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Abstract
Glioma is characterized by rapid cell proliferation, aggressive invasion, altered apoptosis and a poor prognosis. β-
Sitosterol, a kind of phytosterol, has been shown to possess anticancer activities. Our current study aims to in-
vestigate the effects of β-sitosterol on gliomas and reveal the underlying mechanisms. Our results show that β-
sitosterol effectively inhibits the growth of U87 cells by inhibiting proliferation and inducing G2/M phase arrest and
apoptosis. In addition, β-sitosterol inhibits migration by downregulating markers of epithelial-mesenchymal tran-
sition (EMT). Mechanistically, network pharmacology and transcriptomics approaches illustrate that the EGFR/
MAPK signaling pathway may be responsible for the inhibitory effect of β-sitosterol on glioma. Afterward, the
results show that β-sitosterol effectively suppresses the EGFR/MAPK signaling pathway. Moreover, β-sitosterol
significantly inhibits tumor growth in a U87 xenograft nudemousemodel. β-Sitosterol inhibits U87 cell proliferation
and migration and induces apoptosis and cell cycle arrest in U87 cells by blocking the EGFR/MAPK signaling
pathway. These results suggest that β-sitosterol may be a promising therapeutic agent for the treatment of glioma.
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Introduction
Gliomas include well-differentiated low-grade astrocytomas, oligo-
dendrogliomas, and glioblastomamultiforme (GBM) [1]. GBM is the
most common primary malignant tumor of the central nervous
system, with an incidence of approximately 5–8 cases per 100,000
people per year [2,3]. GBM is characterized by abnormal angiogen-
esis, high invasiveness and altered apoptosis [4]. The standard
therapy for glioma is surgical resection of the tumor, followed by
concomitant temozolomide chemotherapy and adjuvant radio-
therapy [5]. However, current anticancer drugs may cause various
adverse effects, with a patient mean survival of only 15 months [6].
Therefore, there is an urgent need to develop new drugs to treat this
deadly disease.

Natural antioxidants and many phytochemicals are recom-
mended as anticancer adjuvant therapies because of their obvious
antitumour activity [7,8]. Currently, approximately 100 compounds
derived from natural products and their modification products, such
as paclitaxel, camptothecin, curcumin, and teniposide, are ap-
proved due to their anticancer activities [9,10]. Thus, searching for
anticancer agents/compounds from plants has become a significant
way to develop anticancer drugs [11,12]. Phytosterols are widely
distributed in herbs, fungi and animals [13]. β-Sitosterol, a kind of
phytosterol, is a major component of the human diet and has many
functions in promoting health and mitigating disease [14]. β-
Sitosterol plays an important role in the prevention and treatment of
cancers. It can inhibit proliferation and induce apoptosis in cancer
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cells [15]. Recent studies have shown that β-sitosterol can exhibit
anti-pancreatic cancer activity by modulating apoptosis and
inhibiting epithelial-mesenchymal transition (EMT) by deactivating
Akt/GSK-3β signaling [16]. β-Sitosterol exerts anticancer effects on
AGS cells and xenograft mouse models by mediating AMPK, PTEN,
and Hsp90 [17]. Furthermore, β-sitosterol can significantly inhibit
the growth of A549 cells and trigger apoptosis via ROS-mediated
mitochondrial dysregulation [18]. However, there is no literature
that mentions the role of β-sitosterol in glioma, and the specific
mechanisms of the effects remain unclear. This work was designed
to assess the potential impact of β-sitosterol on glioma.
With the development of systemic biological research, network

pharmacology is a more appropriate approach to identify drug-gene-
disease links, explaining the complicated mechanism of drugs at the
molecular level [19,20]. Transcriptome analysis based on high-
throughput sequencing provides a rapid method to identify mRNA
changes after treatment and helps to identify the underlying
mechanisms of traditional Chinese medicine (TCM) [21,22]. Recent
studies have shown that high-throughput RNA sequencing (RNA-
seq) has been used for pathogenesis research and biomarker
screening in the diagnosis and prognosis of complex diseases such
as cancer, diabetes and neurodegenerative diseases [23]. Impor-
tantly, it can provide a basis for effectively validating the predicted
results of network pharmacology.
In this study, we conducted in vitro and in vivo experiments to

evaluate the effect of β-sitosterol on U87 cells. Subsequently,
network pharmacology and transcriptomics methods were used to
further study the underlying mechanism of β-sitosterol’s effects.
Finally, molecular biology experiments were used to verify the
mechanism of antiglioma.

Materials and Methods
Materials and cell culture
β-Sitosterol (molecular formula: C29H500; batch molecular weight:
414.69; purity: >98%; Cat No. 83-46-5) was purchased from
Yuanye Biotechnology (Shanghai, China). β-Sitosterol was dis-
solved in dimethyl sulfoxide (DMSO) to 5 g/L and diluted in fresh
medium to the desired concentration. The final concentration of
DMSO in the fresh medium did not exceed 0.1%, and DMSO at this
concentration had no toxic effect on cells.
The glioma cell line U87 was purchased from the Stem Cell Bank,

Chinese Academy of Sciences (Shanghai, China). The cell line was
cultured in DMEM (Gibco, Carlsbad, USA) supplemented with 10%
fetal bovine serum (Biological Industries, Kibbutz Beit Haemek,
Israel), 100 U/mL penicillin and 100 μg/mL streptomycin (Hy-
Clone, Logan, USA). The cell line was maintained at 37 °C with 5%
CO2.

