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Paris saponin H inhibits the proliferation of glioma cells
through the A1 and A3 adenosine receptor-mediated pathway
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Abstract. Paris saponin H (PSH) is a type of steroid saponin
derived from Rhizoma Paridis (RP; the rhizome of Paris). In
our previous studies, saponins from RP exerted antiglioma
activity in vitro. However, the effects of PSH on glioma have not
been elucidated. The aim of the present study was to evaluate
the effects of PSH on U251 glioblastoma cells and elucidate the
possible underlying mechanism. The cells were treated with
PSH at various concentrations for 48 h, and the cell viability,
invasion, apoptosis and cycle progression were assessed using
specific assay kits. The activation of Akt, 44/42-mitogen-acti-
vated protein kinase (MAPK) and the expression levels of
Al adenosine receptor (ARA1) and ARA3 were assessed by
western blotting. The results demonstrated that PSH inhibited
cell viability, migration and invasion, and induced apoptosis.
Treatment of U251 cells with PSH induced the upregulation of
p21 and p27, and the downregulation cyclin D1 and S-phase
kinase associated protein 2 protein expression levels, which
induced cell cycle arrest at the G1 phase. The results also
demonstrated that PSH inhibited the expression of ARAI,
and the agonist of ARA1, 2-chloro-N6-cyclopentyladenosine,
reversed the effects of PSH. Hypoxia induced increases in the
ARA3, hypoxia-inducible factor-loo (HIF-1a) and vascular
endothelial growth factor (VEGF) protein expression levels,
which were associated with the activation of the Akt and
P44/42 MAPK pathways. Compared with the hypoxia group,
PSH inhibited the expression levels of ARA3, HIF-1a and
VEGF, as well as the phosphorylation levels of Akt and
44/42 MAPK, and repressed HIF-1a transcriptional activity.
Furthermore, the results demonstrated that PSH inhibited the
expression of HIF-1a by inhibiting the phosphorylation of Akt
and 44/42 MAPK mediated by ARA3. Taken together, these
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results suggested that PSH reduced U251 cell viability via the
inhibition of ARA1 and ARA3 expression, and further inhib-
ited Akt and 44/42 MAPK phosphorylation, induced apoptosis
and cell cycle arrest.

Introduction

Glioblastoma is one of the most malignant types of brain
cancer, characterized by high recurrence and mortality rates,
and a low cure rate (1,2). Due to the invasive growth of glioma,
tumor tissue cannot be completely removed with surgery, and
it can easily relapse in situ, making it difficult to cure. The
prognosis of patients with glioblastoma is unsatisfactory, with
an annual survival rate <30% and a 5-year survival rate <5%
in the United States between 2000 and 2014 (3,4). The resis-
tance of glioma chemotherapeutic drugs is the leading cause
of treatment failure (5). Traditional chemotherapy agents, such
as carmustine, cisplatin and teniposide, are commonly used;
however, they are only ~20% efficient, with the efficiency of
the newest drug, temozolomide, at only 35% (6). Therefore,
developing new strategies and drugs to effectively inhibit
glioma growth has become one of the main research goals of
scientists worldwide.

A number of studies have demonstrated that extracellular
adenosine signaling is associated with glioma cell prolifera-
tion, migration, invasion and mortality in animal models (7).
Although the concentration of adenosine in the extracellular
fluid of glioma tissue is in the micromolar range, it is suffi-
cient to activate all known adenosine receptor subtypes (Al,
A2A, A2B and A3) (8). Among them, A2A and A2B receptors
are mainly distributed on epithelial and a variety of immune
cells, and the Al and A3 adenosine receptors are distributed
on the tumor cell membrane and serve a key role in tumor
cell proliferation and invasion (9). Under hypoxic and normal
oxygen environments, the same adenosine receptor may exert
different biological effects (10). Due to the regulatory effects
of adenosine receptors and their downstream signaling path-
ways, chemical compounds or drugs that affect these receptor
may inhibit the proliferation and angiogenesis of glioma cells.

