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Abstract: Gastric cancer is a type of malignant tumor that seriously threatens human life and health.
Invasion and metastasis present difficulties in the treatment of gastric cancer, and the remodeling
of the tumor cytoskeleton plays an important role in mediating the ability of tumor cells to achieve
invasion and metastasis. Previous experimental results suggest that Celastrus orbiculatus extract can
regulate cytoskeletal remodeling in gastric cancer, but the active component has not been determined.
Betulonic acid, as an effective component of COE, inhibits the invasion and metastasis of gastric
cancer cells by regulating cytoskeletal remodeling in vitro; its specific mechanisms have been studied
here. After betulonic acid was dissolved, it was diluted to various working concentrations in RPMI-
1640 medium and added to AGS, HGC-27 and GES-1 cell lines. Cell viability was assessed by CCK-8
and colony formation assays. Cytoskeleton staining was used to detect changes in cytoskeleton
morphology. Functional assays including wound healing assays and transwell assays were used to
detect the invasion and migration of cells. The effect of betulonic acid on cell invasion and migration
was clearly and precisely observed by high-content imaging technology. Western blotting was used
to detect the regulation of matrix metalloproteinase-related proteins and epithelial–mesenchymal
transformation-related proteins. We found that betulonic acid inhibited the migration and invasion
of gastric cancer cells. Therefore, betulonic acid inhibits the invasion and metastasis of gastric cancer
cells by mediating cytoskeletal remodeling and regulating epithelial mesenchymal transformation.

Keywords: Celastrus orbiculatus; EMT; MMP; cytoskeleton rearrangement

1. Introduction

Gastric cancer (GC) is a malignant tumor originating from the gastric mucosa epithe-
lium. In 2020, 1,089,000 new cases and 769,000 deaths from GC were reported worldwide,
ranking fifth in incidence and fourth in mortality among all malignant tumors [1]. At
present, Chinese herbal medicine has been gradually proven to have anti-tumor effects
in experimental or clinical studies. More and more researchers are turning their attention
to traditional Chinese medicine and its monomer compounds in order to search for more
effective treatments with fewer side effects.
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Invasion and metastasis present difficulties in the treatment of GC. The invasion and
metastasis of GC cells require a series of changes in biological characteristics, including
epithelial–mesenchymal transformation (EMT), pseudopodia formation, and the secretion
of invasion and metastasis-related factors and enzymes. The remodeling of the tumor
cytoskeleton plays an important role in mediating the invasion and metastasis ability of
tumor cells [2,3]. Tumor cytoskeleton remodeling refers to the re-disassembly and assembly
of fibrous and spherical microfilaments in the cytoskeleton during the movement of tumor
cells, forming a new cytoskeleton structure and changing its morphology (including the
formation of pseudopodia), making tumor cells easily able to migrate [4,5]. Tumor cells
transform from epithelial cell morphology to mesenchymal cell morphology by remodeling
their cytoskeleton, and at the same time, remodeling their skeleton at the cell edge, forming
polar lamellar and filamentous pseudopodia structures. The part of the pseudopodia in
contact with the matrix is enriched with relevant adhesion molecules such as FAK, etc.
Under the action of the cell contraction force, the cell protrudes forward repeatedly, and
the cell body keeps circulating forward after pulling—thus completing the invasion and
metastasis of cells [6]. It can be concluded that the cytoskeleton remodeling of GC tumors
is involved in the connection between GC invasion and metastasis, and the remodeling
rate of the GC cytoskeleton directly affects the migration ability of tumor cells, which is
the structural basis and precondition for GC invasion and metastasis [7,8]. Meanwhile,
EMT is a biological process in which cells acquire the ability to invade and metastasize,
and cytoskeletal remodeling is the physical structural basis of EMT [9].