MTT assay
The effects of β-sitosterol on cell proliferation and viability were
measured by the MTT assay [24]. In brief, U87 cells (5×104 cells/
mL) were washed with fresh media and seeded in 96-well plates
with 100 μL of medium. After the cells adhered to the wall, they
were incubated with β-sitosterol (0, 10, 20, 30, 40, and 50 μM) for
24, 48, or 72 h. After incubation with different concentrations of β-
sitosterol for various time points, fresh medium containing 10 μL of
MTT (5 mg/mL) was added to each well for 4 h. Then, 100 μL of
DMSO was added to each well and shaken for 10 min in the dark.
The absorbance at 570 nm was measured using a microplate reader

(BioTek Instruments, Winooski, USA). Cell viability is shown as
percent cell viability compared with the control group.

Colony formation assay
U87 cells were trypsinized and seeded in 6-well plates at a density of
1000 cells per well. After incubation for 24 h, U87 cells were treated
with different concentrations of β-sitosterol and cultured for 48 h.
Next, the culture medium containing the drug was discarded and
replaced by drug-free complete medium. The treated cells were
cultured for 15 days to allow colony formation. Cells were fixed with
paraformaldehyde (HyClone) for 20 min at room temperature (24‒
26°C) and stained with 1% crystal violet solution for 15 min.
Colonies were inspected and photographed using an inverted
microscope (Olympus, Tokyo, Japan). Colonies of more than 50
cells were counted to calculate the colony formation rate.

Morphological assay and Hoechst 33342 staining
U87 cells were plated into 6-well plates and cultured for 24 h. After
incubation with the indicated concentrations of β-sitosterol for 48 h,
the cells were washed with PBS and fixed in 4% paraformaldehyde
for 20 min at room temperature (24‒26°C). Next, the cells were
stained with 10 μg/mL Hoechst 33342 (Solarbio, Beijing, China) for
30 min in the dark at 37°C. The cells were washed with cold PBS,
and morphological changes and nuclear condensation in the cells
were observed and photographed at 100× magnification using a
fluorescence microscope (Olympus).

Cell cycle analysis
Cells were seeded in a 6-well culture plate and treated with different
concentrations of β-sitosterol for 48 h. After treatment, the cells
were collected by digestion, and cell suspensions were prepared.
The cells were fixed in 70% precooled ethanol solution overnight at
4°C and then centrifuged at 800 g for 5 min. The ethanol solution
was decanted, and the cells were resuspended in PBS and washed
twice. Then, they were resuspended in 500 μL of PBS containing
40 μg/mL propidium iodide (PI) (MultiSciences Lianke Biotech Co.,
Ltd., Hangzhou, China) and 1 mL of DNA staining solution for
30 min in the dark at room temperature. The content of PI-DNA in
each sample was detected with a BD FACSAria III flow cytometer
(BD Bioscience, Bedford, USA) and analyzed using the FlowJo
10.6.2 software (BD Bioscience).

Apoptosis assay
β-Sitosterol-induced apoptosis in U87 cells was detected using an
Annexin-V-FITC staining kit (MultiSciences Lianke Biotech Co.,
Ltd.) according to the manufacturer’s instructions. U87 cells were
seeded on a 6-well culture plate and treated with different
concentrations of β-sitosterol for 48 h. The treated cells were
trypsinized and made into cell suspensions in 500 μL of 1× binding
buffer containing 5 μL of Annexin V-FITC and 10 μL of PI for 5 min
in the dark. After the reaction, the apoptotic rates were analyzed
using a BD FACSAria III flow cytometer.

Wound healing assay
Logarithmic growth phase cells were collected and seeded at a
density of 1×105 cells/mL in 6-well plates. When the cells grew to
90% confluence, the monolayer was scratched using a pipette tip,
and the exfoliated cells were gently washed with serum-free
medium. Next, the cells were treated with different concentra-
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tions of β-sitosterol to detect cell migration at 0 h and 48 h. The
level of migration was photographed under an inverted micro-
scope (Olympus). Image-Pro Plus software was used to measure
the area before and after the scratch and calculate the migration
area.

Transwell assay
U87 cells (1×105 cells/well) were suspended in low serum (2%
FBS) medium and seeded into the upper chamber of a 24-micron
Transwell plate (Corning, New York, USA). The cells were treated
with various concentrations of β-sitosterol for 48 h in the upper
chamber. Then, the lower chamber was filled with fresh complete
medium containing 10% FBS. After incubation for 48 h, the cells
attached to the upper surface of the filter membranes were washed
and fixed, and the migrated cells were stained with 1% crystal
violet. The level of migration was observed using an inverted
microscope (Olympus).

Prediction of the potential targets of β-sitosterol
Information on β-sitosterol was obtained from the literature and
TCMSP (https://tcmspw.com/tcmsp.php). Oral bioavailability
(OB)≥30%, drug similarity (DL)≥0.18 and blood-brain barrier
(BBB)≥‒0.3 were assigned as the criteria for screening active
constituents [6]. The chemical structure of β-sitosterol was retrieved
from PubChem (https://pubchem.ncbi.nlm.nih.gov/), and putative
targets were predicted from the target prediction database Swiss
Target Prediction (www.swisstargetprediction.ch). The target name
was uploaded to the UniProt database (https://www.uniprot.org/),
and Homo sapiens was selected for the species. Then, the targets
associated with β-sitosterol were obtained.

