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Introduction: Chlorogenic acid (CGA) is a type of polyphenolic substance that is widely
extracted from many traditional Chinese medicines (eg, Lonicera japonica Thunb,
Eucommia ulmoides Oliver) and exhibits a wide range of anti-tumor effects. However, the
potential molecular mechanisms of CGA in glioma U373 cells remain unclear.

Methods: Network pharmacology analysis was used to explore the potential therapeutic
targets of CGA in glioma. Human glioma U373 cells were treated with different concentra-
tions of CGA for 24 h. CCK-8 assays were used to detect the inhibitory rate of cell growth.
Annexin V-FITC/PI staining and Hoechst 33342 staining were used to detect apoptosis. PI
staining was used to investigate cell-cycle progression. Wound healing assays and transwell
assays were used to detect the cell migration and invasion, respectively. Western blotting and
immunohistochemistry were used to measure protein levels in vitro and in vivo.

Results: The proliferation of U373 cells was significantly inhibited by CGA in a dose- and
time-dependent manner. CGA significantly arrested the cell cycle of U373 cells in the G2/M
phase and induced apoptosis. Moreover, CGA significantly suppressed the migration and
invasion of U373 cells. Additionally, we found that CGA inhibited the growth of U373 cells
in vivo. Furthermore, network pharmacology analysis suggested that the anti-tumor effects of
CGA on U373 cells were associated with the down-regulation of the SRC/MAPKSs signaling
pathway.

Discussion: The present study indicated that CGA had anti-glioma effects on U373 cells by
down-regulating SRC/MAPKs signal pathway.

Keywords: chlorogenic acid, apoptosis, migration and invasion, network pharmacology,
SRC/MAPKSs signal pathway

Introduction

Glioma accounts for 35-60% of intracranial tumors and is the most common
primary brain tumor globally, with high lethality and disability rates. According
to statistics, the median survival time of malignant gliomas is only 15-23 months,
and the five-year survival rate is less than 6%.' Because of invasive growth and
complicated intracranial anatomy, radical resection of tumor tissues is often diffi-
cult. In addition, radiotherapy and chemotherapy induce glioma cells to become
tolerant to radiation and chemotherapeutic drugs; therefore, the prognosis of malig-

nant gliomas remains poor. Moreover, residual glioma cells after radiotherapy or
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chemotherapy are the source of tumor recurrence.’
Chlorogenic acid (CGA) is a type of polyphenolic sub-
stance that is widely extracted from traditional Chinese
medicine—such as Eucommiae Cortex and Lonicerae
Japonicae Flos—and has shown a wide range of pharma-
cological activities, such as anti-inflammatory, anti-
oxidative, anti-tumor, hepatic-protective, and immune-
modulatory properties.** However, few studies have
investigated the anti-glioma effects and related mechan-
isms of CGA.

In the present study, we found that CGA induced
apoptosis and cell-cycle arrest, as well as inhibited migra-
tion and invasion, of U373 cells. Furthermore, we
employed network pharmacology, which is a new pharma-
cological method that analyzes the molecular mechanisms
of components of Chinese herbal medicines in treating
various diseases (Figure 1). In particular, network pharma-
cology provides biological network construction and net-
work visualization analyses for assessing complex

interactions between drug components and disease
targets.” According to network pharmacology analysis in
our present study, we found that the SRC/MAPKSs signal-
ing pathway may be associated with the therapeutic effects
of CGA in glioma cells. Furthermore, we verified that
CGA inhibited the SRC/MAPKs signaling pathway,
which was correlated with the induction of apoptosis, cell-
cycle arrest, and inhibition of migration and invasion of

U373 cells.

Materials and Methods

Chemicals and Reagents

Roswell Park Memorial Institute-1640 (RPMI-1640) was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Fetal bovine serum (FBS) and dimethyl sulfoxide
(DMSO) were purchased from GIBCO (Grand Island,
NY, USA). CGA (Number C109403, CAS number 327-
97-9, HPLC>98%) was obtained from Aladdin
(Shanghai, China). The following antibodies were pur-
chased from ABclonal Biotechnology Co., LTD (Wuhan,
China): B-actin, MMP2, MMP9, E-cadherin, Vimentin,
Bax, Bcl-2, caspase-3, caspase-8, Ki-67, SRC, MAPK1,
MAPKS, and HRP-labeled goat anti-rabbit IgG. CGA
was dissolved in DMSO in a stock solution and was
stored in a dark bottle at 4°C. FITC Annexin-V
Apoptosis Detection Kit 1 (556,547) was purchased
from BD (USA). Cell Counting Kit-8 was purchased
from Dojindo (Japan). Hoechst 33342 staining solution,

TUNEL staining Kit, BCA protein assay kit, and cell-
cycle detection kit were purchased from Beyotime
(Shanghai, China).