In our previous studies, a number of saponins (e.g.
saponin 6 of Anemone taipaiensis) with antiglioma activity
were isolated and identified from various medicinal plants,
and the feasibility of saponin treatment on malignant


https://www.spandidos-publications.com/10.3892/ijmm.2021.4863
https://www.spandidos-publications.com/10.3892/ijmm.2021.4863

2 BI et al: INHIBITORY EFFECTS OF PSH ON GLIOMA CELLS

glioma was determined by interstitial chemotherapy (11-13).
Rhizoma Paridis (RP; the rhizome of Paris) has a wide
range of medicinal activities, including anticancer, and has
been used for the treatment of lung cancer, brain tumors and
malignant lymphomas (14). In previous studies, saponins
from RP showed good effects in inhibiting tumor effects,
including inducing apoptosis and cell cycle arrest, inhib-
iting angiogenesis and increasing immunity (15,16). Paris
saponin H (PSH), a steroid saponin component of RP, shares
similar characteristics with Polyphyllin VII, Polyphyllin D
and Paris Saponin 11 (17). Polyphyllin VII and Polyphyllin D
have been demonstrated to exert their antiglioma effects
in vitro by inducing apoptosis (18,19). Paris Saponin II serves
an anti-angiogenetic role through reducing the levels of VEGF
and blocking the activity of VEGFR2 (20). Total steroidal
saponins extracted from the RP have been demonstrated to
activate adenosine receptors in rat platelets, and several sapo-
nins (including N6-cyclohexyladenosine and 8-cyclopentyll,
3-dipropyl-2,3-(N)-xanthine) exert inhibitory effects on Al
and A3 adenosine receptors (21,22).

However, the mechanism of PSH against glioma remains
unclear. Based on the aforementioned previous experiments,
we hypothesized that PSH may bind to the Al and A3
adenosine receptors on glioma cell membranes, inhibit their
downstream signaling pathways, promote tumor cell apoptosis
and inhibit glioma growth. On the other hand, the inhibition
of the A3 receptor activation may reduce hypoxia-inducible
factor-1a. (HIF-1a) synthesis, which may in turn inhibit glioma
angiogenesis and cell proliferation.

Materials and methods

Chemicals and reagents. PSH (purity, 98%) was obtained from
the Department of Natural Medicine, School of Pharmacy,
Fourth Military Medical University. Cell Counting Kit-8
(CCK-8) was purchased from Shanghai 7Sea PharmTech
Co. Ltd. Human astrocytoma U251 cells were purchased
from the Cell Bank of Type Culture Collection of The
Chinese Academy of Sciences. RIPA buffer, CHAPS buffer,
caspase-3 (cat. no. C1116) and caspase-9 (cat. no. C1158)
activity assay kits were purchased from Beyotime Institute
for Biotechnology. VEGF ELISA kit (cat. no. PDVEOO) was
purchased from R&D Systems, Inc. Dulbecco's modified
Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco; Thermo Fisher Scientific, Inc. The
Annexin V-FITC/PI staining kit was purchased from Nanjing
Jiancheng Bioengineering Institute. The primary antibodies
against HIF-1a (cat. no. 36169), VEGF (cat. no. 2463), MAP
kinase kinase 1/2 (MEK1/2) (cat. no. 8727), phosphorylated
(P-)MEK1/2 (cat. no. 9154), P38 mitogen-activated protein
kinase (MAPK; cat. no. 8690), P-P38 MAPK (cat. no. 4511),
Akt (cat. no. 4691), P-Akt (cat. no. 4060), P44/42 MAPK (cat.
no. 4695), P-P44/42 MAPK (cat. no. 4370), P27 (cat. no. 3686)
and CDK4 (cat. no. 12790) were purchased from Cell
Signaling Technology, Inc. The peroxidase-conjugated
anti-rabbit (cat. no. BA1056) and anti-mouse (cat. no. BA1050)
secondary antibodies were purchased from Wuhan Boster
Biological Technology, Ltd. LY294002 (cat. no. 19-142),
U0126 (cat. no. 19-147), 2-Chloro-N6-cyclopentyladenosine
(CCPA; cat. no. 37739-05-2), 2-chloro-N6-(3-iodobenzyl)

adenosine-50-N-methylcarboxamide (CI-IB-MECA;
cat. no. 163042-96-4), 9-chloro-2-(2-furanyl)-5-(phenylacetyl)
amino-(1,2,4) triazolo (1,5-c) quinazoline (MRS1220;
cat. no. 183721-15-5) and other reagents for buffer preparations
were purchased from Sigma-Aldrich; Merck KGaA.