Potential target genes for glioma
For disease target identification, the keywords used in the search
were limited to ″glioma″. The DisGeNET (https://www.disgenet.
org/), OMIM (https://www.omim.org/) and GeneCards databases
(https://www.genecards.org/) were used to retrieve glioma cancer-
related genes [25]. The target genes retrieved from the two
databases were merged, and duplicate items were eliminated to
acquire all target genes of glioma. The Venn diagram web tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/) was applied
to draw the Venn map of the potential targets of β-sitosterol and the
disease targets of glioma.

Network construction and analysis
The STRING database provides different protein-protein correlation
interactions and their interactive levels based on confidence
scoring. The β-sitosterol-regulated glioma targets were entered into
STRING (https://string-db.org/) to obtain relevant information on
protein-protein interactions (PPIs). The potential targets were
imported into Cytoscape v3.6.1 software to visualize the PPI
network and obtain the core targets with degree values higher than
the average node.

Functional enrichment analysis
The omicshare platform (https://www.omicshare.com/) was used
to carry out GO enrichment analysis and KEGG pathway annotation
[26]. The results were sequenced by using an adjusted P value
<0.05, and the top 20 GO enrichment terms and KEGG pathways
with higher counts were analyzed.

Molecular docking
The crystal structures of key antiglioma targets in β-sitosterol were
obtained from the RCSB Protein Data Bank (https://www.pdb.org/),
and the structure of β-sitosterol was downloaded from PubChem.
PyMol (version 2.5.0) was used to process proteins, including
removing the ligands, correcting the protein structure, and
removing water. AutoDockTools 1.5.6 software was used for
docking programs, and PyMOL software was applied for the final
visualization. In addition, Schrodinger’s Maestro 12.8 modelling
suite was employed to obtain 2D structures [27].

RNA sequencing
After treatment with different concentrations of β-sitosterol for 48 h,
U87 cells were collected and washed with PBS twice. A total of 8
samples were available, including 4 samples from the β-sitosterol
group and 4 samples from the control group. Total RNA was
isolated using a PureLink RNA mini kit (Thermo Fisher Scientific,
Waltham, USA) following the manufacturer’s instructions. Library
construction and mRNA sequencing were conducted by NovelBio
(Shanghai, China). mRNA was enriched from total RNA by oligo
(dT) beads. The enriched mRNA was fragmented and reverse
transcribed into cDNA. The purified cDNA was sequenced with
paired-end 150 bp reads on an Illumina HiSeq X platform. The β-
sitosterol and control groups were analyzed by the DESeq2 R
package (1.16.1) to determine the differentially expressed genes
(DEGs). P value <0.05 and fold change ≥1.5 were set as the
thresholds for statistical significance.We carried out KEGG pathway
and GO enrichment analysis annotation for predicting the targets of
β-sitosterol in glioma by the R software package Bioconductor
(version 3.6.1). In our study, the top 20 GO enrichment terms or
KEGG pathways were presented and analyzed by clusterProfiler
[28].

Detection of relative expression levels of SOS1 and
EGFR by RT-PCR
β-Sitosterol interfered with U87 cells, total RNA was extracted using
Trizol (Invitrogen, Carlsbad, USA), mRNA concentration and purity
were determined, complementary DNA (cDNA) was synthesized
according to the instructions of the reverse transcription kit
(TaKaRa, Dalian, China), and amplification was performed accord-
ing to the instructions of the fluorescence quantitative RT-PCR kit
(TaKaRa). Reaction conditions were as follows: 95°C for 30 s, 95°C
for 5 s, 60°C for 30 s, cycling 40 times. Using β-actin as an internal
reference, the relative expression levels of SOS1 and EGFR mRNA
were calculated by the 2–△△Ct method. The list of primers used in
this study is shown in Table 1.

Western blot analysis
U87 cells were seeded at a density of 1×105 cells/mL on a 60 mm
plate and treated with β-sitosterol at the indicated concentrations for
48 h. The total proteins were quantified by using a BCA protein
assay kit (Biosharp, Shanghai, China).
Then, equal amounts of total protein were separated by SDS-

PAGE and transferred onto PVDF membranes (Millipore, Billerica,
USA). After blocking in 5% bovine serum albumin (BSA) solution
for 2 h, specific primary antibodies were incubated with the
membranes overnight at 4°C. The incubated membranes were
washed with TBST. Next, secondary antibodies were incubated
with the washed membranes for 2 h. After washing, the blots were
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developed with enhanced chemiluminescence (Thermo Fisher
Scientific) and visualized on a Tanon 5200 imaging analysis system
(Tanon, Beijing, China). The antibodies used are shown in Table 2.