Acquisition of CGA-Associated Targets

and Glioma-Associated Targets
SwissTargetPrediction (http://www.swisstargetprediction.

ch/) is an online website for the prediction of compound-
associated protein targets based on the pharmacophore
model.® In the present study, we downloaded the three-
dimensional structural file of CGA from the compound
database (PubChem Compound Search database) (https://
www.ncbi.nlm.nih.gov/pccompound) and imported it into

SwissTargetPrediction to obtain the protein targets of
CGA. In addition, we input the keyword “glioma” to
yield results in the Therapeutic Target Database (http://
bidd.nus.edu.sg/group/cjttd/)’, OMIM database (http://

www.omim.org/),8 GeneCards database (http://www.gene
cards.org/),9 and DisGeNET database (https:/www.disge

net.org/).'® Then we integrated the results and obtained
potential glioma-associated targets.

Integration of Candidate Targets of CGA

for Treating Glioma

The intersection between CGA-associated targets and
glioma-associated targets was considered as the locus of
candidate targets of CGA for treating glioma. Hence, we
obtained these candidate targets and generated
a corresponding Venn diagram by using the website tool,
Draw Venn Diagram (http://bioinformatics.psb.ugent.be/

webtools/Venn/).

Construction of Protein—Protein
Interaction (PPl) Network and Topology
Analysis

To investigate interactions among targets of CGA for
treating glioma, candidate targets were imported into the
STRING database Version 11.0 (https://string-db.org/)'" to
construct a protein—protein interaction (PPI) network that

we subsequently visualized via Cytoscape software (ver-
sion 3.7.1). To obtain the topological parameters, the
Network Analyzer setting was used to calculate the cluster
density, node-degree distribution, shortest path, and length
distribution. The network was analyzed by using the
“Generate style from statistics tool” in Cytoscape soft-
ware. The size and color of each node was set to reflect
degree of—and the thickness of edges was set to reflect the
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Figure | The schematic flowchart in the current study combined with a network pharmacology analysis and experimental validation in vitro and in vivo.

size of—the combined score to obtain the final PPI
network.'? In addition, the MCODE algorithm, a graph
theory-based clustering method, was used to perform clus-
tering analysis of the PPI network to extract the core gene
modules."® Furthermore, we visualized the top-10 genes
from the PPI network via R software (version x64 3.6.1).

Gene Ontology (GO) Analysis and Kyoto
Encyclopedia of Genes and Genomes

(KEGG) Pathway Enrichment Analysis

Gene ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
are widely used in functional analysis of high-throughput
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gene expression data. GO was used to annotate the gene
products in terms of their functions, participating biological
pathways, and subcellular localizations. KEGG is a database
for systematic analysis of the metabolic pathways of gene
products within cells, and it is one of the most commonly
used types of metabolic pathway analysis. In the present
study, cluster Profiler in R software (version x 64 3.6.1)
was used to analyze the GO and KEGG enrichment annota-
tions of candidate targets.

Cell Culture

The U373 human glioma cell line and the LO2 human
liver cell line were purchased from the Chinese Academy
of Medical Sciences Cell Culture Center (Beijing, China).
U373 and LO2 cells were cultured in RPMI-1640 medium
containing 10% FBS and 1% penicillin/streptomycin at
37°C in a constant-temperature incubator with 5% CO,.

Cell Viability Assay

Cells were seeded at a density of 5x10° cells per well into
96-well plates and were incubated overnight at 37°C. The
next day, the cells were treated with different concentra-
tions of CGA for 24, 48, or 72 h. Then 10 pL. of CCK-8
reagent was added to each well for 2 h. The absorbance
was measured at 450 nm via a spectrophotometer.

Apoptotic Assay

U373 cells were seeded in six-well plates at a density of
5x10° cells per well and were incubated with different
concentrations of CGA (0, 50, 100, 200 uM) for 24 h;
the control group was incubated with culture medium
containing 0.1% DMSO. Then, the supernatants of cells
were collected and added to annexin V-FITC/PI solution,
according to the manufacturer’s instructions of the BD
Annexin V-FITC/PI apoptosis detection kit. We detected
apoptosis via flow cytometry, and the results were ana-
lyzed by Flowjo 10.0 software.

Hoechst 33342 Staining

The procedure for CGA treatments of U373 cells was the
same as that described above. Then, cells were washed
three times with phosphate-buffered saline (PBS) and were
then incubated with Hoechst 33342 staining solution for
15 min. Thereafter, we observed the morphologies of
apoptotic nuclei via fluorescent microscopy.