Traditional Chinese medicine (TCM) Celastrus orbiculatus belongs to the genus Celastrus.
As a traditional Chinese medicine, Celastrus orbiculatus has the function of dispelling wind,
dehumidifying, activating blood circulation, detoxifying and reducing swelling [10]. This
research group has obtained a patent authorization for the ethyl acetate extract of the
Celastrus orbiculatus stem and its preparation and application (Grant No: 200710025343.3).
Previous experimental studies have shown that Celastrus orbiculatus extract (COE) has
obvious anti-tumor effects [11–14] and can inhibit the invasion and metastasis of gastric
cancer cells by regulating cytoskeletal remodeling [15]. However, it is not clear which
monomer is responsible for this. In early-stage studies, our research group successfully
isolated and identified the effective monomer components in COE, and selected betulonic
acid for further investigation according to the initial experimental results [16,17].

This study proposes to use in vitro experiments to investigate whether betulonic acid,
on the molecular level, has an inhibitory effect on the invasion and metastasis of GC and
its specific mechanisms. This will clarify the role of COE-induced suppression of multiple
targets connecting the molecular mechanisms of invasion and metastasis in GC, in order to
further develop COE as an anti-tumor drug; the next step is to carry out in vivo tests that
will lay a more solid theoretical and experimental foundation.

2. Results
2.1. Effects of Betulonic Acid on the Viability of AGS, HGC-27 and GES-1 Cells

The CCK-8 assay showed that AGS and HGC-27 cells treated with betulonic acid
showed concentration- and time-dependent inhibition compared with the control group
(Figure 1B,C). At the same time, the IC50 values of betulonic acid treatment of AGS, HGC-27
and GES-1 cells over 24 h were calculated according to the experimental results (Table 1).
According to the experimental results, the IC50 of GES-1 at 24 h, 48 h and 72 h was higher
than that of AGS and HGC-27 gastric cancer cells, and the inhibition rate was also lower
than that of these two cell lines—indicating that AGS and HGC-27 gastric cancer cells were
more sensitive to betulonic acid than gastric GES-1 mucosa cells. In order to exclude the
toxic effects of betulonic acid on the cells, the AGS and HGC-27 cells were treated with low
concentrations of betulonic acid (20, 40 and 80 µM) for 24 h in the following experiments to
investigate the inhibitory effects of betulonic acid on AGS and HGC-27 cell viability. From
24 h, betulonic acid displayed a good inhibitory effect on tumor proliferation as well as
demonstrating biological activity, and so 24 h was selected as the time point of study in
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subsequent experiments. Meanwhile, a colony formation assay also proved that betulonic
acid could inhibit the proliferation of gastric cancer cells in a concentration-dependent
manner (Figure 1E,F).

Figure 1. (A) Chemical structures of betulonic acid. (B) Growth inhibitory effects of betulonic acid on
AGS. (C) Growth inhibitory effects of betulonic acid on HGC-27. (D) Growth inhibitory effects of
betulonic acid on GES-1 cells treated with various concentrations of betulonic acid (20, 40, 80 and
160 µM) for 24 h, 48 h and 72 h; cell viability was assessed by CCK-8 assay. (E) After the colony
formation experiment, cells were fixed and stained with crystal violet solution, and then the results
were photographed. (F) Statistics of colony formation experiment results of AGS in gastric cancer
cells. (G) Statistics of colony formation experiment results from HGC-27 gastric cancer cells. * p < 0.05,
** p < 0.01 and *** p < 0.001.

Table 1. IC50 values of betulonic acid in AGS, HGC-27 and GES-1 cells.

HGC-27 Human Gastric Carcinoma IC50 (µM)

24 h 48 h 72 h

75.06 39.4 33.47

AGS Human Gastric Carcinoma IC50 (µM)

24 h 48 h 72 h

89.82 38.33 27.43

GES-1 Human Gastric Mucosal Cells IC50 (µM)

24 h 48 h 72 h

120.84 83.93 73.56
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2.2. Effects of Betulonic Acid on Cytoskeletal Remodeling in Human Gastric Cancer

In order to study the inhibition of betulonic acid on the cytoskeletal remodeling of
gastric cancer cells, we conducted cytoskeletal staining experiments; the results showed
that the cytoskeletal staining was deeper in the control group, and more pseudopodia were
formed around the cells. After 40 µM betulonic acid treatment for 24 h, the cytoskeleton
staining was shallow and the number of pseudopodia around the cells decreased. These
results suggest that betulonic acid can inhibit cytoskeletal remodeling in gastric cancer
(Figure 2A,B).

