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Purpose: Eupatilin is a pharmacologically active flavonoid extracted from Asteraceae argyi
that has been identified as having antitumor effects. Gliomas are the most common intracra-
nial malignant tumors and are associated with high mortality and a poor postoperative
prognosis. There are few studies on the therapeutic effects of eupatilin on glioma.
Therefore, we explored the efficacy and the underlying molecular mechanism of eupatilin on
glioma.

Methods: The effect of eupatilin on cell proliferation and viability was detected using Cell
Counting Kit-8 assays. Cell migration was analyzed with a scratch wound healing assay and
invasion was analyzed using transwell assays.

Results: We found that eupatilin significantly inhibits the viability and proliferation of
glioma cells by arresting the cell cycle at the G1/S phase. In addition, eupatilin disrupts
the structure of the cytoskeleton and affects F-actin depolymerization via the “P-LIMK”/
cofilin pathway, thereby inhibiting the migration of glioma. We also found that eupatilin
inhibits the invasion of gliomas. The underlying mechanism may be related to the destruction
of epithelial-mesenchymal transition, with eupatilin also affecting the RECK/matrix metal-
loproteinase pathway. However, we did not observe the proapoptotic effect of eupatilin on
glioma, which is inconsistent with other studies. Finally, we observed a significant inhibitory
effect of eupatilin on US7MG glioma in xenograft nude mice.

Conclusion: Eupatilin inhibits the viability and proliferation of glioma cells, attenuates the
migration and invasion, and inhibits tumor growth in vivo, but does not promote apoptosis.
Therefore, due to the poor clinical efficacy of drug treatment of glioma and high drug
resistance, the emergence of eupatilin brings a new dawn for glioma patients.
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Introduction

Gliomas are the most common primary brain tumors induced by the brain and
spinal glial lesions. The incidence of glioblastoma is about 3.2/100000." The
symptoms and signs of gliomas mainly depend on their location and the affected
brain functions. Gliomas can cause headache, nausea, vomiting, epilepsy, blurred
vision, and other symptoms due to its “mass effect” in space.” In addition, due to its
influence on the function of local brain tissue, the patient can also exhibit other
symptoms. For example, optic nerve gliomas lead to loss of vision in patients,’
spinal cord gliomas cause pain, numbness, and weakness in limbs;* central gliomas
cause movement and sensory disturbances in patients;® and gliomas affecting the
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brain region involved in language cause difficulty in lan-
guage expression and understanding.” The severity of
symptoms caused by gliomas differs due to their differing
degrees of malignancy.

The treatment of brain tumors mainly includes surgical
resection, radiation therapy, and systemic drug therapy.
For malignant brain tumors, a combination of treatments
is often employed. Surgical resection is the main treatment
of brain tumors, especially benign tumors. Radiation ther-
apy is often used in patients who have no residual resec-
tion or surgical resection and can also be used in patients
who are unlikely to undergo surgery.”’ In recent years,
drug therapy primarily involves the monoclonal antibody
bevacizumab. Temozolomide is effective in the treatment
of gliomas, but long-term studies have shown resistance.
Traditional Chinese medicine has always been a medical
secret. With the development of science and technology,
the medicinal ingredients in traditional Chinese medicine
have gradually surfaced and have become an important
means to inhibit tumor growth. Chen and colleagues found
that plumbagin inhibits invasion and migration of glioma
cells by downregulating matrix metalloproteinase (MMP)-
inhibiting PI3K/Akt
pathway.® A study reported by Lin and colleagues revealed

2/9 expression and signaling
that berberine enhances inhibition of glioma tumor cell
invasiveness and migration mediated by arsenic trioxide.”
Curcumin regulates the cell cycle progression of human
glioma cell SHG44 in vitro, inducing the differential
expression of Bcl-2 and Caspase 8, and significantly inhi-
bits tumor cell proliferation and promotes apoptosis.
Eupatilin is a pharmacologically active flavonoid
extracted from Asteraceaec argyi. Eupatilin has been
shown to have anti-inflammatory abilities and is used for
mucosal protection. It has an antioxidant effect on gastric
mucosal damage and can enhance the regeneration of
damaged mucosa. Therefore, it is widely used to treat
gastritis and peptic ulcers.'® Eupatilin was identified as
having antitumor effects; eupatilin suppresses angiogen-
esis in gastric cancer cells by altering the expression of
signal transduction molecules and vascular endothelial
growth factor (VEGF), and by activation of signal trans-
ducers and activator of transcription 3."" Eupatilin is used
as an anti-metastatic and chemo-preventive agent for
human gastric cancer.'? Eupatilin inhibits the growth of
human endometrial cancer cells by upregulating p21 to
arrest the cell cycle in the G2/M phase.'® Eupatilin also
inhibits angiogenesis-mediated human hepatocyte metas-
tasis by decreasing expression of VEGF and MMP-2.'