Cell-Cycle Assay

The procedure for CGA treatments of U373 cells was the
same as that described above. The supernatants of cells
were collected and incubated with PI solution, according
to the manufacturer’s instructions of the cell-cycle and
apoptosis detection Kit. Cell cycle was detected via flow
cytometry, and the results were analyzed by Modfit
software.

Wound Healing Assay

U373 cells were plated into six-well plates at a density of
5x10° cells per well. We used a 200-pL sterile pipette tip
to make three scratches on the monolayer of cells and
washed the cells three times with PBS to remove cellular
debris. To confirm the uniform standard of each scratch,
cells were first imaged under a microscope at 0 h to serve
as the control condition. Then, the cells were treated with
different concentrations of CGA (0, 50, 100, 200 uM) for
24 h. Finally, the treated cells were observed and imaged
via microscopy, and the migration distance was calculated
with Imagel software.

Transwell Invasion Assay

At one day prior to its use, matrigel was melted at 4°C and
diluted to a concentration of 1 mg/mL in culture medium
without FBS. Culture medium supplemented with 10%
FBS and different concentrations of CGA (0, 50, 100,
200 uM) were added into the lower chamber of the 24-
well transwell plate. Next, 100 uL of matrigel (1 mg/mL)
was added into the upper chamber and incubated for 4
h until it polymerized. Then, U373 cells were seeded into
the upper chamber at a density of 5x10° cells per well in
200 puL of medium, and the culture system was placed into
an incubator for 24 h. Cells on the lower chamber were
fixed with 4% paraformaldehyde for 2 min and were
permeabilized with 100% methanol for 20 min, after
which they were stained with Wright’s Giemsa solution
for 15 min at room temperature. Finally, the stained cells
were imaged via microscopy and results were quantified
with Imagel software.

Immunofluorescent Staining

Immunofluorescent staining was used to observe the
protein expression of SRC in U373 cells after CGA
treatments. Cells were washed three times with PBS at
4°C, fixed with 4% paraformaldehyde for 15 min, and
immersed three times (5 min each time) in PBS
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containing 0.1% TritonX-100. Then, the cells were incu-
bated with SRC primary antibody overnight in a wet box
at  4°C, which
a fluorescent secondary antibody for 1 h. After staining

after they were incubated with
with DAPI in the dark for 3 min, samples were incubated
with an antifade mounting medium and were then cover-
slipped. SRC proteins were labeled with red fluores-
cence, while DAPI was labeled with blue fluorescence.
The protein levels of SRC (the red fluorescence inten-
sity) were analyzed by Image J software and showed as
mean optical density. Data were expressed as mean =+

SD (n=6).

Western Blotting

Western blotting was performed as previously described.'
In brief, proteins were extracted from cells and tumor
tissues via RIPA lysis buffer with PMSF, and protein
levels were quantified via a BCA protein assay kit. Then,
proteins were separated by 10% SDS-PAGE gels and were
then transferred onto PVDF membranes. Next, membranes
were blocked with 5% fat-free milk at room temperature
for 1 h, followed by incubation with primary antibodies
and secondary antibodies. Finally, membranes were
soaked in enhanced ECL reagents and protein bands
were detected using a UVP BioSpectrum Imaging
System. The intensities of protein bands were quantified
with Imagel] software. Data were expressed as mean +
SD (n=3).

Xenograft Models

Thirty-two BALB/C nude mice (male, 5-6 weeks, 18-22
g) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing China). U373 cells
(1x107 cells/200 uL) were subcutaneously injected into
the right armpit. All tumor-bearing mice were equally
divided into four groups, and different concentrations of
CGA (normal saline, 5 mg/kg, 10 mg/kg, 20 mg/kg) were
given to each group via daily intragastric administration.
After 24 d, mice were sacrificed and their tumors were
collected. All animal experiments were approved by the
Laboratory Animal Research Committee of Huazhong
University of Science and Technology (approval number:
SYXK2016-0057).

Hematoxylin & Eosin (H&E) Staining

According to our previous studies, collected tumor tissues
were fixed, embedded, and cut into thick sections. The
sections were stained with hematoxylin and eosin (H&E;

0.1-0.5%). Finally, we observed and imaged the stained
sections under an inverted microscope.