Figure 2. (A) Cytoskeleton staining of AGS gastric cancer cells. The white arrows indicate pseudopo-
dia around the cells. Images of cytoskeletal staining were acquired with a confocal laser scanning
microscope at 600× magnification. All the scale bars in the figure are 50 µm. (B) Cytoskeleton staining
of HGC-27gastric cancer cells. The white arrows indicate pseudopodia around the cells. Images of
cytoskeletal staining were acquired under confocal laser scanning microscope at 600× magnification.
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All the scale bars in the figure are 50 µm. (C,D) Western blot was used to detect the expression of
F-actin protein in AGS gastric cancer cells 24 h after betulonic acid treatment. (E,F) Western blot was
used to detect the expression of F-actin protein in gastric cancer cells HGC-27 24 h after betulonic
acid treatment. * p < 0.05, *** p < 0.001.

When we observed cell morphology changes at the microscopic level over time, at
changing concentrations of betulonic acid (20 µM, 40 µM, 80 µM), we did not observe that
the cells had obvious morphological differences, and were unable to accurately observe
any significant differences; as such, we only used a 40 µM dose of betulonic acid to make
qualitative observations. The results showed that betulonic acid had an effect on cytoskele-
tal remodeling. In cytoskeleton staining experiments, we did not perform quantitative
studies and did not study the effects of betulonic acid concentration on the cytoskeleton. In
the study of the effects of betulonic acid on cytoskeleton proteins, images could not be ob-
served, but Western blots could be used for quantitative study. Therefore, we subsequently
conducted Western blot experiments to study the effects of betulonic acid concentration
on the protein expression level of the cytoskeleton protein F-actin. Meanwhile, F-actin
protein was extracted from two gastric cancer cells for Western blot experiments. AGS and
HGC-27 cells treated with betulonic acid for 24 h showed dose-dependent decreases in
F-actin expression (Figure 2D,F).

2.3. Betulonic Acid Inhibits the Wound-Healing Ability of Gastric Cancer Cells

To further study the inhibitory effects of betulonic acid on the invasion and metastasis
of gastric cancer cells in vitro, a wound healing experiment was used. The wound healing
experiment showed that, compared with the control group, betulonic acid-treated AGS
and HGC-27 gastric cancer cells group had increased an wound area and significantly
weakened cell-healing ability (Figure 3A,B).

Figure 3. (A,B) Betulonic acid treatment for 24 h inhibited the migration of AGS cells and HGC-27
cells in a wound-healing assay in a dose-dependent manner, The figure on the right shows the
statistical graph of the wound healing rate. Images of AGS and HGC-27 cells were acquired under
a microscope at 200× magnification. All the scale bars in the figure are 200 µm. The degree of wound
healing (%), calculated as ((scratch width of the control group − scratch width of the betulonic acid
group)/scratch width of the control group) × 100%, was used to measure the migration capacity of
cells. Scratch width was measured by ImageJ software. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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2.4. Betulonic Acid Inhibits the Migration and Invasion of Gastric Cancer Cells

Transwell experiment results showed that, compared with the control group, betulonic
acid treatment of AGS and HGC-27 gastric cancer cells significantly reduced the number
of cell-permeable membranes, and the invasion and migration of cells were inhibited
(Figure 4A,B). The above functional experiments prove that betulonic acid can inhibit the
invasion and metastasis of gastric cancer cells in vitro. Images of AGS and HGC-27 cells
were acquired under a microscope at 200× magnification.

Figure 4. (A,B) Compared with the control group, betulonic acid-treated AGS and HGC-27 gastric
cancer cells had a significantly reduced number of cell-permeable membranes, and the invasion and
migration of cells were inhibited. The figure on the right shows the number of transmembrane cells.
Images of AGS and HGC-27 cells were acquired under a microscope at 200× magnification. All the
scale bars in the figure are 200 µm. * p < 0.05, ** p < 0.01 and *** p < 0.001.