However, few studies have reported the effects of eupatilin
on gliomas. Based on eupatilin effects on different tumors,
we explored its effect and underlying mechanisms on
glioma through in vitro cell experiments and in vivo
BALB/c nude mice.

Materials and methods

Cell culture

Human malignant glioma (glioblastoma) cell lines
U251MG, U118, T98G, and U87MG were provided by
the Seventh Medical Center of the Chinese People’s
Liberation Army General Hospital. Cell line usage was
approved by the General Army Hospital institutional
review board or ethics committee. The cell lines were
cultured in DMEM media supplemented with 10% serum
and incubated at 37°C with 5% CO,. FBS was purchased
from Gibco (Cat. No. 10099141). DMEM was purchased
from Corning Co., Ltd. (Cat. No. SJ.CELLGRO.10-013-
CVR). Antibiotic was purchased from Sigma Aldrich (Cat.
No. V900929).

Reagents

Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Chemical Technology Co., Ltd., Shanghai, China (Cat. No.
CKO04). Eupatilin was purchased from Chengdu Purifa
Technology Development Co., Ltd., China (Cat. No.
BP0576) and was dissolved in DMSO. Matrigel was pur-
chased from Corning Co., Ltd. (Cat. No. 356234). FITC
Annexin V Apoptosis Detection Kit with PI was purchased
from BioLegend (Cat. No. 640914). Cycle detection kit
(Cat. No. C1052) and Dil (Cat. No. C1036) were purchased
from Beyotime. Deoxyribonuclease I, Alexa Fluor TM 594
conjugate was purchased from Thermo Fisher Scientific
(Cat. No. D12372). Phalloidin-iFluor 488 was purchased
from Abcam (Cat. No. ab176753). Anti-Cofilin (Cat. No.
ab124979), Anti-Profilin (Cat. No. ab124904), Anti-
Calreticulin (Cat. No. ab92516), Anti-Ki67 (Cat. No.
ab15580), and Anti-GM130 (Cat. No. ab52649) were pur-
chased from Abcam. Anti-Cyclin A2 (Cat. No. 4656), Anti-
Cyclin E2 (Cat. No. 4132), Anti-p21 Wafl/Cipl (Cat. No.
2947), Anti-Phospho-Histone H3 (Ser10) (Cat. No. 3377),
Anti-Phospho-Weel (Ser642) (Cat. No. 4910), Anti-Mytl
(Cat. No. 4282), Anti-Phospho-cdc2 (Tyrl5) (Cat. No.
4539), Anti-Cyclin B1 (Cat. No. 12231), Anti-Phospho
-p70 S6 Kinase (Thr421/Ser424) (Cat. No. 9204), Anti-
Phospho-p73 (Tyr99) (Cat. No. 4665), Anti-RECK (Cat.
No. 3433), Anti-MMP-9 (Cat. No. 2270), Anti-MMP-2
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(Cat. No. 4022), Anti-N-Cadherin (Cat. No. 13116), Anti-
E-Cadherin (Cat. No. 3195), Anti-Slug (Cat. No. 9585),
Anti-Snail (Cat. No. 3879), Anti-Claudin-1 (Cat. No.
4933), Anti-Phospho-LIMK1 (Thr508)/LIMK2 (Thr505)
(Cat. No. 3841), Anti-GAPDH (Cat. No. 5174), Anti-Bax
(Cat. No. 2772), Anti-Bcl-2 (Cat. No. 3498), Anti-Caspase
9 (Cat. No. 9502), and Anti-Phospho-Cofilin (Ser3) (Cat.
No. 3313) were purchased from CST. All antibodies for
Western blots were diluted 1000 times, except profilin
(10000 times).

Cell viability assay

Cell viability was assessed using the CCK-8 assay. Cells
were seeded at a density of 2000 cells/well in 96-well
plates and incubated for 24 hrs for adherence. Following
treatment with different concentrations of eupatilin (0, 40,
80, 160, and 320 uM) for 8, 16, 24, 48, and 72 hrs, 10 uL
of CCK-8 reagent was added to each well and incubated
for 1-2 hrs at 37°C. The optical density (OD) value was
read at 450 nm using Thermo Fisher Scientific Skanlt
Software 3.1 for Multiskan GO. The viability rate of
cells =(the OD values of treated groups/the OD values of
the control group) x 100%.

Flow cytometry analysis of the cell cycle
Cells were seeded at a density of 1x10°/mL and cultured
in a 6-well plate. After adherence, the cells were synchro-
nized for 12 hrs with serum-free media and treated with 0,
40, 80, or 160 uM eupatilin for 24 hrs. Cells were har-
vested and fixed in 75% cold ethanol for 12 hrs and
washed twice with PBS. Cells were incubated with
100 mg/mL RNase A and 50 mg/mL propidium iodide at
37°C for 30 mins. The cell cycle was analyzed by flow
cytometry.