TUNEL Staining

The preparation of slices was the same as that described
above. According to the manufacturer’s instructions, slices
were incubated in 20 pg/mL of proteinase K for 15 min at
37°C. After washing three times with PBS, 50 uL of
prepared TUNEL staining solution was added onto slices
for 1 h. Next, slices were washed three times and were
then coverslipped. Images were observed and imaged via
fluorescent microscopy. The percentage of apoptotic cells
(the green fluorescence intensity) were analyzed by Image
J software. Data were expressed as mean £ SD (n=6).

Immunohistochemistry

The preparation of slices was the same as that described
above. Slices were fixed and subsequently incubated with
primary antibody (anti-Ki67, 1:200; anti-SRC, 1:200) at 4°
C overnight, and were then stained with a secondary anti-
body. The slides were observed and imaged via fluorescent
microscopy. The protein levels of SRC (the fluorescence
intensity) were analyzed by Image J software according to
the formula (Average Optical Density (AOD) = 10D/
Area), Data were expressed as mean + SD (n=6).

Statistical Analysis

All statistical data were analyzed via Graphpad Prism software
(version 8.0). Data are expressed as the mean + standard
deviation (SD) of three independent experiments. The statis-
tical significance of results was determined via one-way ana-
lysis of variance (ANOVA) followed by post-hoc Dunnett’s
tests. A P < 0.05 was considered to be statistically significant.

Results
Preliminary Screening of Candidate

Targets of CGA for Treating Glioma

A total of 100 pharmacological targets of CGA were pre-
dicted by the SwissTargetPrediction online database.
Furthermore, 36 glioma-associated targets were obtained
from the Therapeutic Target Database, nine targets were
obtained from the OMIM database, 1775 targets were
obtained from the GeneCards database (Relevance score
> 2), and 99 targets were obtained from the DisGeNET
database. Based on the integrated results of the above data-
bases, 1822 glioma-associated targets were predicted after
deleting duplicate and false-positive items. Furthermore,
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a total of 40 candidate biological targets of CGA and glioma
were obtained through inputting the above data into the
Draw Venn Diagram web tool (Figure 2A).

PPl Network-Based Cluster Analysis and

Prediction of Core Targets
As shown in Figure 2A, 40 candidate biological targets were
introduced into the STRING database (minimum required
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interaction score = 0.9). Thereafter, we used Cytoscape soft-
ware to obtain a PPI network diagram that included 32
targets and 80 edges (Figure 2B and C). The cluster subnet-
work was plotted by using MCODE Apps in Cytoscape
software. The results showed that there was only one cluster
subnetwork, consisting of nine nodes and 15 edges, based on
MCODE analysis. This cluster included SRC, APP, CASP3,
CASP8, MMP1, MMP2, MMP9, MMP13, and PRKCD,
and the score was 3.75 (Figure 2D). Moreover, the top-10
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Figure 2 Preliminary screening of the candidate targets, PPl network-based cluster analysis and core targets prediction. (A) Venn diagrams of common targets in glioma and
chlorogenic acid. As a result, 40 pharmacological potential targets were obtained. (B) Construction of PPl network in CGA in treating glioma by using STRING database. (C)
Topological analysis of potential targets in CGA in treating glioma by using Network Analyzer. (D) Cluster analysis of PPl network to extract the core gene modules by using
MCODE algorithm. (E) The top |5 core genes visualization obtained by using R software according to the relevance number of nodes.
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core nodes were obtained according to the order of degrees
of freedom from high to low, namely MAPKI, SRC,
CASP3, MAPKS, CASPS, MMP2, APP, MMP9, IGFBP3,
and MMP1. Meanwhile, the top-15 core genes (Figure 2E)
were visualized via R software according to the relevant
number of nodes.

GO Biological Processes and KEGG

Pathway Enrichment Analysis

The GO biological processes and KEGG pathway enrich-
ments of candidate biotargets were analyzed by the “clus-
terprofiler” package in R software. GO analysis for
visualization and annotations were described by the BP,
CC, and MF terms. As shown in Figure 3A, we obtained
a total of 658 GO entries, including 607 BPs, 10 CCs, and 41
MFs that had P-values < 0.05. Additionally, to explore the
potential signaling pathways among the candidate targets of
CGA for glioma treatment, we screened 95 pathways
according to a threshold of P < 0.05, including the MAPK,
EGFR
resistant, Rap1, Ras, and HIF-1 pathways (Figure 3B).