Cell culture. U251 cells were cultured in DMEM supplemented
with 10% FBS, 100 U/ml streptomycin and 100 pg/ml peni-
cillin at 37°C with 5% CO,. The culture medium was changed
every other day, and the cells were subcultured when 90%
confluence was reached. The cells were inoculated on suitable
culture plates specific to each assay and treated with 25, 50 or
100 pg/ml PSH for 72 h at 37°C. The cells in the control group
were cultured in normal medium for the same amount of time.
Treatment with LY294002 (20 xM), U0126 (20 uM), CCPA
(20 nM), CI-IB-MECA (15 uM) and MRS1220 (1 uM) were
performed simultaneously with PSH treatment.

Cell viability. U251 cells were seeded into 96-well plates at a
density of 5x10° cells/well and cultured for 24 h, followed by
continuous culture with PSH for 72 h at 37°C. Cell viability
was examined by CCK-8 assay. Briefly, after the treatments,
10 ul CCK-8 solution was added into each well and incu-
bated at 37°C for 4 h, and the absorbance was measured at
455 nm. The cells in the control group were cultured in normal
medium. Data are presented as the fold-change relative to the
control group.

Apoptotic rate measurement. The PSH-induced apoptosis
rate of U251 cells was determined using Annexin V-FITC/PI
staining. U251 cells were seeded into 6-well plates at a density
of 1x10° cells/well and cultured for 24 h at 37°C. Following
the aforementioned treatments, the cells were washed with
PBS, trypsinized with 0.125 g/l trypsin, centrifuged at
800 x g for 5 min at room temperature and collected. The
cells were resuspended in 100 1 1X binding buffer, and 5 ul
Annexin V-FITC and 5 ul PI were added to each well and
incubated for 15 min at 37°C in the dark. Subsequently, 400 ul
binding buffer was added, and apoptosis was analyzed on a
FACSCalibur flow cytometer with BD Accuri™ C6 software
(both BD Biosciences). A total of 1x10* cells were collected
per well, and early and late apoptotic cells were recorded.

Cell cycle analysis. The inhibitory effects of PSH on cell
proliferation were measured by flow cytometry. Following
the aforementioned treatments, U251 cells were collected and
fixed with 70% ethanol at 4°C for 2 h. Following centrifuga-
tion (800 x g for 5 min at 4°C), the cells were resuspended
in RNase A solution and 0.02 mg/ml PI (Sigma-Aldrich;
Merck KGaA), and incubated for 30 min at 4°C. The fluores-
cence of 1x10* cells was recorded by a FACSCalibur C6 flow
cytometer (BD Biosciences) and analyzed by ModFit software
(Verity Software House).

Invasion assay. To determine the effects of PSH on cell
invasiveness in vitro, Matrigel Basement Membrane Matrix
(Corning, Inc.)-coated Transwell inserts (Costar; Corning,
Inc.) were used. The Transwell inserts were coated with
0.8 mg/ml Matrigel at 37°C for 2 h, and cells were seeded at
a density of 1x10° and treated with various concentrations of
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PSH. Following incubation for 72 h at 37°C, the non-invasive
cells were removed by a cotton swab, and the cells that passed
through the membrane into the lower wells were fixed with
5% glutaraldehyde at 37°C for 30 min and stained with 0.1%
crystal violet at 37°C for 30 min. Images in five random fields
per sample were captured using a light microscope, and the
cells were counted by ImagelJ software (version 1.42, National
Institutes of Health). The results were expressed as the
percentage of total cells in the lower and upper wells.