Tumor xenograft mouse model
All experiments were approved by the Shihezi University Animal
Ethics Committee and were performed in accordance with the US
guidelines. Male C57BL/6 mice (6 weeks old) were obtained from
the Shanghai Animal Laboratory Center (Shanghai, China). U87
cells (0.2 mL; 2×107 cells) were injected subcutaneously into the
left armpit of each mouse. Treatments were initiated when tumors
reached approximately 90 mm3, and the mice were randomly
divided into two groups according to treatment: (1) control group
(saline, once a day, intraperitoneally) and (2) β-sitosterol group
(80 mg/kg, once a day, intraperitoneally). The tumor volume was
calculated as follows: tumor volume (mm3)=length×(width2)/2.
After 28 days, the mice were sacrificed, and the tumors were
removed, weighed, photographed and prepared for paraffin
embedding.

Hematoxylin-eosin (HE) staining
After paraffin embedding the tumor tissue, tissue sections with a
thickness of 5 μm were prepared. The sections were dewaxed by
xylene and hydrated with ethanol, stained with hematoxylin for
5 min, rinsed and placed in 1% hydrochloric acid ethanol for 15 s to
achieve differentiation. After washing with distilled water, the

sections were stained with eosin for 2 min and rinsed with distilled
water again. The slices were dehydrated with gradient ethanol,
soaked with xylene and sealed with neutral gum. A light microscope
(Olympus) was used to take images.

Statistical analysis
All statistical analyses were performed by using GraphPad Prism 8
software (GraphPad Software, La Jolla, USA). Data and results are
expressed as the mean±SD of five samples. Statistically significant
differences were calculated using Student’s t test or one-way
ANOVA. A P value less than 0.05 was considered statistically
significant.

Results
β-Sitosterol inhibited proliferation in glioma cells
The chemical structure of β-sitosterol is shown in Figure 1A. To
investigate the effects of β-sitosterol on glioma in vitro, U87 cells
were treated with different concentrations of β-sitosterol (0, 10, 20,
30, 40, and 50 μM) for 24, 48 and 72 h. Then, the viabilities of the
treated cells were detected by the MTT assay. The results showed a
significant concentration-dependent and time-dependent reduction
in cell viability (Figure 1B). The IC50 values calculated from the
MTT assay data of U87 cells were 35.82 μM at 24 h, 31.75 μM at
48 h, and 9.43 μM at 72 h. To confirm the inhibitory effect of
sitosterol, the cell morphology was observed under a microscope
after drug treatment. Compared with that in the control group, the
number of U87 cells in the β-sitosterol-treated group was
significantly reduced. As the drug concentration increased, cells
showed irregular cell outlines and cell shrinkage, and some even fell
off the surface of the culture dish (Figure 1C). Next, a colony
formation assay was performed to examine the effect of β-sitosterol
on proliferation. β-Sitosterol significantly reduced the colony
number of U87 cells compared with the control (Figure 1D,E).
Finally, we also detected the level of pro-proliferative PCNA by
western blot analysis. The results showed that β-sitosterol
significantly inhibited the level of PCNA, depending on the
concentration of β-Sitosterol (Figure 1F,G). These results demon-
strate that β-sitosterol effectively inhibited glioma cell proliferation.

β-Sitosterol induced apoptosis in glioma cells
To determine whether apoptosis was involved in the antiprolifera-
tive effect of β-sitosterol, a Hoechst 33342 staining assay was
performed. Figure 2B,E indicated that typical apoptosis morphol-
ogy, such as shrunken cells, nuclear condensation and fragmenta-
tion, and improved brightness, was observed in the β-sitosterol
groups. To quantify the apoptosis triggered by β-sitosterol, cells
were evaluated by the annexin V-FITC/PI double-staining assay. As
shown in Figure 2A,D, the apoptotic rates were markedly increased
in a dose-dependent manner compared to those in the untreated
groups, and the rate of apoptosis was observed to range from 3.32%
(control group) to 25.54%. The results showed that β-sitosterol
dose-dependently upregulated the hallmark proteins of apoptosis,
including Bax and cleaved caspase-3, and significantly suppressed
Bcl-2 levels depending on the concentration of β-sitosterol (Figure
2C,F–J).

β-Sitosterol induced G2/M cell cycle arrest in glioma cells
To further investigate the inhibitory effects of β-sitosterol on the
proliferation of glioma cells, we analyzed the cell cycle distribution

Table 1. Sequences of primers used for real-time PCR

Gene Sequence (5′→3′)