2.5. Dynamic Image of Betulonic Acid Inhibiting the Migration of Gastric Cancer Cells

In order to further observe the movement state of cells under the action of betulonic
acid, we used PerkinElmer Operetta CLS High-content Imaging System Analysis to vi-
sualize cell movement. Analysis with Harmony 4.1 software indicated that the mean
square displacement (squared norm of a vector from the point of the first to the point
of the current displacement observation, averaged over all cells in the well) of AGS and
HGC-27 cells treated with graded concentrations of betulonic acid showed a decreasing
trend with increased observation time (Figure 5A). Cell displacement was also visualized,
revealing that betulonic acid could inhibit the migration of AGS and HGC-27 gastric cancer
cells (Figure 5B). The cells were unlabeled and were imaged in the digital phase contrast
(DPC) channel. The DPC image was used to segment the image, and the segmented cells
were then tracked. With increases in drug concentration, the migration trajectories became
shorter and cell migration was inhibited (Figure 5C).
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Figure 5. (A) Using well-level data, the mean square displacement was plotted against observation
time. (B) Cell displacement was visualized. Current displacement Y (Y component of a vector from
the point of the first to the point of the current observation, averaged over all cells in the well) was
plotted against current displacement X (X component of a vector from the point of the first to the
point of the current observation, averaged over all cells in the well) using the Multiple Graphs module
for display. Each point corresponds to the displacement of a cell at a given time point. (C) After
treatment with various concentrations of betulonic acid for 12 h, the cells were then placed into the
PerkinElmer Operetta CLS High-content Imaging System to continue observing the effects of drug
cell migration over 12 h, imaged with the 20× objective in the DPC channel. Cells were identified
using the Find Cells module, and migration was monitored using the Track Objects module.

2.6. Effect of Betulonic Acid on the Expression of Epithelial–Mesenchymal Transition
(EMT)-Related Proteins in AGS and HGC-27 Cells

AGS cells and HGC-27 cells were treated with betulonic acid for 24 h. As shown
in Figure 6, the protein expression of E-cadherin increased while that of N-cadherin and
Vimentin decreased (Figure 6B,D).

2.7. Effect of Betulonic Acid on the Expression of Matrix Metalloproteinase (MMP) Proteins in
AGS and HGC-27 Cells

AGS cells and HGC-27 cells were treated with betulonic acid for 24 h. As shown in
the Figure 6, the protein expression of Timp1 increased while that of MMP-9 and MMP-2
decreased (Figure 7B,D).



Molecules 2022, 27, 1025 8 of 13

Figure 6. (A,B) Cell EMT-related protein levels of E-cadherin, N-cadherin, Vimentin and β-actin in AGS
and (C,D) HGC-27 cells were investigated by Western blot. * p < 0.05, ** p < 0.01 and *** p < 0.001.

Figure 7. (A,B) Cell MMP protein levels of MMP-9, MMP-2, Timp1 and β-actin in AGS and
(C,D) HGC-27 cells were investigated by Western blot. * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Discussion

At present, besides surgical resection, lymphatic chemotherapy and molecular targeted
therapy, TCM therapy has gradually begun to enter into the lab and clinic due to its
advantages of low toxicity and effectiveness. Previous studies have shown that COE
(a crude extract of ethyl acetate from the Chinese herbal medicine Celastrus Orbiculatus) can
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inhibit the invasion and metastasis of GC cells by mediating cytoskeletal remodeling [15,18].
In this study, we proved that betulonic acid, as one of the effective components of COE,
can also regulate the occurrence of EMT by mediating cytoskeleton remodeling—thus
inhibiting the invasion and metastasis of GC cells.

The cytoskeleton is the structural basis for the formation of invasive pseudopodia
and platelet pseudopodia, which are the locomotor tools of tumor cell invasion and metas-
tasis [19]. During the invasion and migration of GC cells, the remodeling of the actin
cytoskeleton occurs throughout the whole process [20]. Dynamic remodeling of the cy-
toskeleton (including pseudopodia formation) provides a continuous capacity for cell
movement and is an important molecular mechanism for tumor cell invasion and migra-
tion [21,22]. In this study, the protein expression level of F-actin was detected by skeletal
staining of AGS and HGC-27 GC cells and Western blot assays. The results showed that
betulonic acid could mediate cytoskeletal remodeling, inhibit the formation of pseudopodia
and regulate the protein expression level of F-actin compared with the control group. This
suggests that betulonic acid, as one of the active components of COE, can also mediate
cytoskeletal remodeling.