Wound healing assay. To investigate the effects of PSH on
cell migration, a wound healing assay was performed. Cells
were seeded into 6-well plates at 1x10° cells/ml, and cultured
until a confluent monolayer was formed. The cell surface was
wounded by a 200-ul pipette tip. PBS was used to remove the
cells from the wound area, and the cells were treated with
different doses of PSH in DMEM containing 1% FBS; the
serum concentration was based on previous studies (23,24).
Images of the wound areas were captured by an inverted
microscope (x200 magnification) at the start of the experiment
(0 h) and following treatment for 72 h. For each experiment,
five replicates were performed, and the experiment was
repeated three times. The gap width was calculated using
ImagelJ software (version 1.42), and the width was expressed
in arbitrary units. The wound healing rate was calculated as
follows: Wound healing (%)=(1-B/A) x 100%, where A is the
gap width at 0 h, and B is the gap width at 72 h.

Caspase activation analysis. To determine the caspase activity,
5x10° cells were seeded in 6-well plates and treated as afore-
mentioned. Caspase-3 and 9 activation was measured using
specific kits, and the direction and absorption values were
recorded at 405 nm using a microtiter plate reader (Bio-Rad
Laboratories, Inc.).

20S proteasome enzymatic activity analysis. To avoid affecting
the enzymatic activity of the proteasome, 0.5% CHAPS buffer
was used to prepare the total cellular protein lysate. The
proteasome activity was determined in the total protein lysates
using a Proteasome 20S Activity Assay kit (cat. no. ab112154;
Abcam) according to the manufacturer's instructions. The
fluorescence intensity was measured at the excitation/emission
wavelengths of 490/525 nm using a VICTOR X2 fluorescent
microplate reader (PerkinElmer, Inc.).

Immunoblotting. Following the aforementioned treatments,
the cells were harvested and homogenized in RIPA buffer at
4°C for 30 min. The protein concentration was determined by
the BCA assay (Beyotime Institute of Biotechnology). Protein
(30 ug) from each sample was resolved by 10% SDS-PAGE,
followed by transfer to a PVDF membrane (Bio-Rad
Laboratories, Inc.). Following blocking with 5% non-fat dry
milk at 37°C for 30 min, the membranes were probed with
anti-HIF-a (1:1,000), anti-VEGF (1:1,000), anti-P27 (1:1,000),
anti-CDK4 (1:1,000), anti-cleaved caspase-9 (1:1,000),
anti-cleaved caspase 3 (1:1,000), anti-Akt (1:1,000), anti-P-Akt
(1:1,000), anti-P38 (1:1,000), anti-P-P38 (1:1,000), anti-p44/42
MAPK (1:1,000), anti-P-p44/42 MAPK (1:1,000), anti-ARA1
(1:200), anti-AR A3 (1:200) and anti-GAPDH (1:1,000) primary
antibodies at 4°C overnight. Subsequently, the membranes
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were washed with PBS + 1% Tween-20 three times and incu-
bated with horseradish peroxidase-conjugated anti-rabbit or
mouse IgG (1:5,000) at 37°C for 1 h. The signals were visual-
ized using an ECL Plus western blot detection system. The
grayscale values of the bands were calculated using Image J
software (version 1.42) and presented as the fold-change rela-
tive to the control group.

Statistical analysis. All experiments were repeated three
times, and the data are presented as the mean + SD. The differ-
ences between two groups were evaluated by either one-way
analysis of variance followed by the Dunnett's or Bonferroni
post hoc test using using GraphPad Prism 7.0 (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

PSH inhibits U251 cell viability. To evaluate the inhibitory
effects of PSH on U251 cells, the cells were treated with a
range concentrations of PSH for various durations, and the
cell viability was measured by CCK-8 assay. As presented
in Fig. 1A, PSH inhibited the viability of U251 cells by ~60%
at a concentration of 100 ug/ml. Therefore, in subsequent
experiments, 25, 50 and 100 xg/ml PSH was used to study the
concentration-dependent effects.