Cell scratch test

All cell lines were cultured in 6-well plates. Cells were
grown to 85% confluence, scratched in each well with
anew 1 mL pipette tip, washed twice with PBS to remove
the scraped cells, and treated with eupatilin for 24 or 48
hrs. Images were taken and the gap distance was quantified
using Image J 1.48V software.

Cell invasion assay

Transwell inserts were coated with matrigel (1:8 dilution with
serum-free medium). Six hundred milliliters of DMEM with
20% FBS and eupatilin at different concentrations (0, 40, 80,
or 160 uM) were added to the lower transwell compartment.

Four cell lines were seeded to the upper compartment at
a density of 1x10°/uL (200 pL/well). After the cells were
incubated for 24 hrs, the residual matrigel above the chamber
was wiped with a cotton swab. The chamber was fixed with
paraformaldehyde and stained with crystal violet, and four
different fields were randomly selected for cell counting.

Western blot

U251MG cells were harvested after treatment with 0, 40,
80, or 160 uM eupatilin for 24 hrs. Protein was extracted
after cell lysis and protein concentration was measured.
Samples were separated by electrophoresis on a 12% SDS-
PAGE gel (30 mg total protein/lane). After transfer to
a PVDF membrane, proteins were blocked with 5% BSA
for 1 hr and the membrane was incubated overnight at 4°C
with the primary antibody. Membranes were washed three
times with TBST and incubated with goat anti-mouse/rab-
bit secondary antibody for 2 hrs at room temperature.
After washing with TBST, membranes were scanned by
ECL and analyzed using a Bio-Rad gel imaging system.

Immunofluorescence

U251MG cells were plated in 12-well plates and treated
with 0 or 160 uM eupatilin for 24 hrs, and cells were fixed
with 4% formaldehyde diluted in 1x PBS for 15 mins. The
cells were washed three times with 1x PBS for 5 mins,
samples were blocked in 5% BSA for 60 mins and incu-
bated with the primary antibody overnight at 4°C. After
washing with PBS, the secondary antibody was added at
room temperature for 2 hrs in the dark, and the sample was
analyzed by confocal microscopy.

Immunohistochemistry

Tumor tissue was fixed with 4% paraformaldehyde and
paraffin sections were taken. Endogenous peroxidase was
blocked with 3% H,O, after high-pressure heat repair of the
antigen. The sections were washed with PBST and blocked
with 5% BSA for 1 hr at room temperature. After removing
the blocking solution, the sections were incubated with
primary antibody at 4°C overnight. Sections were washed
with PBST, stained with the secondary antibody and devel-
oped with DAB. The colored sections with hematoxylin for
20 s. After washing, the sections were dehydrated using an
alcohol gradient, and mounted.

Xenograft tumors in nude mice
A total of 30 female BALB/c nude mice were purchased
from Shenzhen Huafukang Bioscience Co., Inc., Shenzhen,
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China. U87 cells in the logarithmic growth phase were
resuspended to a density of 2.5x10° cells/L with serum-
free DMEM. A 100 pL cell suspension was subcutaneously
injected into the left back of 6 nude mice using
a microinjector. Tumor tissue was obtained from nude
mice one week later and were cut into 1 mm® slices. The
tissue block was inoculated on the left back using ophthal-
mic tweezers. Seven days after inoculation, nude mice were
assigned to a control group (daily intraperitoneal injection
of 3% DMSO and 5% TWEEN-80 and normal saline), and
an eupatilin group (daily intraperitoneal injection of 20 mg/
kg eupatilin), with six mice in each group. Normal tumor-
free nude mice were assigned to the control group and
double drug dose group to study drug toxicity. The mice
were intraperitoneally injected every other day and their
body weight was calculated every 7 days for 30 consecutive
days. After anesthetizing the nude mice, the drug efficacy
group weighed the tumors of each group, and the drug
toxicity group observed the drug toxicity by HE staining
of each organ.

Statistical analysis
All experiments were repeated three times and the data
were expressed as mean + standard deviation. Shapiro—
Wilk test was used to determine whether the data had
a normal distribution. Two samples that conformed to
distribution ~ were

a normal compared using an

independent T-test. Multiple sample comparisons were
analyzed by one-way ANOVA. Statistical analysis was
performed using SPSS 17.0. *p<0.05 was considered sta-

tistically significant.

Results

Eupatilin inhibits viability and proliferation
of glioma cells

In the CCK-8 assay, we found that different concentrations
of eupatilin treatment with different incubation times
inhibited the viability and proliferation of four glioma
cell lines U251MG, U118, T98G, and US7MG, to varying
degrees. Among the cell lines, U251MG and US7MG were
the most affected (Figure 1A).

Monoclonal experiments reflect two important traits
of cell population dependence and proliferative capacity.
A single tumor cell has the ability to proliferate indefi-
nitely. To examine the effect of eupatilin on glioma cell
population dependence and proliferation, U251MG and
U87MG cells were counted and the same number of

cells were taken. Eupatilin was added to a final concen-
tration of 0, 40, and 80 puM. The cells were incubated
for 15 days in a conventional conditional incubator, with
the medium changed every 5 days. After 15 days, the
number of monoclonals formed in the eupatilin group
was significantly lower than that in the control group,
and the difference was concentration-dependent and sta-
tistically significant (Figure 1B and C), indicating that
eupatilin inhibited the clonality of U251MG and
U8TMG.