SOS1 Forward TGCAGCTAGGGATGTGAATCTTC

Reverse GGAGCCCAGTCCATCAGAACT

EGFR Forward AACACAGTGGAGCGAATTCCTTT

Reverse GGAAGTCCATCGACATGTTGCT

β-actin Forward TGTGATGGTGGGAATGGGTCAG

Reverse TTTGATGTCACGCACGATTTCC

Table 2. Antibodies used for western blot analysis

Name Dilution Company

Bax 1:2000 Abcam, Cambridge, UK

Bcl-2 1:2000 Abcam

CDK-1 1:1000 Abcam

Cleaved caspase-3 1:1000 Abcam

Cycb1 1:1000 Abcam

PCNA 1:1000 Boster, Wuhan, China

E-Cadherin 1:1000 CST, Boston, USA

β-Catenin 1:1000 CST

Vimentin 1:1000 CST

p-EGFR 1:1000 CST

EGFR 1:1000 CST

SOS-1 1:1000 CST

ERK1/2 1:1000 CST

p-ERK1/2 1:1000 CST

β-actin 1:5000 Abcam

Tubulin 1:10000 Abcam
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Figure 1. β-Sitosterol effectively inhibited the proliferation of the glioma cell line glioma (A) Chemical structure of β-sitosterol. (B) U87 cells
were treated with β-sitosterol at different concentrations (0, 10, 20, 30, 40 and 50 μM) for 24, 48 and 72 h, and cell viability was detected by the MTT
assay. The negative control group was treated with an equal volume of medium containing anhydrous ethanol. (C) U87 cells were treated with β-
sitosterol at different concentrations for 24, 48 and 72 h, and the morphological changes in the cells were observed under a light microscope. (D,E)
After U87 cells were treated with different concentrations of β-sitosterol for 48 h, changes in cell proliferation and colony formation ability in vitro
were observed by plate cloning experiments and the corresponding statistical graph. All data are expressed as the mean±SD (n=5; *P<0.05,
**P<0.01, ***P<0.001). (F,G) After treating U87/T98G cells with different concentrations of β-sitosterol for 48 h, the expression level of
proliferation-associated protein PCNA was detected by western blot analysis, and the corresponding statistical graphs were drawn. All data were
expressed as the mean±SD (n=5; *P<0.05, **P<0.01, ***P<0.001).
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Figure 2. β-Sitosterol significantly increased the apoptosis level of the glioma cell line (A,D) The apoptosis rate of U87 cells was measured by
flow cytometry 48 h after β-sitosterol intervention, and the changes were statistically analysed. (B,E) After U87 cells were treated with β-sitosterol at
different concentrations for 48 h, Hoechst 33342 staining was observed under a fluorescence microscope to observe the changes in the cell
apoptosis rate. Statistical charts were drawn based on the data. (C,F–J) Forty-eight hours after U87/T98G cells were treated with different
concentrations of β-sitosterol, the protein expression levels of Bax, Bcl-2 and cleaved caspase-3 were detected by western blot analysis. The bar
charts show the changes in Bax/Bcl-2 protein expression and cleaved caspase-3 protein expression. All data are expressed as the mean±SD (n=5;
*P<0.05, **P<0.01, ***P<0.001).
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by flow cytometry after 48 h of treatment with β-sitosterol. The data
showed that the percentages of cells in the G2/M phase in the
treatment group were significantly higher than those in the control
group (Figure 3A,B). Western blot results revealed that following β-
sitosterol treatment, the levels of cyclin B1 and CDK1 were reduced,
and the effect was concentration dependent (Figure 3C–H), indicat-
ing that β-sitosterol induced G2/M phase arrest in glioma cells.

β-Sitosterol inhibited the cell migration of glioma cells
To identify the effect of β-sitosterol on the cellular migration activity
of glioma cells, cells were treated with different concentrations of β-
sitosterol for 48 h. The wound healing assay was applied to measure
the effect of β-sitosterol on the migration of U87 cells. The results
showed that β-sitosterol significantly decreased U87 cell migration
and decreased the percentage of the scratched area compared with

Figure 3. Effect of β-sitosterol on the cycle progression of the glioma cell line glioma (A,B) U87 cells were treated with β-sitosterol at different
concentrations for 48 h, and G2/M phase arrest was detected by flow cytometry. (C‒H) Forty-eight hours after U87/T98G cells were treated with
different concentrations of β-sitosterol, the protein expression levels of CDK1 and Cycb1 were detected by western blot analysis. The bar charts
show the changes in CDK1/Tubulin protein expression and Cycb1/Tubulin protein expression. All data are expressed as the mean±SD (n=5;
*P<0.05, **P<0.01, ***P<0.001).
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the control group (Figure 4A,C). The migratory ability of β-sitosterol
was further confirmed by the Transwell assay (Figure 4B,D). We
noticed an evident dose-dependent inhibitory effect of β-sitosterol
on the decrease in migration activities of U87 cells. EMT is

increasingly being regarded as a mechanism by which tumor cells
can reactivate EMT programs, which increases their aggressiveness
[29]. To identify the effect of β-sitosterol on EMT, U87 cells were
treated with different concentrations of β-sitosterol for 48 h. We

Figure 4. β-Sitosterol significantly inhibited the migration of glioma and blocked the progression of EMT (A,C) Scratch test: the change in the
scratch area of cells treated with β-sitosterol was recorded under a light microscope and statistically analysed. (B,D) Transwell experiments were
performed by recording the number of cell permeable membranes and recording the change in the migration ability of cells after 48 h of β-
sitosterol intervention. (E–L) Forty-eight hours after U87 cells were treated with different concentrations of β-sitosterol, the protein expression
levels of E-cadherin, β-catenin and vimentin were detected by western blot analysis. The histogram shows the expression changes of E-cadherin, β-
catenin and vimentin in U87/T98G cells after 48 h of β-sitosterol intervention at various concentrations. All data are expressed as the mean±SD
(n=5; *P<0.05, **P<0.01, ***P<0.001).
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attempted to confirm the expressions of specific EMT markers
through western blot analysis. The results revealed that β-sitosterol
treatment significantly increased the expression of E-cadherin and
reduced the expressions of vimentin and β-catenin in a dose-
dependent manner.