The invasion and metastasis of tumor cells is an important landmark event in solid
tumor malignant progression and is an important cause of the low survival rate of GC
patients [23]. In the process of tumor invasion and metastasis, tumor cells escape from
the primary site to form a single tumor cell and invade the surrounding tissues to break
through the tumor barrier, thus entering the blood vessels and spreading to the whole body,
and then spilling out of the blood vessels to form distal metastatic lesions [24]. Among these
stages, the EMT process is the most critical. The EMT process refers to the close linkage of
cells with epithelial polarity, leading to the loss of cell polarity and the formation of a single
mesenchymal cell with motility potential [25]. In the process of EMT in GC cells, remodeling
of the cytoskeleton is involved in the whole process, providing a physical dynamic basis
for EMT. The invasion and migration of a single tumor cell can be roughly divided into five
steps: (1) The actin cytoskeleton reorganizes at the front end of the tumor cell to promote
the formation of a local convex membrane [26]; (2) Locally raised cell membrane receptors
bind to extracellular matrix (ECM) substrates and recruit related molecules to form cell–
ECM adhesion [27]; (3) Local convex cells secrete proteolytic ECM substrates into the ECM
after adhesion [28]; (4) The intracellular actin cytoskeleton contracts with the mechanical
stress provided by adhesion and pulls the cell body forward [29]; (5) Adhesion dissolution
of the cell tail and its forward movement with the cell body. In this study, we detected
EMT-related markers using Western blotting, and the results showed that betulonic acid
could inhibit the EMT process of GC cells by regulating the expression of EMT proteins
compared with the control group.

We also detected classic markers of invasion and metastasis—Matrix metallopro-
teinases (MMPs)—in the cytoplasm of gastric cancer cells, and the results showed that
betulonic acid could also affect the expression levels of MMP proteins. Degradation of the
extracellular matrix and basement membrane is the most important step in tumor invasion
and metastasis. MMPs play an important role in the degradation of the extracellular matrix
and basement membrane [30]. Among the MMPs, MMP-2 and MMP-9 are currently the
most frequently studied, able to degrade the ECM, greatly change the viscosity and mobil-
ity of tumors, and promote invasion and metastasis. The main function of TIMP-1 is its
inhibition of MMPs. TIMPs irreversibly inactivate MMPs by directly binding to catalytic
zinc cofactors, resulting in protease inhibition [31,32]. In this experiment, we detected the
protein expression level of MMPs in the cytoplasm of gastric cancer cells, confirming the
effect of betulonic acid on MMP protein levels in gastric cancer cells. Next, we will study
the specific mechanisms of betulonic acid inhibiting the invasion and metastasis of gastric
cancer from the perspective of MMP activity. A series of functional experiments, such as
transwell experiments, wound healing experiments and high-intension imaging, further
confirmed that betulonic acid could inhibit the invasion and metastasis of GC cells.
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4. Materials and Methods
4.1. Drug

Betulonic acid (standard substance, HPLC ≥98%) was purchased from Shanghai
Yuanye Biotechnology, Shanghai, China (Shanghai Yuanye Biotechnology, Shanghai, China,
Cat. no. B20780). Betulonic acid was dissolved in dimethyl sulfoxide (DMSO; Sigma, Berlin,
Germany, Cat. no. D2650). The maximum concentration of DMSO in the base solution
did not exceed 0.1%. All control subjects (i.e., solvent control subjects) were added to
RPMI-1640 medium with DMSO equivalent to the highest dose of betulonic acid.