Eupatilin has no effect on glioma cell
apoptosis

Many drugs exert antitumor effects through mechanisms
that promote cell apoptosis. Only one article has reported
that eupatilin promotes apoptosis of glioma cells by inhi-
biting the Notch-1 signaling pathway.'”> However, after
treatment of each cell line with eupatilin at different
concentrations for 24 or 48 hrs, we did not detect eupa-
tilin-promoted apoptosis using flow cytometry. To further
confirm our experimental results, we used Western blot
detection of Bax, bcl-2, and caspase-9 protein and found
no significant difference (Figure S1).

Eupatilin significantly inhibits the cell cycle
of glioma cells at the G1/S phase by

affecting cell cycle regulatory proteins
Cell proliferation is accompanied by cell division and
growth. To investigate how eupatilin inhibits the prolifera-
tion of glioma cells, we examined the periodic changes of
individual cell lines. Cells were treated with different
concentrations of eupatilin, and 30,000 cells were counted
by flow cytometry. Eupatilin significantly affected the cell
cycle of tumor cells causing arrest at the G1/S phase
(Figure 2A). To further explore eupatilin's mechanism,
we examined cell cycle regulatory proteins.

Cyclin El binds to cyclin E2 and activates CDK2.'®
Upregulation/activation of CDK inhibitors p21 Wafl/Cipl
and p27 Kip1 prevents cyclin E/CDK2 activation and thus
arrests at G1/S (Figure 2C)."” Western blotting revealed
that eupatilin significantly decreased cyclin E2 and
increased expression of p21 Waf/Cipl (Figure 2B).

Many studies have shown that overexpression of cyclin
A accelerates entry into S phase from G1 phase, leading to
DNA replication. Cyclin A is essential for completion of the
pre-mitotic phase.'® Phosphorylation of histone H3 at
Serl0, Ser28, and Thrll sites is closely related to
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Figure | Eupatilin inhibits viability and proliferation of glioma cells. (A) Four cell lines were treated with different concentrations (0, 20, 40, 80, 160, 320 uM) of eupatilin for
different time points (8, 16, 24, 48, 72, 96 hrs), and the optical density values were measured at a wavelength of 450 nm. The viability rate of cells = (the OD values of treated
groups/the OD values of the control group) x 100%. (B) U251MG and U87MG count 5000 cells each and were treated with 0, 40, 80 pM eupatilin for 15 days. The ability of
eupatilin-treated tumor cells to form cell clones is significantly weaker than untreated cells. (C) Count the number of clones in four random fields in each dish. Data are
expressed as the mean + standard deviation of three independent experiments. *P<0.05 vs the control group. Each experiment was repeated three times.

chromosomal concentration during mitosis and meiosis,
affecting DNA synthesis (Figure 2C)."*° Eupatilin signifi-

cantly reduced cyclin A and P-Histone H3%™°

expression
(Figure 2B) and caused the cell cycle to be arrested at Gl

phase.

It has been reported that p70 S6 kinase is a mitogen-
activated Ser/Thr protein kinase that is required for cell
growth and G1 cell cycle progression.”' Ser411, Thrd21,
and Thr424 are located in the serine and proline-rich region
of the pseudo-substrate domain. Phosphorylation of these
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Figure 2 Eupatilin arrests the cell cycle of the glioma to the G| phase and affects the expression of cell cycle regulatory proteins. (A) Four cell lines were synchronized for
12 hrs with serum-free medium, treated with different concentrations of eupatilin for 24 hrs, cells were harvested and the cell cycle was measured with flow cytometry. (B)
U251 cells were treated with eupatilin for 24 hrs after synchronizing for 12 hrs, and the expression of regulatory proteins was detected by Western blot. GAPDH is used as
a housekeeping protein to prove the equal loading in each lane of the electrophoresis and to normalize densitometric values of the other protein analyzed. Each experiment
was repeated three times. (C) Schematic diagram of the role of cell cycle regulatory proteins in the process of cycle regulation.

residues is thought to activate p70 S6 kinase by abolishing
inhibition of the pseudo-substrate.”' Phosphorylation of p73
of Thr99 is required for the G1 phase of the cell cycle.”> We
found that eupatilin significantly decreased the expression of
P-p70 S6 Kinase™™*?/5™24 and P-p73™"° (Figure 2B).