Network pharmacology predicted potential signaling
pathways in the inhibitory effect of β-sitosterol on
glioma
Our results confirmed that β-sitosterol has an inhibitory effect on
glioma cells. However, the potential mechanisms are still unclear.
To further understand the potential molecular mechanism, we
focused on network pharmacology, which is an effective tool for
studying the multiple interactions between compounds and
diseases. The protocol of network pharmacology analysis is shown
in Figure 5A. A total of 153 potential protein targets of β-sitosterol
were predicted using an online database. Glioma targets were
collected from the DisGeNET, OMIM, and GeneCards databases,
and 3343 known glioma targets were collected after removing
duplicates. Among these targets, 80 overlapping targets between β-
sitosterol and glioma were selected as β-sitosterol-regulated glioma
targets (Figure 5B).
To further illustrate the main biological functions of the core

targets, GO and KEGG functional enrichment analyses were
performed. According to the enrichment factor and P value<0.05,
the top 20 pathways were selected as the main pathways. It was
found that these targets were closely related to cancer processes,
such as proteoglycans in cancer, pathways in cancer, VEGF
signaling pathway, EGFR tyrosine kinase inhibitor resistance, and
MAPK signaling pathway, by KEGG enrichment analysis (Figure
5C). GO enrichment analysis (Figure 5D) showed that these targets
were mainly enriched in cellular response to oxygen-containing
compounds, regulation of biological quality, homeostatic process,
apoptotic process and so on. The PPI network of the 80 potential
targets was established through the STRING database and was
visualized by Cytoscape 3.6.1. MAPK3, MAPK1, and EGFR were
ranked among the top 3 target proteins (Figure 5E), and were also
the key proteins tightly associated with cancer.

Transcriptomics analysis revealed the signaling
pathways involved in the inhibitory effect of β-sitosterol
on glioma
Due to the limitations of network pharmacology, we also used
transcriptomics methods to compensate for the above shortcomings
and further clarify the potential mechanism of β-sitosterol in glioma.
The cut-off criteria were set as P<0.05 and |log2FC| > 0.585 in this
study to screen out DEGs. In our study, a total of 1468 DEGs were
identified in the treatment group versus the control group, 429 of
which were upregulated and 1029 of which were downregulated.
Therefore, these 1468 DEGs were considered therapeutic targets of
glioma. As shown in Figure 6A, the blue dots correspond to
significantly downregulated DEGs, the red dots correspond to
significantly upregulated DEGs, and the gray dots indicate DEGs
that were not statistically significant. Figure 6B displays the
heatmap distribution of these DEGs after treatment with β-
sitosterol. Green indicates low expression of DEGs, whereas red
indicates high expression of DEGs. Transcriptomics-based enrich-
ment analysis of DEGs was further performed to reveal the potential
mechanisms involved in cancer initiation and progression.

The top 20 GO enriched pathways revealed that the potential
targets of β-sitosterol were involved in phosphorylation, DNA
double-strand break processing, cytoplasmic translation, peptidyl-
serine phosphorylation, DNA repair, and others (Figure 6C). The
results of KEGG pathway enrichment indicated that the therapeutic
targets of β-sitosterol were mainly enriched in the MAPK signaling
pathway, PI3K-Akt signaling pathway, NF-kappa B signaling
pathway, TGF-beta signaling pathway and so on (Figure 6D).
Collectively, these data highlight the role of the MAPK signaling
pathway in the regulation of glioma by β-sitosterol. SOS1 is a key
molecule of the MAPK signaling pathway and can highly regulate
the MAPK signaling pathway. The results showed that SOS1
expression was downregulated and significantly enriched in the
MAPK signaling pathway.

Molecular docking verified the effect of β-sitosterol on
key targets
Molecular docking was used to analyze the interaction between β-
sitosterol and the core targets (EGFR, MAPK1 and MAPK3). The
docking results showed that β-sitosterol had good binding ability to
the targets. As shown in Figure 7A, there were 2 amino acid residues
(LYS879 and GLY917) at the EGFR active site that interacted with β-
sitosterol to form hydrogen bonds. Meanwhile, hydrogen bonds
were formed between β-sitosterol and 2 amino acid residues at the
MAPK1 active site, including ARG-24 and ASP-88 (Figure 7B).
Furthermore, β-sitosterol maintained its favorable binding with
MAPK3 by forming hydrogen bonds with the residues GLU-343
(Figure 7C).

β-Sitosterol downregulated the expression of the EGFR/
MAPK signaling pathway in glioma cells
Combined with the above results, the EGFR/MAPK signaling
pathway was believed to be responsible for β-sitosterol-mediated
glioma cell inhibition. Thus, we verified whether β-sitosterol
treatment affected the EGFR/MAPK signaling pathway by western
blot analysis and RT-PCR analysis. As shown in Figure 8, p-EGFR,
EGFR, SOS1, ERK1/ERK2 and p-ERK1/ERK2 were dramatically
downregulated, while β-sitosterol had no effect on the expression
levels of total ERK1/ERK2 after treatment. In addition, we tested
whether β-sitosterol affects the transcription of the EGFR and SOS1
genes. The results showed that β-sitosterol reduced the mRNA
levels of EGFR and SOS1 (Figure 8C). Taken together, these results
indicated that β-sitosterol significantly downregulated the EGFR/
MAPK pathway in glioma cells.