To evaluate the inhibitory effects of PSH on U251 migra-
tion and invasion, wound healing and Transwell assays were
carried out. As demonstrated in Fig. 1B, PSH significantly
inhibited cell migration. In the invasion assay, a large number
of control cells passed through the filter into the lower wells;
25 ug/ml PSH exhibited an inhibitory effect, but there was no
significant difference in the invasive cell number compared
with that in the control group (Fig. 1C and D). PSH at 50 and
100 pg/ml significantly decreased the number of cells in the
lower wells, suggesting that PSH exerted an inhibitory effect
on U251 cell invasion.

PSH induces apoptosis in U251 cells. To evaluate the effects
of PSH on apoptosis, Annexin V-FITC/PI staining was used.
Treatment with PSH increased the apoptotic rate of U251
cells compared with that in the control group. The caspase 3
and caspase 9 activation analysis demonstrated that 50 and
100 ug/ml PSH significantly increased the activation of
caspase 3 and caspase 9 compared with that in the control
group (Fig. 2B and C). Western blotting results also revealed
that compared with those in the control group, PSH treatment
significantly increased the protein expression levels of cleaved
caspase 3, cleaved caspase 9, Bcl2-associated X protein and
cytochrome c. Furthermore, the expression levels of the
anti-apoptotic protein Bcl-2 were reduced in all PSH-treated
groups compared with those in the control group. These results
suggested that PSH induced apoptosis in U251 cells.

PSH induces cell cycle arrest at the Gl phase in U251 cells.
To further evaluate whether the inhibitory effects of PSH
on cell proliferation were associated with the induction of
cell cycle arrest, PI staining was used and analyzed by flow
cytometry. As demonstrated in Fig. 3A, PSH induced cell
accumulation at the G1 phase, and a reduction at the S and G2
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Figure 1. Effects of PSH on U251 cell viability, migration and invasion. (A) Cells were treated with 0.01, 0.1, 1, 10 and 100 pzg/ml PSH for 24,48 and 72 h, and
the cell viability was measured by Cell Counting Kit-8 assay. (B) Effects of PSH on cell migration. After confluence was reached, cells were treated with 25,
50 and 100 pg/ml PSH, and the wound healing assay was performed. (C) Effects of PSH on U251 cell invasion. (D) Quantitative data of the cell invasion assay

results. “P<0.01 vs. control. PSH, Paris saponin H; Con, control.

phases compared with the control group. The western blotting
results also revealed that compared with those in the control
group, treatment with 25, 50 or 100 yxg/ml PSH increased the
protein expression levels of P21 and P27, and inhibited those
of cyclin D1 and S-phase kinase associated protein 2 (Skp2)
(P<0.01). These results suggested that PSH induced cell cycle
arrest at the G1 phase in U251 cells.

PSH induces cell cycle arrest via ARAI. To investigate
whether the PSH-induced cell cycle arrest in U251 cells was
ARA1-dependent, the expression of ARA1 was determined by
western blotting (Fig. 4A). Following 48-h treatment with 25,
50 or 100 pug/ml PSH, the protein expression levels of ARA1
were significantly decreased compared with those in the
control group. To clarify the role of ARAI, the ARA1 agonist
CCPA was used. As demonstrated in Fig. 4B, the effects of
PSH on the expression levels of ARA1,P27 and cyclin D1 were
reversed by CCPA. The PSH-induced cell cycle arrest was also
abolished by CCPA (Fig. 4C). These results suggested that the
PSH-induced cell cycle arrest was partly dependent on ARAI.

PSH attenuates HIF-1a and VEGF expression in U251 cells
under hypoxia. The effects of PSH on the expression of
HIF-1a. and VEGF were analyzed in U251 cells under hypoxic
conditions. The expression levels of HIF-1a. and VEGF were
significantly increased following exposure to hypoxia for 48 h
compared with those under normoxic conditions. However,
treatment with 25, 50 or 100 ug/ml PSH significantly reversed

the effects of hypoxia on HIF-la and VEGF expression
levels (Fig. SA). Next, the effects of PSH on the HIF-1a
transcriptional activity were examined; as demonstrated
in Fig. 5B, hypoxia induced a significant increase in HIF-1a
transcriptional activity compared with that under normoxia.
Treatment with 25, 50 or 100 ug/ml PSH resulted in a signifi-
cant reduction of HIF-1a transcriptional activity compared
with that in the hypoxia group The production of VEGF was
also analyzed. Hypoxia significantly induced VEGF secre-
tion compared with that under normoxic conditions, and PSH
inhibited this effect (Fig. 5C). Subsequently, 20S proteasome
activity in U251 cells was measured following PSH treat-
ment. The results demonstrated that treatment with 25, 50 or
100 pg/ml PSH resulted in a significant reduction in U251 cell
proteasome activity, which compared with that in the hypoxia
group (Fig. 5D).