Activation of cdc2/cdkl during the G2/M conver-
sion phase regulates the entry of all eukaryotic cells
into mitosis. Activation is a multistep process that
begins with a regulatory subunit and cyclin B1 binding

to cdc2/cdkl to form a mitotic promoting factor
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(MPF). MPF remains in an inactive state until cdk
activating kinase phosphorylates cdc2/cdkl at its
Thrl161 site and cdc25C dephosphorylates at the
Thr14/Tyrl5 site.”> Phosphorylation at the Tyrl5 and
Thr14 sites and inhibition of cdc2 are carried out by
Weel and Mytl protein kinases (Figure 2C).***
Although Western blot showed P-WeelS™®*2 Mytl
protein levels decreased, but there were no statistically
significant changes in cyclin B1 and P-cdc2™""” in the
MPF (Figure 2B). It indicated that the effect of eupa-
tilin on G2 phase was weaker than that of G1 phase,
and no significant changes in G2 phase were observed
in flow cytometry experiments.

Eupatilin inhibits migration and invasion of

glioma cells

A scratch wound healing assay was performed on four
glioma cell lines U251MG, U118, T98G, and USTMG.
Scratches were made in a 6-well plate with tips of uni-
form width, and cells were treated with 40 or 80 uM
eupatilin and photographed under a microscope at 24
and 48 hrs to calculate the creep distance of cells on
both sides of the scratch. It was found that eupatilin
inhibited cell
dependent manner (Figure 3A). There was no statistical

significantly migration in a dose-
significance when U87MG were cultured for 24 hrs.
Cell migration distance inhibition rates were statistically
significant when compared with the control group for all
cell lines, apart from U87MG cultured for 24 hrs
(Figure 3B). This was thought to be related to the
growth characteristics of US§7MG. In the transwell inva-
sion assay, addition of eupatilin significantly inhibited
the ability of each cell line to pass through the chamber
at 24 hrs. Figure 3C is a microscopic photograph of the
U251MG transwell chamber after crystal violet staining.
Cell counts and statistical analysis of the four fields of
the chamber were performed under a microscope, and
Figure 3D shows that eupatilin inhibits the invasive
ability of each cell line in a dose-dependent manner.

Eupatilin destroys the cytoskeleton of
glioma cells via P-LIMK/cofilin pathway

After 48 hrs of treatment with eupatilin at 160 pM,
U251IMG cells became more elongated (Figure 4A).
The cytoskeleton plays an important role in maintaining
cell morphology and migration, and so, we hypothesized
that eupatilin affects migration by affecting cytoskeletal

proteins. F-actin was stained with Phalloidin-iFluor 488
reagent and observed by confocal microscopy. The
microfilaments of untreated tumor cells showed intact
filaments, while the microfilaments of the eupatilin trea-
ted group were broken and aggregated (Figure 4B). In
order to eliminate the possibility that broken microfila-
ment fragments were occluded by layer superposition,
images of 0.4 um thickness of each group were
observed, with no broken microfilaments found in the
control group (Figure 4B). The Golgi is an important
organelle in the cell that is responsible for the proces-
sing and secretion of proteins. The transport of intracel-
lular substances is closely related to the cytoskeleton.
We used immunofluorescence to detect the Golgi marker
protein GM130 and found that the Golgi of the control
group were scattered in the cells, while the Golgi of the
drug-treated group were detached from the microfila-
ments and had accumulated in the cells (Figure 4C).
We also examined the cells' endoplasmic reticulum,
and no significant changes were found (data not
shown). We hypothesize that due to the attachment of
the endoplasmic reticulum to the nuclear membrane, the
nuclear membrane has a greater influence on its locali-
zation. In addition, G-actin polymerizes to form F-actin,
and we found that the fluorescence intensity of G-actin
in cells treated with cupatilin is statistically significant
(Figure 4D and E).

Profilin is a conserved actin-binding protein that reg-
ulates the rate of actin polymerization by binding to actin
monomers and promoting the exchange of ADP to ATP.
Cofilin causes depolymerization at the minus end of
microfilaments, thereby preventing their reassembly, but
self-inhibition occurs after phosphorylation of Ser3.?° LIM
kinases (LIMK1 and LIMK?2) are ser/thr kinases with two
zinc finger motifs in their N-terminal regulatory domains.
LIMK function downstream of the Rho family GTPases,
PAK and ROCK.?” PAKI and ROCK phosphorylate
LIMK1 or LIMK2 to increase LIMK activity at the con-
served Thr508 or Thr505 residues in the activation
loop.?®*° The activated LIMK phosphorylates cofilin at
its Ser3 residue inhibiting its depolymerization activity.>
U251MG were treated with 160 pM eupatilin for different
times. The effect on profilin was not obvious, but
P-LIMK1™%/P-LIMK2™°%, " P-cofilin®", and total
cofilin decreased (Figure 4F). P-cofilin®" decreased
and the ratio of cofilin/
P-cofilin®" statistically increased (Figure 4G). It has

more than total cofilin,

been reported that phosphorylation of cofilin at the Ser3

Cancer Management and Research 2019:11

submit your manuscript

4787

Dove


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

Fei et al

Dove

U251MG U118

40

80 0

Inhibition ratio %

Eupatilin (160 uM)