tyrosine-kinase  inhibitor-resistant, endocrine-

CGA Inhibits the Proliferation of U373

Cells but Has No Toxicity in LO2 Cells
To investigate the inhibitory effects of CGA on U373 cells,
the viability of U373 cells was detected by CCK-8 assays.
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Our results suggested that CGA significantly reduced the
viability of U373 cells in a dose- and time-dependent man-
ner (Figure 4D) and the IC5y of CGA when incubated for 24,
48, and 72 h were 139.3, 118.6, and 107.3 pM, respectively
(Figure 4A—C). Moreover, we confirmed that a CGA con-
centration of 200 uM was innocuous to LO2 cells but sig-
nificantly inhibited the proliferation of U373 cells (Figure
4E), while 400 uM of CGA inhibited the growth of LO2
cells (Figure 4F). Subsequently, as shown in Figure 4G and
H, the number of necrotic cells increased with the increased
concentration of CGA. Compared with those in the control
group, the nuclei of cells treated with CGA were pyknotic,
fragmented, and had different shapes, and the chromatin was
bright blue and contained typical apoptotic bodies (Figures
4G and H).

CGA Induces Apoptosis and Cell-Cycle
Arrest at the G2/M Phase in U373 Cells

Flow cytometry was used to detect apoptosis and cell-
cycle arrest in U373 cells after CGA treatment for 24
h. Compared with that of the control group, CGA treat-
ment increased the frequency of late apoptosis in U373
cells, and the total number of apoptotic cells was also
increased (Figure 5A and C). In addition, as shown in
Figure 5B and D, the proportion U373 cells in the G2/M
phase was increased from 9.50+2.10% in the control group

B

EGFR tyrosma kinase inhibiar resistance

Endocnine resistance
HIF-1 sagnaling pathway
P53 sagnaling pathway
Sterch and sucrose metabolsm |

Rap1 signaling pathway{

=
B
2
&

MAPEK sagnaling pathway-
ErbB sgnaling pathway |

Ras signaling patfway

BT
g F E

Nisrogan metabolism |

Fux() signaling pathway-
Auiophagy = animalq

Plalinum drug resislanca
Phospholipase D sgnaling pathway |

Galaciose metaboiism-

a

=
@

Figure 3 GO and KEGG pathway analysis. (A) GO analysis of core targets and bubble plot for top |5 biological processes, top 15 cellular components, and top |5
molecular functions. (B) KEGG pathway analysis of core targets and column plot for top |15 pathways. The size of the nodes shows counts of targets, and the gradient of

color represents the different adjusted p values.
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Figure 4 CGA inhibited the proliferation of U373 cells in a dose- and time-dependent manner. (A=C) The IC50 of CGA on U373 cells for 24 hr, 48 hr, and 72 hr were
139.3 uM, 118.6 uM, and 107.3 uM, respectively. (D) The viability of U373 cells treated with different concentrations of chlorogenic acid for 24 hr, 48 hr, and 72 hr was
detected by CCK-8 assays. (E) The inhibitory effect of chlorogenic acid on U373 cells proliferation detected by CCK-8 assays for 24 h, **P<0.01. (F) Cytotoxicity assay of
chlorogenic acid on LO2 cells detected by CCK-8 assays for 24 h, *P<0.05, compared with 0 group. (G and H) Morphology and Hoechst 33342 staining of U373 cells treated
with different concentrations of chlorogenic acid for 24 h, the nuclei of cells treated with CGA showed bright blue color and contained typical apoptotic bodies (red

arrows), **P<0.01, compared with 0 group. Data were expressed as mean + SD (n=6).

to 24.12+£2.97% in the 200-uM CGA group. Furthermore,
the proportion of U373 cells in the GO/G1 phase was
decreased from 65.9843.74% in the control group to
48.8842.39% in the 200-uM CGA group. Collectively,
these results showed that CGA induced apoptosis and cell-
cycle arrest at the G2/M phase in U373 cells.

CGA Suppresses Migration and Invasion
of U373 Cells

As shown in Figure 6A and C, our results showed that the
mobility of U373 cells was significantly decreased after
CGA treatment compared with that of vehicle treatment.

The relative migration rates of U373 cells treated for 24
h with CGA at 0, 25, 50, and 100 uM were 71.04+5.33%,
49.38+8.81%, 31.70+7.13%, and 12.98+8.75%, respec-
tively. The results of a transwell invasion assay (Figure
6B and D) showed that the number of invading cells in
each visual field at 0, 25, 50, and 100 uM of CGA were
142+12, 74+15, 4848, and 35+11 cells, respectively.
Compared with that of the vehicle group, the invasive
ability of glioma U373 cells treated with different concen-
trations of CGA was decreased significantly. Taken
together, these results demonstrated that CGA suppressed
the migration and invasion of U373 cells.

submit your manuscript

1376

Dove

Drug Design, Development and Therapy 2021:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhou et al

L e} ]