β-Sitosterol suppressed tumor growth in a xenograft
tumor model
To further confirm the inhibitory effect of β-sitosterol on glioma, we
injected U87 cells into C57BL/6 mice to establish a subcutaneous
tumor model. The results showed that the average tumor size was
1282.164±221.869 mm3 in the control group and 113.126±
81.405 mm3 in the β-sitosterol group (Figure 9A). The mean tumor
weight was 0.899±0.180 g in the control group and 0.054±0.033 g
in the β-sitosterol-treated group. Tumor volume was significantly
decreased after drug therapy (Figure 9B). The mean tumor weight of
the β-sitosterol treatment group was significantly lower than that of
the control group (Figure 9C). At the same time, there was no
significant difference in body weight between the β-sitosterol
treatment group and the control group, and the organ index was
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Figure 5. Network pharmacology and biological function analysis of β-sitosterol in glioma (A) Description of the network pharmacology
technology and process involved in this experiment. (B) The Venn diagram shows that β-sitosterol and glioma have a total of 80 common targets.
(C,D) The enrichment results of the first 20 KEGG pathways and the biological functions of GO were predicted through network pharmacological
screening. (E) The results of protein-protein interactions predicted by network pharmacology were ranked according to P values.
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basically similar to that of the control group, indicating that the
treatment had no significant toxicity to animals (Figure 9D). HE
staining was performed on the tumor tissues of the control group
and β-sitosterol treatment group. The results showed that the
control group had disordered tissue structure, the continuity of the
arrangement was destroyed to varying degrees, the cell volume was
increased, the size was different, the nuclei were divided more, the
nucleoli were increased, the nucleo-plasma ratio was increased, and
the background was multiple vacuoles and necrosis. In contrast, the
β-sitosterol treatment group showed the characteristics of cell
structure, intact cell continuity, uniform cell distribution and clear
structure (Figure 9E). This is consistent with the trend of in vitro

experiments.

Discussion
GBM is the most aggressive brain tumor with a very poor prognosis
[30]. The 5-year survival rate is only 5% [31]. Therefore, there is an
urgent need to identify the potential biomarkers and molecular
mechanisms of glioma. For a long time, Chinese herbal medicines
have been recognized for their minimal side effects, multiple
targets, and multiple pathways, and they are an important source of
chemical entities supporting drug discovery [32]. β-Sitosterol, a
phytosterol that has been proven to be beneficial, inhibits the
migration and invasion of human multiple myeloma, pancreatic

Figure 6. Transcriptomics analysis revealed the signaling pathways involved in the inhibitory effect of β-sitosterol on glioma (A,B) Tran-
scriptomics predicted the volcanomap and Heatmap results of gene changes in U87 cell lines treated with β-sitosterol for 48 h. (C,D) After β-sitosterol
intervention in U87 cell lines for 48 h, the transcriptome was used to predict the top 20 KEGG enrichment pathways and GO biological functions.
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cancer and prostate cancer by downregulating the expression of
VEGF and CDH1 [33]. However, the effect of β-sitosterol on glioma
and its underlying molecular mechanism are still unclear.
Tumors are diverse and heterogeneous, but they all have the

ability to proliferate beyond the limits of normal tissue growth.
Abnormal regulation of a limited number of key pathways that
control cell proliferation and survival is a necessary condition for
the establishment of all tumors [34]. Cell cycle dysregulation is the
main cause of malignant proliferation of glioma cells and is a classic
therapeutic target for tumor drug development [35]. Cyclin B1
protein level gradually increases at G2, which is the activator of G2/
M checkpoint, forming an active cyclin B1-CDK1 complex into
mitosis [36]. Anticancer agents can result in cell cycle arrest at the
G2/M phase through TP53 dependent and independent mechan-
isms to block the cells’ entry into mitosis [37]. Drug-induced
apoptosis of cancer cells is mainly mediated by mitochondrial
(intrinsic) or death receptor (extrinsic) mechanisms via caspase
activation [38]. Mitochondrial-mediated caspase cascade activation
is an important apoptosis pathway [39]. When cells are initiated by
internal apoptotic stimulating factors, Bcl-2 family proteins regulate
membrane potential to control the permeability of the outer
mitochondrial membrane [40]. Subsequently, cytochrome C from
the mitochondria is released into the cytoplasm to activate Apaf-1,
caspase-9, and caspase-3, leading to cell apoptosis [41]. Our results
revealed that β-sitosterol promoted apoptosis through the mito-
chondria-mediated apoptotic signaling pathway. At the same time,

β-sitosterol induced cell cycle arrest at the G2/M phase in U87 cells,
which may contribute to growth inhibition. Cancer cells that have
undergone EMT are more aggressive, showing higher invasiveness,
stem cell-like characteristics, and resistance to apoptosis [42].
Activation of EMT can promote the development of a phenotype
towards increased invasiveness by changing the microenvironment
and inhibit the sensitivity of tumour cells to chemotherapy, in
which mesenchymal cells exhibit higher resistance to treatment
regimens such as chemotherapy and immunotherapy. During
transformation, the expression or function of epithelial genes such
as E-cadherin-specific cytokeratin and occlusion-1 (ZO-1) was lost,
while the expressions of genes that define the mesenchymal
phenotype (such as vimentin, fibronectin, N-cadherin β1 and β3
integrin) are increased [43]. β-Sitosterol promoted E-cadherin
expression and inhibited β-catenin and vimentin expressions,
suggesting that β-sitosterol was involved in the EMT process and
its role in the development and metastasis of glioma.
In recent years, the emergence and continuous development of

systems biology has provided a new way of thinking for drug
discovery-multi-target drugs. At the same time, the understanding
and research of network pharmacology also revealed that multi-
target drugs are more effective and will continue to evolve in the
contemporary model of drug discovery. Multi-target drug therapy
means that drugs act on multiple targets in the disease network at
the same time, and produce synergistic effects on each target, so
that the total effect is greater than the sum of each single effect, and