T98G

Inhibition ratio %
Inhibition ratio %

24H

48H

D

BB U251MG B3 T98G

B8 uis [0 Us7MG
1201
1001 =
80-

*
* *

Inhibition ratio %
A O
o o
1 1

N
<

L )
0 4080160 0 4080160

0 4080160 0 4080160
Eupatilin (uM)
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containing 20% serum and different concentrations of eupatilin under the chamber and stained with crystal violet and photographed with a microscope. (D) Counting the
number of cells in three different random fields of each chamber under the microscope. Data are expressed as the mean * standard deviation of three independent
experiments. *P<0.05 vs the control group. Each experiment was repeated three times.

site also regulates the translocation of cofilin from the
nucleus to the cytoplasm, and so we further explored
whether eupatilin affects the localization of cofilin.
Although Western blot analysis showed a decrease in
total
a decrease in the nucleus and an increase in the cytoplasm
(Figure 4H). P-cofilin®" decreased in both the nucleus
and the cytosol (Figure 4I). These results indicated that the
eupatilin destroys the cytoskeleton of glioma cells via
P-LIMK/cofilin pathway, thereby affecting the migration
of tumor cells.

cofilin protein, immunofluorescence confirmed

Eupatilin attenuates the invasive ability of
glioma cells by affecting EMT and RECK/
MMP pathways

Transwell experiments revealed that eupatilin inhibits
glioma cell invasion. Dil staining showed that cell mem-
brane connections between the cells in the eupatilin
group were weakened (Figure 5A). Tight junctions
form a continuous fluid barrier between the epithelial
and endothelial cells, which are composed of claudin
and occludin and connect to the cytoskeleton. The
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and superimposed layer (2.0 um) was observed by confocal microscopy, DAPI: 405 nm.

(C) Immunofluorescence detection of Golgi marker protein GM 130 (wavelength: 647

nm). (D) The expression of G-actin was detected by immunofluorescence (wavelength: 555 nm), and the optical density value (E) was calculated and statistically analyzed

with image ]. (F) Western detection of protein expression in the p-LIMK/cofilin

pathway after treatment of U25IMG with different time gradients and eupatilin

concentration gradients. GAPDH is used as a housekeeping protein to prove the equal loading in each lane of the electrophoresis and to normalize densitometric values
of the other protein analyzed. (G) Statistical analysis of Cofilin, p-cofilinSer3, and cofilin/p-cofilinSer with Quantity One after treatment with 160 pM eupatilin for different
times, and the difference was statistically significant. *P<0.05 vs the control group. U25IMG was treated with 160 pM eupatilin for 24 hrs, and p-cofilinSer3 (l) and cofilin (H)
were stained to observe intracellular localization (wavelength: 647 nm). Each experiment was repeated three times.

claudin family consists of 23 integral membrane pro-
teins that vary among tissue types and determine the
strength and characteristics of the epithelial barrier.

However, no significant change in claudin-1 was

observed after 48 hrs of drug exposure in U251MG
cells (Figure 5B).

Epithelial-mesenchymal transition (EMT) is one of the
important and classical features of tumor transformation
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from benign to malignant. We explored whether eupatilin
inhibits the invasiveness of glioma by affecting EMT. The
classical cadherin subfamily includes N-, P-, R-, B-, and
E-cadherin. The adhesion junction is a cellular structure on
the top surface of polarized epithelial cells. N-cadherin
cooperates with the FGF receptor, resulting in MMP-9
overexpression and cell invasion.>' Snail is a zinc finger
transcription factor that inhibits E-cadherin transcription.
Slug (SNAI2) is a widely expressed transcriptional repres-
sor protein and a member of the Snail family of zinc finger
transcription factors. Like Snail, Slug binds to the
E-cadherin promoter region to inhibit transcription during
development.**>* Loss of E-cadherin and upregulation of
N-cadherin expression in cells is called “cadherin conver-
sion/EMT”. We found that both Slug and Snail expression
was upregulated after drug treatment, while the expression
of E-cadherin and N-cadherin decreased (Figure 5B), dis-
rupting the process of cadherin conversion in the tumor
cells. As a transcriptional repressor, whether upregulated
Slug and its family member Snail reduce tumor invasive-
ness by reducing the expression of other proteins remains
to be studied.

RECK is a GPI-anchored membrane glycoprotein that
negatively regulates members of the MMP family and acts
as a transforming inhibitor. MMP is a family of proteases
that target many extracellular proteins, including growth
factors, cell surface receptors, and adhesion
molecules.>**> Among these family members, MMP-2,
MMP-3, MMP-7, and MMP-9 are considered important
factors for normal tissue remodeling in embryonic devel-
opment, injury repair, cancer invasion, angiogenesis, car-
cinogenesis, and apoptosis. Studies have shown that MMP
activity is associated with cancer progression. RECK
negatively regulates the MMP family. Although eupatilin
caused downregulation of RECK, it also disrupted the
process by which RECK regulates downstream proteins.
MMP-2 expression also decreased while MMP-9 expres-
sion did not change significantly (Figure 5B). This shows
that eupatilin not only affects the upstream protein RECK,
but also acts on the regulation of MMP family by RECK,

thereby attenuating the invasiveness of gliomas.