PE [561}-A

Q3

FITC-A FITC-A
0 uM CGA 50 pM CGA
B s 8
28 B
E ES
= 3
ZD z3
20 40 B0 80 100 120 14 20 40 60 80 100 1
Channels (PE-A) Channels (PE-A)
0 uM CGA 50 uM CGA
C 301 mm Q2 AA
_ = Q3 I
3 O Q2+Q3
o 201
[=)]
L]
et
c
Q
O 10-
Q
o
0-
0 50 100 200
CGA (uM)

PE [561}-A

FE [561}A

Lan] T T T T

J FI':C-A ‘ FITC-A
100 pM CGA 200 pM CGA
: 5
@ 587
£ ‘§§5
= ==
= Zt:r:
g 8
20 40 60 80 100 12 20 40 60 80 100 121
Channels (PE-A) Channels (PE-A)
100 uM CGA 200 uM CGA
D
200 > ™ GO/G1
BE S
e d G2/IM
H =
.|
I L) 1
0 50 100

Figure 5 CGA inhibited the proliferation of U373 cells by inducing apoptosis and G2/M arrest. (A and C) CGA induced apoptosis in U373 cells. U373 cells were treated
with different concentrations of CGA for 24 hr. Cells were stained with Annexin V-FITC/PI staining solution and detected by flow cytometry. *P<0.05, **P<0.01, *P<0.01,
AAp<0.01, both compared with 0 group. (B and D) Chlorogenic acid induces cell cycle arrest in G2/M phase in U373 cells. Cells were treated with different concentrations of
chlorogenic acid for 24 h. Samples were stained with Pl solution and analyzed by flow cytometry, ¥P<0.01, P<0.05, ““P<0.01, both compared with 0 group. Data were

expressed as mean * SD (n=3).

CGA Inhibits the Activation of the SRC/
MAPKSs Signal Pathway in U373 Cells

U373 cells were treated with different concentrations (0,
25, 50, and 100 uM) of CGA for 24 h. As shown in
Figure 7A and B, the expression of SRC (red fluores-
cence) in U373 cells after treatment with 200 uM of
CGA for 24 h was decreased significantly compared to
that of the control group. Additionally, protein levels in
U373 cells were detected by Western blotting. First, we
associated with cell

assayed proteins migration,

invasion, and the epithelial-mesenchymal transition
(EMT). As shown in Figure 7C and E, compared with
those in the control group, the relative protein levels of
MMP2, MMP9, and Vimentin in the CGA treatment
groups were decreased significantly, whereas the protein
level of E-cadherin was increased. Then, we measured
the levels of some proteins associated with apoptosis.
The results suggested that CGA increased the protein
levels of Bax, cleaved-caspase 3, and cleaved-caspase 8,
whereas it decreased the level of Bcl-2 (Figure 7D and
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Figure 6 CGA inhibited the migration and invasion of U373 cells. (A and C) Wound healing assay. U373 cells after scratching were treated with different concentrations of
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(n=3).

G), indicating that CGA induced apoptosis in U373
cells. Furthermore, to identify core targets and explore
the potential mechanisms of CGA in treating glioma, we
investigated the expression of core target proteins by
Western blotting in glioma U373 cells treated with
CGA. We found that CGA downregulated the protein
levels of SRC and MAPKI. In addition, we found that
CGA downregulated the p-SRC/SRC, p-MAPKI1/
MAPKI1, and p-MAPK8/MAPKS8 ratios (Figure 7F
and H).

CGA Suppresses the Malignant Growth
of U373 Cells in vivo

To investigate the anti-tumor effects of CGA in vivo, we
established xenograft models by subcutaneously inject-
ing U373 cells into BALB/C-nu/nu nude mice. Tumor-
bearing nude mice were treated with CGA (5, 10, or
20 mg/kg) or the same volume of normal saline for 24
d. CGA suppressed the malignant growth of U373 cells.
As shown in Figure 8A and B, the mean volume of
tumors and the mean weight of mice in the CGA groups
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were significantly lower than those in the normal saline
group. As shown in Figure 8C and E, the number of
apoptotic cells (green fluorescence) in tumor tissues was
increased significantly as a function of CGA concentra-
tion. Hence, we identified that CGA induced apoptosis
of U373 cells derived from xenograft tumors. H&E
staining (Figure 8D) showed that CGA induced tumor
cells to exhibit atypical nuclei, poor differentiation, and
apoptosis. Moreover, immunohistochemistry (Figure 8D
and H) showed that the expression levels of Ki-67 and