PSH inhibits the PI3K/Akt and MAPK signaling pathways
in U251 cells under hypoxia. To verify the inhibitory effects
of PSH on the expression of HIF-1a and VEGF, as well as
the potential roles of the PI3K/Akt and MAPK signaling
pathways in the underlying mechanism, the effects of PSH on
these pathways were determined. As demonstrated in Fig. 6A,
the phosphorylation levels of Akt and 44/42 MAPK in U251
cells were upregulated by hypoxia compared with those in
the control group, but inhibited by 25, 50 or 100 ug/ml PSH
compared with those in the hypoxia group. Furthermore, the
specific PI3K/Akt inhibitor LY294002 and the P44/42 MAPK
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Figure 2. Effects of PSH on U251 cell apoptosis. (A) The rate of cell apoptosis was measured by Annexin V-FITC/PI staining and flow cytometry.
(B and C) The activity levels of (B) caspase-3 and (C) caspase-9 were determined by ELISA. (D) Western blotting was used to determine the protein levels of
cleaved caspases-3 and 9, Bax, cytochrome ¢ and Bcl-2. The results are presented as the fold-change relative to the control group. Experiments were repeated
three times, and the data are presented as the mean + SD. "P<0.05 and “P<0.01 vs. control group. PSH, Paris saponin H.

inhibitor U0126 were used to clarify these effects. As presented
in Fig. 6B, compared with those in the PSH treatment group,
LY294002 and U0126 inhibited the phosphorylation levels
of PI3K/Akt and P44/42 MAPK, respectively. In addition,
LY294002 and U0126 abolished the inhibitory effects of PSH
on the protein expression levels of HIF-1a and VEGF in U251
cells. These results indicated that the PI3K/Akt and MAPK
signaling pathways were involved in the effects of PSH on
HIF-1a and VEGF expression.

PSH decreases HIF-1a expression via ARA3 inactivation.
To determine whether ARA3 was involved in PSH-induced
cytotoxicity, the protein expression levels of ARA3 were
analyzed using western blotting. As demonstrated in Fig. 7A,
treatment with 25, 50 or 100 xg/ml PSH decreased ARA3
expression levels compared with those in the hypoxia group.
To confirm the effects of ARA3 on PSH-induced cytotox-
icity, the selective ARA3 agonist CI-IB-MECA (15 pM) and
the ARA3 antagonist MRS1220 (1 uM) were used in the
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Figure 3. Effects of PSH on the U251 cell cycle. (A) U251 cells were treated with the indicated concentrations of PSH for 48 h, and the cell cycle distribution
was determined by flow cytometry using PI staining. (B) The protein expression levels of P21, P27, cyclin D1 and Skp2 were measured by western blotting.
The results are presented as the fold-change relative to the control group. Experiments were repeated three times, and the data are presented as the mean + SD.
“P<0.05 and “P<0.01 vs. control. PSH, Paris saponin H; Skp2, S-phase kinase associated protein 2.

subsequent experiments. The inhibitory effects of PSH on the
protein expression levels of ARA3, HIF-1a, VEGF, P-Akt,
P-44/42 MAPK, cleaved-caspase-3 and cytochrome ¢ were
abolished by CI-IB-MECA and enhanced by MRS1220 treat-
ment (Fig. 7B). The effects of PSH on cell viability (Fig. 7C)
and apoptosis (Fig. 7D) were also reversed by treatment with
CI-IB-MECA and enhanced by MRS1220 in U251 cells.
These results suggested that the effects of PSH on U251 cells
were exerted via the inhibition of ARA3 activity.