Eupatilin inhibits growth of human
gliomas in nude mice xenograft models
To further explore the effects of eupatilin on tumors
in vivo, we subcutaneously implanted 4-week-old nude
mice with US87MG tumors. One week later, nude mice
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Figure 5 Eupatilin affects protein expression in EMT and RECK/MMP pathways. (A)
Cell membrane of U25IMG was stained with Dil (20 pM) for 30 mins after 24 hrs
of treatment with eupatilin (wavelength: 555 nm). (B) Western blot detects the
expression of related proteins in EMT and RECK/MMP pathways. GAPDH is used as
a housekeeping protein to prove the equal loading in each lane of the electrophor-
esis and to normalize densitometric values of the other protein analyzed. Each
experiment was repeated three times.

with the same tumor size were selected and randomly
divided into two groups. The experimental group was
given a dose of 20 mg/kg eupatilin by intraperitoneal
injection. The control group was injected with the same
amount of solvent used for eupatilin (H,O, DMSO,
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TWEEN-80). The drug was administered every two days,
mice were weighed every 7 days, and the dose was
adjusted accordingly. After 1 month of administration,
the nude mice were anesthetized. The tumor sizes of the
nude mice in the experimental group were significantly
smaller than those of the control group (Figure 6A). Both
groups of nude mice gained weight within 1 month, but
the difference was not statistically significant (Figure 6B).
We extracted the tumor and weighed it, and the difference
between the two groups was statistically significant
(Figure 6C and D). In addition, in order to verify the
drug toxicity of eupatilin on nude mice, double doses
were administered simultaneously within the experimental
group. One month later, the brain, liver, and kidney tissues
of nude mice were stained with HE and found to be free of
drug toxicity (Figure 6E).

Tumor tissues were also stained with HE. We found no
significant differences in the morphology of the two
groups of tumor cells, which had the characteristic nucleus
of tumor cells (Figure 6F). By immunohistochemistry,
tumor tissue injected with eupatilin had less P-cofilin®®"
than the control, which is consistent with the results of our
in vivo experiments. Additionally, it is interesting that
tumor tissue injected with eupatilin had less Ki-67, an
indicator of tumor proliferation and prognosis, than the
control (Figure 6G).

Discussion

Current studies have revealed that eupatilin has anticancer
effects on grade IV glioblastoma cells. This is demon-
strated by its inhibition of tumor cell viability, prolifera-
tion, migration, and invasion. In addition, the cell cycle is
arrested at G1/S phase after eupatilin treatment by regulat-
ing cell cycle regulatory proteins. Eupatilin also disrupts
cytoskeletal microfilaments via the P-LIMK/cofilin path-
way and also affects the RECK/MMP pathway and EMT
processes to inhibit glioma invasion. Eupatilin also
demonstrated the ability to inhibit glioma growth in xeno-
graft nude mice.

Tumor cell proliferation is one of the basic biological
characteristics of tumor formation. Therefore, inhibition of
tumor proliferation has become the goal of cancer treat-
ment. This study determined that eupatilin inhibits glioma
cell proliferation and viability in a dose-dependent manner.
Furthermore, eupatilin also inhibits the proliferation of
human aortic smooth muscle cells*® and ras-transformed
human mammary epithelial cells.*” Cell proliferation must
be accompanied by cell division, and cyclin regulates the

cell cycle. We found that eupatilin treatment arrests glioma
cells at G1/S phase by regulating the expression of cyclin
E2, p21 Waf/Cipl, and other proteins. In addition, eupati-
lin inhibits the growth of human endometrial cancer cells
by upregulating p21 to arrest the cell cycle at G2/M phase.
Although eupatilin has different effects on different
tumors, its effect on the cell cycle has been proven.
Inducing apoptosis is an important method for treating
cancer. Studies have found that eupatilin may induce
apoptosis of human promyelocytic leukemia cells*® and
gastric cancer cells.’® The only study on gliomas showed
that
a concentration-dependent manner.'> However, due to fac-

eupatilin  promotes glioma cell apoptosis in
tors such as the experimental environment, drug batches,
etc., we did not observe this proapoptotic effect of eupa-
tilin on glioma cell lines by flow cytometry or Western
blot.