SRC were decreased as a function of CGA concentra-
tion. Western blotting showed CGA could downregulate
the protein levels of SRC, MAPKI and MAPKS.
Meanwhile, we measured the phosphorylated protein
levels and we found that the ratios of p-SRC/SRC,
p-MAPK1/MAPK1, and p-MAPK8/MAPKS
decreased (Figure 8F and G). These findings suggested
that CGA inhibited the proliferation of U373 cells,
which may have been associated with downregulation
of SRC/MAPKs signal pathway in vivo.
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Figure 8 CGA suppressed the malignant growth of U373 cells in vivo. (A and B) The mean weight of mice and the mean volume of tumors in the CGA groups were lower
significantly than those in the normal saline group, "P<0.01, **P<0.01, compared with NS group. (C and E) TUNEL staining assay. With the increase of CGA's
concentrations, the apoptotic cells (green fluorescence) in tumor tissues increased significantly, **P<0.01, compared with NS group. (D and H) Hematoxylin-eosin (H&E)
staining and Immunohistochemistry staining. Tumor cells became obvious atypia nuclei, poor differentiation, and apoptosis after treated with CGA. The expressions of Ki-67
and SRC decreased with the increase of CGA's concentrations, *P<0.01, #P<0.05, *P<0.01, compared with NS group. (F and G) CGA inhibited the protein levels of SRC/
MAPKs signaling in vivo. ¥P<0.01, #P<0.05, "P<0.01, both compared with NS group. Data were expressed as mean % SD (n=3).

Discussion

Glioma is the most common type of intracranial malignant
tumor, which accounts for approximately 32% of primary
central-nervous-system tumors and has recently exhibited
an increasing yearly trend. The median survival time of
anaplastic astrocytoma and glioblastoma are 2—3 years and
one year, respectively.''® Glioma is characterized by
unlimited proliferation and extensive invasion, which
leads to difficult surgical resection. Furthermore, the

malignant biological behaviors of glioma yield a poor
prognosis, short survival, high recurrence rate, and high
mortality, partially due to radio- and chemo-therapy resis-
tance. Although the mechanisms of glioma pathogenesis
remain unclear, they have been shown to be associated
with the proliferation and migration of tumor cells.

In recent years, with the restriction of current treatment
protocols for glioma and in-depth studies on the pharma-
cology of traditional Chinese medicines, it has been
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demonstrated that some traditional Chinese medicines
exhibit anti-cancer effects with low toxicity and side
effects in the context of tumor therapy. CGA, the charac-
teristic active component of Eucommiae Cortex and
Lonicerae Japonicae Flos, has a wide range of pharmaco-
logical activities. With the development of extraction and
purification technology, the anti-tumor effects of CGA
have attracted increased attention. Recent studies have
shown that CGA exhibits therapeutic efficacies on various
tumors such as lung cancer, liver cancer, and colorectal
cancer.'” "> CGA, which is considered to be a candidate
anti-tumor drug, has been shown to inhibit cellular prolif-
eration, promote apoptosis, induce cell-cycle arrest, inhibit
neovascularization, and regulate the tumor-associated
immune microenvironment.”>** Xue et al*® have demon-
strated that CGA inhibits the growth of U87 glioblastoma
cells in vivo and in vitro through inhibiting M2 polariza-
tion and promoting the M1-like phenotype of RAW264.7
and Ana-1 macrophages, in part by promoting STATI
activation and inhibiting STAT6 activation. Other studies
have further developed mannosylated liposomes for tar-
geted delivery of CGA, which might inhibit G422 glioma
cell growth by efficiently promoting the polarization of the
pro-tumorigenic M2 phenotype to the anti-tumorigenic M1
phenotype.”* In addition, Sitarek et al*> found that CGA
extracted from Leonurus sibiricuso induces apoptosis of
glioma cells via up-regulating the expression of p53, pro-
moting the repair of injured DNA, and increasing the
proportion of Bax/Bcl-2. These results are consistent
with the findings of our present study. In addition,
Belkaid et al?® found that CGA inhibits the activity of
GO6PT in U87 glioma cells to hinder the glycolysis path-
way, thereby inhibiting tumor growth and invasion.

Anti-tumor effects of CGA have been found when used
to treat many other types of tumors, such as cervical
cancer, colon cancer, and tongue cancer, indicating that
CGA may be a potential anticancer drug. Previous studies
have shown that CGA suppresses the proliferation of
glioma cells by inhibiting angiogenesis in a hypoxic envir-
onment via down-regulating the HIF-1a/AKT pathway.
Other studies have suggested that CGA induces cell-
cycle arrest of MCF-7 cells at the G1 phase. In contrast,
our present findings showed that CGA significantly
induced cell-cycle arrest of glioma U373 cells at the G2/
M phase.