Discussion

Glioblastoma is one of the most common and malignant brain
tumors (25,26). Common clinical treatments for glioblastoma
include surgery, chemotherapy and radiotherapy; however,
their therapeutic effects are poor, and the median survival
time of patients with glioblastoma is only 6-14 months (3,27).
Glioblastomas are resistant to the currently used chemothera-
peutic strategies, thus limiting their efficacy (28). Traditional
Chinese medicine has been used for thousands of years, and its
anticancer effects have attracted increasing attention among
pharmacists and scientists (29). Saponins from herbs such as
RP possess anticancer activities (30); however, the molecular
mechanisms underlying their effects are largely unknown.
Previous studies have demonstrated that the crude extracts
from RP and saponins exert inhibitory effects on tumor
cell proliferation and progression (31,32). Results from a
structure-activity relationship analysis have revealed that the

variety at the C-3 position of the aglycone contributes to the
antitumor effects of saponins from RP (19). Previous studies
have suggested that polyphyllin D exerts inhibitory effects
on tumor cell proliferation and angiogenesis (33-35). By
screening the antitumor activity of RP saponins on U87 and
U251 glioblastoma cells, it was observed that PSH exhibited
the strongest antiglioma effects (data not shown). However,
the antitumor activity of PSH and its possible mechanism
have remained largely unknown to date. Therefore, the present
study verified the anticancer effect of PSH and elucidated the
underlying mechanisms.

In the present study, the results of the CCK-8 viability assay
demonstrated that PSH inhibited cell viability, and 100 ug/ml
PSH reduced U251 cell viability to 60% of that in untreated
cells. The effects of PSH on cell migration and invasion were
examined by wound healing and Transwell invasion assays,
respectively, and the results demonstrated that PSH inhibited
U251 cell migration and invasion. These results suggested
that PSH exhibited anticancer effects in the U251 glioma cell
line. The anticancer effects of PSH may be exerted through
several mechanisms, such as cell cycle progression interfer-
ence and apoptosis promotion. When U251 cells were exposed
to PSH in the present study, the apoptotic rates were measured
by Annexin V/PI assay, and the results demonstrated that
the numbers of apoptotic cells were increased in the PSH
treatment groups compared with those in the control group.
ELISA results also revealed that the caspase-3 and caspase-9
levels were significantly increased in U251 cells following
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PSH treatment compared with those in the untreated cells,
suggesting that PSH may induce caspase-dependent apoptosis
in U251 cells. Further western blotting results demonstrated

cytochrome c.

that PSH induced the protein expression of apoptosis-related
proteins cleaved caspase-3, cleaved caspase-9, Bax and
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Cell cycle checkpoints prevent cells from genome damage
by undergoing DNA replication or mitosis (36). Interfering with
the cell cycle progression is a potentially effective treatment
strategy for inhibiting cancer cell proliferation (37). Cell cycle
progression is promoted by cyclins D1, D2 and D3, which serve
important roles in the modulation of the transition from the G1
to the S phase during the cell cycle, and CDKs, and inhibited by
CDK inhibitors, such as p21 and p27 (38,39). The results of the
present study demonstrated that PSH induced cell cycle arrest
at the Gl phase, increased p21 and p27 protein expression
levels, and decreased those of cyclin D1 and Skp2 compared
with those in the untreated cells. These results suggested that
DNA synthesis in U251 cells was inhibited by PSH.

A previous study has reported that, in the peritumoral area
of C6 glioma cell-injected animals, the levels of ARA1 were
significantly upregulated compared with those in normal
tissues (40). Although the regulatory mechanism of the ARA1
increase is unknown, the levels of ARA1 around tumors repre-
sent a useful diagnostic and prognostic marker for glioblastoma

progression (41). To determine whether ARA1 was involved in
the PSH-induced cell cycle arrest, the expression levels of ARA1
were analyzed in the present study. The results demonstrated
that compared with those in the control group, PSH significantly
inhibited the expression levels of ARA1. The ARA1 agonist
CCPA was used to verify these results; CCPA treatment abol-
ished the effects of PSH on the cell cycle and the related protein
expression. These results suggested that PSH induced U251 cell
cycle progression potentially by inhibiting ARAL.