4.2. Reagents

RPMI Medium Modified with 2.05 mM L-Glutamine (HyClone, Waltham, MA, USA,
Cat. no. SH30809.01); trypsin, phosphate-buffered saline (PBS; Beyotime Biotechnology,
Shanghai, China, Cat. no. C0201, Cat. no. C0221A); fetal bovine serum (FBS; Gibco,
Waltham, MA, USA, Cat. no. 10099141); transwell-permeable supports and 8.0 µm poly-
carbonate membranes (Corning, New York, NY, USA, Cat. no. 356234, Cat. no. 3422);
CCK-8 Cell Proliferation and Cytotoxicity Assay Kit (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China, Cat. no. CA1210); tetramethylrhodamine (TRITC)-conjugated
phalloidin, an actin staining agent (Merck, Berlin, Germany, Cat. no. FAK100); MMP-2,
MMP-9, E-cadherin, N-cadherin, Vimentin and β-actin (Thermo Fisher Scientific, Waltham,
MA, USA, Cat. no. PA5-85197, Cat. no. PA5-16509, Cat. no. PA5-32178, Cat. no. PA5-29570,
Cat. no. MA5-16409, Cat. no. PA146296); TIMP1, F-actin, GAPDH (Abcam, Cambridge,
UK, Cat. no. ab211926, Cat. no. ab130935, Cat. no. ab8245); anti-rabbit IgG, HRP-linked
antibody (Cell Signaling Technology, Danvers, MA, USA, Cat. no. 7074).

4.3. Cell Culture

The AGS and HGC-27 human gastric cancer cell lines and GES-1 gastric mucosal cell
line were purchased from the Procell Life Science & Technology Co., Ltd., Wuhan, China.
AGS and HGC-27 cells were cultured in RPMI-1640 medium containing 10% FBS and
maintained at 37 ◦C in a humidified incubator in an atmosphere of 5% CO2.

4.4. Cell Viability Assay

AGS, HGC-27 and GES-1 cells were plated at 5 × 103 cells/well in 96-well plates
(Corning, New York, NY, USA, Cat. no. 3599). Then, the cells were treated with different
concentrations of betulonic acid (0, 20, 40, 80, and 160 µM) and incubated overnight, and
further cultured for 24 h, 48 h and 72 h. A total of 20 µL CCK-8 solution was added to each
well, and incubated for another 4 h. The absorbance (A) value was read at 450 nm using an
EnSpire multilabel plate reader (PerkinElmer, Waltham, MA, USA).

4.5. Colony Formation Assay

Briefly, 400 cells were seeded in triplicate in 6-well culture plates (Corning, New York,
NY, USA, Cat. no. 3516) and allowed to attach for 24 h, followed by undergoing drug
treatment for 14 days. To prevent the drying and evaporation of culture media during
long-term culture, media were changed and fresh drugs were added in the mid-term of
treatment. At the end of the culture, cells were fixed and stained with crystal violet solution.
The colonies were counted with ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

4.6. Cytoskeleton Staining

The cell suspension droplets were placed on sterilized slides, and the slides were
mounted in the incubator for 12 h. After drug treatment, they were removed and fixed
with 4% formaldehyde. A total of 0.1% Triton X-100 was made up with TRITC-conjugated
phalloidin and placed in dark room temperature for 45 min. After incubation with DAPI
staining solution, the tablets were sealed with anti-fluorescence quenching sealing solution,
and the results were observed and recorded by laser confocal microscopy.
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4.7. Transwell Chamber Assay

The cells were first added to 30 µL Matrigel gel and solidified at 4 ◦C. The digested
cells were suspended in serum-free medium, and the cell density was adjusted to 1 × 105.
The cells were added into the upper Transwell chamber, and betulonic acid was diluted to
various working concentrations in medium containing 10% fetal bovine serum, and then
added into the lower chamber. After conventional culture at 37 ◦C for 12–48 h, the cells
were removed and wiped with cotton swabs. The cells were washed twice with PBS, fixed
with 4% formaldehyde for 15 min, and stained with crystal violet. The number of cells
below the membrane was counted randomly under an inverted microscope across 5 fields.
The migration test was the same as the invasion test, but Matrigel glue was not required
on the inner surface of the membrane at the bottom of the chamber. The number of cells
passing through the chamber was analyzed using ImageJ software. Images of AGS and
HGC-27 cells were acquired under a microscope at 200× magnification.