Reducing tumor metastasis is also a popular mechan-
ism used in cancer treatment as high metastasis rates often
lead to poor prognosis. Migration and invasion of tumor
cells should be inhibited to reduce tumor metastasis. We
found that eupatilin reduces the invasion and migration of
glioma cells in a dose-dependent manner, which is con-
sistent with the study of eupatilin as a chemo-preventive
and anti-metastatic agent for human gastric cancer.'” In
addition, eupatilin inhibits angiogenesis-mediated human
hepatocyte metastasis by reducing MMP-2 and VEGF
signaling.'*

Three mammalian cofilin family members, ADF, cofilin-
1 non-muscle type, and cofilin-2 muscle type, are important
in regulating F-actin depolymerization and remodeling.
Studies have shown that LIM kinases, LIMKI1 and
LIMK?2, and TES kinases, TESK1 and TESK2, specifically
phosphorylate the N-terminal Ser3 site of cofilin, thereby
inhibiting its actin binding activity.”® Phosphorylation of
LIMK at Thr508 and Thr505 increased its kinase activity,
while eupatilin reduced the phosphorylation of LIMK,
thereby attenuating phosphorylation of cofilin at its Ser3
site.”®?°  Although we found that total cofilin also
the ratio of cofilin/P-cofilin®"

Immunohistochemical results of tumor tissue also showed

decreased, increased.
lower P-cofilin content after eupatilin treatment. In addition,
studies have demonstrated that phosphorylation at Ser3 also
regulates the process by which cofilin translocates from the
nucleus to the cytoplasm. Our immunofluorescence results
also confirmed that cofilin decreased in the nucleus after
eupatilin treatment but increased in the cytoplasm. In gen-
eral, ecupatilin disrupts the cytoskeleton through the
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Figure 6 Eupatilin inhibits the growth of glioma in xenografted nude mice. Nude mice with uniform tumor size were injected intraperitoneally with 20 mg/kg eupatilin every
other day. The body weight was calculated every 7 days for 30 consecutive days. There was a significant difference in tumor volume (A and C) and weight (D) in nude mice
after | month of continuous injection, and the difference was statistically significant. *P<0.05 vs the control group. There was no significant difference in body weight

between the two groups (B). The drug toxicity group observed the drug toxicity by HE staining of each organ (E). Tumor tissues were stained with HE (F). P-cofilin

Ki-67 were stained with immunohistochemistry (G).

p-LIMK/cofilin pathway, thereby inhibiting the migration of
tumor cells.

No significant change in claudin-1 was observed after
48 hrs of drug exposure in U251MG cells. We suggest that
eupatilin does not affect the tight junction between cells.

Ser3 and

Additionally, the process of E-Cadherin decline and
N-Cadherin increase in epithelial cells is called “EMT”.
We found that expression of the transcriptional repressor
protein Slug and its family member Snail was upregulated
after eupatilin treatment, while expression of E-cadherin
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and N-cadherin decreased. Although drug treatment did not
inhibit the critical step in EMT, ie, E-Cadherin decline, it
disrupted the overall process of EMT. RECK negatively
regulates the MMP family. RECK expression was down-
regulated after eupatilin treatment, but MMP-2 expression
decreased, while MMP-9 expression did not change signifi-
cantly (Figure 5B). Therefore, we hypothesized that eupati-
lin not only affects the expression of RECK itself but also
inhibits the regulation of RECK, thereby attenuating the
invasion ability of glioma. Interestingly, studies have
shown that N-Cadherin cooperates with FGF receptors,
leading to MMP-9 overexpression and cell invasion. We
observed upregulated Slug and downregulated N-Cadherin.
Whether eupatilin reduces RECK expression through the
Slug family members or directly affects RECK remains to
be studied. In addition, studies have shown that eupatilin
inhibits proliferation, migration, and invasion and induces
apoptosis by inhibiting the Notch-1 signaling pathway.'®

A weakened invasive ability means a good prog-
nosis for patients.*® Eupatilin attenuates the invasive-
ness of gliomas, and so we predict that it will improve
patient prognosis. In view of the difficulty of clinical
trials, we used immunohistochemistry to detect the Ki-
67 index, which was consistent with our predictions.
Tumors in nude mice injected with eupatilin showed
lower Ki-67. This means that eupatilin may improve
the prognosis of malignant glioma. Ki-67 is ubiqui-

41 and less Ki-

tously expressed in proliferating cells,
67 means a weaker proliferative capacity of the tumor,
which is consistent with the results of in vivo experi-

ments with CCK-8 and monoclonal experiment.

Conclusion
In conclusion, we found that eupatilin inhibits prolif-
eration, migration, and invasion of glioma cells and
also inhibits tumor growth in nude mice. Therefore,
the emergence of eupatilin brings a new dawn for
glioma patients.
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Figure S| Effect of Eupatilin on apoptosis of glioma cells. (A) After treatment of each cell line with different concentrations(0, 40, 80, 160 pM) of eupatilin for 48 hrs, FITC
Annexin V Apoptosis Detection Kit with Pl kit was stained and detected by flow cytometry. (B) After treatment of each cell line with different concentrations(0, 40, 80, 160
M) of eupatilin for 48 hrs, we harvested cells and detected apoptosis-related proteins by Western blot. The figure shows the result of U251MG.
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