiation and survival. HIF-1a
is a substrate for ERK phosphorylation, and Ser641 and Ser643
phosphorylation of HIF-1a is required for nuclear location
and transcriptional activity (51). Zhang et al (51) reported that
angiogenesis was inhibited by blocking VEGF or downstream
molecules such as ERK1/2 and HIF-1a. The present study
demonstrated that SSb2 significantly decreased the protein
expression levels of VEGF, ERK1/2, HIF-1a, MMP2 and
MMP9 compared with the control group. Therefore, we hypoth-
esized that VEGF protein expression levels decreased after
SSb2 administration and that VEGF downregulated the expres-
sion of ERK1/2, which could inhibit its downstream molecules,
including HIF-1o,, MMP2 and MMP9. However, HIF-1a can
regulate the expression of the VEGF gene, resulting in further
VEGF reduction. These effects led to the subsequent inhibition
of tumor metastasis and angiogenesis. The present study did
not investigate any other pathway activated by VEGF, such as
AKT, which is a limitation of the present study and requires
study in future research. Furthermore, a gene knockdown or
knockout experiment is required to assess the significance of
VEGF signaling in SSb2's anticancer activity. Future research
must continue to focus on this area.

Overall, the present study demonstrated that SSb2
possesses an antiangiogenic effect both in vivo and in vitro
and that the mechanism appears to involve the inhibition of the
VEGF/ERK/HIF-1a signaling pathway. The present study's
findings provide new insights into how SSb2 inhibits liver cancer
and suggest that SSb2 could be a potential natural product for
treating liver cancer. Further studies are needed in to other
aspects of SSb2 in the treatment of angiogenesis and cancers.
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