4.8. Wound Healing Assay

Briefly, cell lines were seeded at a density of 3 × 105 per well in 6-well plates, and linear
scratch wounds were created on the confluent cell monolayers using a 200 µL pipette tip; the
exfoliated cells were removed by three washes with phosphate-buffered saline (PBS). Images
were obtained at 0 h and 24 h. Photographs were taken using an inverted microscope. The
degree of wound healing (%), calculated as ((scratch width of the control group − scratch
width of the betulonic acid group)/scratch width of the control group) × 100%, was used to
measure the migration capacity of cells. Scratch width was measured by ImageJ software.
Images of AGS and HGC-27 cells were acquired under a microscope at 200× magnification.

4.9. PerkinElmer Operetta CLS High-Content Imaging System Analysis

Briefly, gastric cancer cells were inoculated into 96-well plates at a density of 4 × 103 cells/well
and treated overnight with drugs. The plates were then placed into the PerkinElmer CLS high con-
tent imaging analysis system for observation for 12 h. Harmony 4.1 software (PerkinElmer,
Waltham, MA, USA) was used for data collection and analysis.

4.10. Western Blot Analysis

Cells were rinsed with PBS and lysed with RIPA buffer following treatment. The
extraction methods of F-actin were as follows: Pre-cooled cracking buffer 1 (50 mM KCl,
100 mM NaF, 10 mM K2HPO4, 2 mM MgCl2, 0.2 mm DTT, 1 mM EGTA, 1 mM sucrose, 0.5%
Triton X-100, pH 7.0) was added. All cells were scraped off after ice lysis for 20 min, and
centrifuged at 14,000× g for 30 min. The supernatant was extracted and precipitated with
an equal volume of buffer 2 (20 mM TrIS–HCl, 1 mM sodium acetate, 1.5 mm guanidine
hydrochloride, 1 mM CaCl2, 1 mM ATP, pH 7.5). The samples were incubated on ice for 1 h
and gently stirred every 10 min, and then at 14,000× g for 30 min to ensure that F-actin was
in the supernatant. After boiling the protein samples in 5 × loading buffer, equal amounts of
protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Separated proteins were transferred onto PVDF membranes. The membranes were
blocked with 5% skimmed milk for 2 h and probed with the indicated primary antibodies
overnight, including E-cadherin, N-cadherin, Vimentin, MMP-2, MMP-9, β-actin, GAPDH,
TIMP1 and F-actin. After washing, the membranes were incubated with primary antibody,
followed by anti-rabbit IgG, HRP-linked antibody at room temperature for 2 h. Finally, the
membranes were washed extensively and incubated using an ECL chemiluminescent kit
(Thermo Fisher Scientific, Waltham, MA, USA, Cat. no. 34580). The blots were visualized
by a Gel Doc XR+ System (Bio-Rad, Hercules, CA, USA).

4.11. Statistical Analysis

Data are presented as the means± standard deviation, calculated by one-way analysis
of variance (ANOVA) followed by a Bonferroni post-hoc test. * p < 0.05 was considered
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significant. Data analysis was performed using IBM SPSS Statistics 24.0 (IBM, Armonk,
NY, USA).

5. Conclusions

In conclusion, this study revealed that betulonic acid, as one of the effective active
components of COE, has the same anti-invasion and metastasis function on GC cells as COE.
Its mechanism may be through the mediation of actin skeleton remodeling in gastric cancer
cells, affecting the expression levels of proteins related to the EMT signaling pathway—thus
inhibiting the invasion and metastasis of gastric cancer cells. Meanwhile, according to
Western blot results, betulonic acid can affect the expression levels of MMP-related proteins
in gastric cancer cell lysates. Whether betulonic acid can inhibit the invasion and metastasis
of gastric cancer cells by affecting the activity of MMPs is worth further exploration. This
study also provided new possible regulatory mechanisms and new research ideas for the
identification of the mechanisms of betulonic acid against gastric cancer. In addition, this
study will provide a more solid theoretical and experimental basis for further studies,
including in vivo experiments. The present study also provides new evidence for the
development of COE as a new antitumor drug.
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