Previous studies have reported that hypoxia is prevalent
in solid tumor and hypoxic microenvironments, contributing
to radiotherapy resistance (42,43). HIF-1, a transcriptional
activator, serves an important role in adapting to low oxygen
and nutrition conditions, and promotes tumor progression by
regulating the expression of a number of genes, such as AKT
and MAPK, involved in angiogenesis, apoptosis, invasion and
cell metabolism (44.,45). HIF-1 contains two subunits, HIF-1a.
and HIF-1p. HIF-1a is activated by hypoxia and translocates
into the nucleus, where it forms a heterodimer with HIF-1§,
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inducing the expression of a range of transcription factors,
including VEGF (46). In the present study, hypoxia upregu-
lated the expression levels of HIF-1a and VEGF in U251
cells compared with those under normoxia. PSH significantly
reversed these effects. The 20S proteasome activity was also
decreased by PSH treatment compared with that in the hypoxia
group. These results suggested that PSH inhibited U251 cell
proliferation by regulating HIF-1a and VEGF expression.
HIF-la is activated by several oncogenic pathways,
including phosphatase and tensin homolog (PTEN), as well as
growth factors, such as hepatocyte growth factor (HGF) and
stromal-derived factor-la (SDF-1a) (47,48). PTEN negatively
regulates Akt expression, which can increase HIF-1a protein
synthesis and induce VEGF production under hypoxia (49).
P44/42 (also termed ERK1/2), which is a member of the
MAPK signaling pathway, activates HIF-1a by promoting
the formation of the HIF-p300/CBP complex and modulating
its transactivation activity (50). P44/42 MAPK also increases
the HIF-1 transcriptional activity by directly phosphorylating
HIF-1a (51). P44/42 MAPK induces HIF-1 activation by
inhibiting the chromosomal maintenance 1-dependent nuclear
export of HIF-1a (52). To determine through which pathway

PSH was involved in controlling HIF-1a, the phosphorylation
levels of PI3K/Akt and P44/42 MAPK were analyzed in the
present study. The results demonstrated that PSH inhibited
the phosphorylation levels of PI3K/Akt and P44/42 MAPK.
The specific PI3K/Akt inhibitor LY294002 and P44/42 MAPK
inhibitor U0126 were further used to confirm these results;
LY294002 and U0126 abolished the inhibitory effects of PSH
on the protein expression levels of HIF-1a and VEGF. These
results suggested that PSH-mediated inhibition of HIF-1a and
VEGF expression was possibly dependent on the PI3K/Akt
and p44/42 MAPK pathways.

Under normal conditions, ARA3 inhibits protein kinase A
(PKA) and Akt, and activates glycogen synthase kinase 3,
which inhibits tumor cell proliferation (53). However, under
hypoxic conditions, ARA3 is activated and upregulates
the expression levels of HIF-1a and VEGF, which induces
angiogenesis (54). Hypoxia-induced chemoresistance of
glioblastoma cells depends on the activation of ARA3, which
subsequently induces Akt activation and the inactivation of
the pro-apoptotic protein Bad, leading to cell survival (55). In
U87 cells, the activation of ARA3 also induces the upregula-
tion of matrix metalloproteinase-9, which increases tumor cell
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migration (56). In the present study, the results demonstrated
that hypoxia induced, whereas PSH inhibited the expression
of ARA3. CI-IB-MECA and MRS1220 were used to confirm
the role of ARA3 in PSH treatment; the results revealed that
the inhibitory effects of PSH on ARA3, HIF-1a, VEGF, P-Akt,
P-44/42 MAPK, cleaved-caspase-3 and cytochrome c expres-
sion as well as cell viability were abolished by CI-IB-MECA
and enhanced by MRS1220. These results suggested that the
effects of PSH were exerted through the inhibition of the
ARA3 activity.

Taken together, the results of the present study demon-
strated that PSH inhibited the viability and induced cell cycle
arrest and apoptosis in U251 cells. The effects of PSH may
involve the modulation of adenosine receptor interaction via
the inhibition of the P44/42 MAPK and Akt pathways.
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