Figure 7. Two-dimensional and three-dimensional docking models of EGFR, MAPK1 and MAPK3 with β-sitosterol and ligands
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the best therapeutic effect is achieved [44]. Therefore, drug
development should be tuned to a multi-target model with
synergistic effects, rather than blocking or activating a single target.
The treatment of tumors with multi-target kinase inhibitors
illustrates this concept [45]. β-Sitosterol is a phytosterol that plays
an important role in the prevention and treatment of cancer. We
explored the potential molecular mechanisms of β-sitosterol in
glioma through network pharmacology and transcriptomics.
MAPK3, MAPK1 and EGFR were the top 3 target proteins predicted
by network pharmacology. Furthermore, molecular docking was
used to verify the interaction between β-sitosterol and key targets,
and the results showed that β-sitosterol formed a stable complex
with key targets. Transcriptomics results showed that SOS1 mRNA
expression was downregulated and significantly enriched in the
MAPK signaling pathway. SOS1 is a key downstream molecule of

EGFR that highly regulates the MAPK signaling pathway. Combined
with the above research results, the EGFR/MAPK signaling pathway
was believed to be responsible for β-sitosterol-mediated glioma
inhibition. β-Sitosterol can exert synergistic effects by inhibiting
multiple targets. Many studies have confirmed that the EGFR/
MAPK signaling pathway plays crucial roles in the regulation of
cancer. Inhibiting the EGFR/MAPK pathway could reduce the
expression of cyclin D1, thereby inhibiting the proliferation of
NSCLC and the G1/S transition [46]. EGFR overexpression led to the
dimerization and autophosphorylation of EGFR, which blocked the
phosphorylation of EGFR and its downstream signaling: the
phosphorylation of MEK and ERK proteins. Importantly, inhibiting
MAPK signaling led to an imbalance in Bcl-2/Bax, which led to a
cascade of caspase pathways [47]. In addition, LINC01225
increased the protein level of EGFR by binding to EGFR, thereby

Figure 8. β-Sitosterol acted on glioma cells by downregulating the EGFR/MAPK signaling pathway (A,D) Western blot analysis was used to
detect the protein expressions of specific targets (EGFR, p-EGFR, SOS1, ERK1/2 and P-ERK1/2) in the EGFR/MAPK pathway after 48 h of β-sitosterol
intervention in U87 cells. (B,E) Quantitative statistical results of expression changes of target proteins and pathway characteristic proteins. (C,F)
Quantitative statistical results of expression changes in mRNA. All data are expressed as the mean±SD (n=5; *P<0.05, **P<0.01).
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Figure 9. β-Sitosterol inhibited tumor growth in a xenograft model (A) Photograph of tumors in the control and β-sitosterol-treated groups. (B) Mean
tumor size and growth curve of the control and β-sitosterol-treated groups. (C) Mean tumor weight of the control and β-sitosterol-treated groups.
(D) Vital organ index of the control and β-sitosterol-treated groups. (E) HE staining of the control and β-sitosterol-treated groups. All data are
expressed as the mean±SD (n=5; ***P<0.001).

Figure 10. β-Sitosterol inhibited cell proliferation and migration and induced apoptosis and cell cycle arrest by blocking the EGFR/MAPK
signaling pathway in glioma In glioma, β-sitosterol inhibits the oxidation of fatty acids through cell cycle arrest by blocking the expression of
EGFR/MAPK signaling pathway in glioma, leading to intracellular lipid accumulation, thereby inhibiting cell proliferation, blocking the G2/M cell
cycle process and the expression of related cyclins, thereby inhibiting cell proliferation and migration. Induce cell apoptosis and cell cycle arrest.
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activating the EGFR/MAPK signaling pathway and promoting the
occurrence and metastasis of hepatocellular carcinoma [48].
RNF128 regulates the expression of MMP-2 by activating the
EGFR/MAPK signaling pathway, thereby promoting the invasion
and metastasis of esophageal squamous cell carcinoma [49]. The
study found that β-sitosterol treatment significantly inhibited the
EGFR/MAPK signaling pathway, indicating that the EGFR/MAPK
signaling pathway was involved in β-sitosterol-mediated prolifera-
tion, cell cycle arrest, apoptosis and migration in U87 cells.
Furthermore, the apparent antitumour effect of β-sitosterol was
observed in vivo in the U87 xenograft nude mouse model in our
study. Collectively, our findings reveal β-sitosterol as a promising
therapeutic option for glioma.
In summary, in this study we reported for the first time to our

knowledge that β-sitosterol inhibited U87 cell proliferation and
migration and induced apoptosis and cell cycle arrest in U87 cells by
blocking the EGFR/MAPK signaling pathway (Figure 10). β-
Sitosterol is a potential therapeutic agent for the management of
glioma.
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