The mitochondrial apoptotic pathway is an important
apoptotic pathway in many different cell types. Bcl-2
family proteins are key regulators in the regulation of

mitochondrial-mediated apoptosis. Bcl-2 family proteins
include pro-apoptotic proteins (eg, Bax, Bak) and anti-
apoptotic proteins (eg, Bel-2, Bel-XL, and MCL-1). An
increase in the Bax/Bcl-2 ratio induces mitochondria to
release cytochrome c into the cytoplasm, where it then
combines with apoptotic protein activating factor-1
(Apaf-1) and the precursor of Caspase-9 to form apop-
totic bodies, which lead to the cleavage and activation of
Caspase-9 and Caspase-3. Finally, activated Caspase-3
induces apoptosis. Caspase-8 is also a key promoter in
the death-receptor-mediated apoptotic pathway, which
can cleave and activate itself and activate downstream
caspase proteins to induce apoptosis.’’” Our present
results showed that CGA increased the Bax/Bcl-2 ratio
in U373 cells and initiated mitochondrial apoptosis, ulti-
mately inducing apoptosis of U373 cells.

The migration and invasion of glioma cells are the results
of multi-step and multi-factor processes, which include
changes in epithelial cell polarity (ie, the EMT), cell adhesion,
secretion of hydrolase hydrolyzed matrix, and infiltration of
the basement membrane.”® In the present study, network phar-
macology analysis predicted that CGA has 40 protein targets,
which were mainly concentrated in tumorigenic signaling
pathways, such as the MAPK, Ras, and HIF-1 pathways.

The migration and invasion of tumor cells are two of
the most important processes in tumor progression.
MMPs, a family of zinc-binding endopeptidases, are core
proteolytic enzymes that play a role in the degradation of
the extracellular matrix (ECM).*’ Overexpression of
MMPs induces hydrolysis of the ECM, which weakens
or removes the barrier between the ECM and basement
membrane. Thereafter, tumor cells undergo migration and
invasion to promote the EMT. MMPs can effectively
degrade type-IV collagen, the main component of the
ECM. Therefore, the protein expression patterns of
MMP-2 and MMP-9 are often used to reflect the migratory
and invasive abilities of cancer cells.*® In the present
study, we found that CGA inhibited the migratory ability
of glioma U373 cells in a concentration-dependent man-
ner. Furthermore, Western blotting was used to detect the
migration-related proteins, MMP-2 and MMP-9. The
results showed that CGA significantly down-regulated
the protein levels of MMP-2 and MMP-9 in glioma
U373 cells, which indicated that CGA may inhibit the
migration ability of glioma U373 cells by down-
regulating the protein expression of MMP-2 and MMP-9

in glioma cells.
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EMT plays an important role in the invasion and
metastasis of tumor cells, and the epithelial marker
E-cadherin and stromal marker Vimentin, are the most
typical EMT markers.>' In the present study, the results
of Western blotting showed that the expression of
E-cadherin protein increased gradually with increasing
CGA concentrations. In contrast, the expression of
Vimentin protein decreased gradually with increasing
CGA concentrations, suggesting that CGA inhibited pro-
gression of the EMT. Hence, we speculate that CGA may
inhibit the proliferation and migration of glioma cells by
inhibiting the EMT via inhibiting the SRC/MAPKs signal-
ing pathway.

The SRC/MAPKSs signaling pathway is an important
pathway that controls a variety of physiological and patho-
logical processes of cancer cells.’ In the present study, we
predicted that the molecular mechanisms of CGA in inhi-
biting migration and invasion of U373 cells may be asso-
ciated with the expression of SRC, MAPK1, and MAPKS,
as indicated by network pharmacology analysis.
Furthermore, we found that CGA could reduce the total
protein levels of both SRC and MAPKI in vivo and
in vitro. And we found that the protein level of MAPKS
decreased in vivo, the protein level of MAPKS8 has no
significant change, but the level of phosphorylated protein
levels of MAPKS8 was decreased in in vitro. So we specu-
lated that the anti-glioma mechanisms of CGA might be
associated to the decrease of phosphorylated proteins in
SRC/MAPKSs signal pathway.

Conclusion

In this study, we investigated the anti-tumor effects of
CGA and its possible mechanisms on human glioma
U373 cells via network pharmacology analysis. We
found that CGA inhibited proliferation, migration, and
invasion, as well as induced apoptosis and cell-cycle arrest
at the G2/M phase, of U373 cells by inhibiting the SRC/
MAPKSs signaling pathway. Taken together, our findings
provide an important theoretical basis for the clinical study
of CGA in the treatment of glioma.
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