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Aclidinium bromide inhibits the growth and metastasis of
gastric cancer MKN-28 cells via the PI3K signaling pathway
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Abstract. The present study investigated the effect and under-
ling mechanisms of aclidinium bromide, a novel, inhaled
long-acting muscarinic antagonist, on the development of
gastric cancer. Human gastric cancer MKN-28 cells, as a
model in vitro, were treated with aclidinium bromide and
dimethyl sulfoxide. Cell Counting Kit-8 assay, transwell assay
and flow cytometry were used to assess cell proliferation,
invasion/migration and apoptosis, respectively. In addition,
western blotting was performed to determine the relative
expression of proteins associated with apoptosis and the phos-
phatidylinositol-3-kinase (PI3K) signaling pathway. Optical
density values of MKN-28 cells were decreased in a time- and
dose-dependent manner in the aclidinium bromide treated
group. Matrigel invasion analysis demonstrated the number of
invasive cells were significantly decreased in the aclidinium
bromide-treated group when compared with the control group.
Furthermore, aclidinium bromide led to the marked reduction
of the number of MKN-28 cells passing though the microw-
ells of the transwell chamber. The expression levels of the
anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) decreased,
and the expression of pro-apoptotic proteins active Caspase3
and Bcl-2-associated X protein increased concurrently
following aclidinium bromide stimulation using western blot-
ting. The phosphorylation of protein kinase B and mechanistic
target of rapamycin were significantly inhibited in MKN-28
cells treated with aclidinium bromide; and the activity of the
downstream proteins such as p70S6K and Cyclin D1 were also
significantly decreased. In conclusion, aclidinium bromide
could inhibit gastric cancer cell proliferation and metastasis,
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which may be associated with the enhancement of apoptosis
induced by the PI3K signaling pathway.

Introduction

Gastric cancer remains the leading cause of cancer deaths
worldwide and adds a significant health burden in many
high-risk areas of cancer, such as Eastern Asia (1). There are
many treatments for gastric cancer, such as surgery, surgery
combined with chemotherapy and radiotherapy. Even so, the
survival rate and prognosis of gastric cancer patients are still
poor (2).

Acting as a growth factor, acetylcholine (Ach) can stimulate
cell growth in cholinergic autocrine loop (3,4). Cancers derived
from epithelial and endothelial cells can express a cholinergic
autocrine loop (5-7). Therefore, Ach secreted by cancer or
adjacent cells leads to stimulate tumor growth when it interacts
with M3 muscarinic receptors, which were expressed on the
cancer cells. Moreover, muscarinic receptors (M1 and M5) can
also increase cell proliferation in majority of cancers derived
from epithelial and endothelial cells (6,8). Consistent with these,
gastric cancer can express muscarinic receptors.

Aclidinium bromide, used for maintenance treatment of
chronic obstructive pulmonary disease (COPD), is along-acting
inhalable muscarinic antagonist (9) and has a similar affinity
for M1 to M5 muscarinic receptor subtypes (10). It has been
reported that blockade of autocrine muscarinic cholinergic
signaling with an M3 receptor antagonist or darifenacin might
inhibit the growth of small cell lung cancer (SCLC) cells both
in vitro and in vivo (4,11). The ability of M3 antagonists to
inhibit tumor progression also has been clearly demonstrated
in colon cancer (12). Muscarinic agonists have been found
to stimulate tumor growth in melanoma (13), pancreatic
cancer (14), breast cancer (15), ovarian cancer (16) and pros-
tate cancer (17). In contrast, muscarinic antagonists will also
inhibit growth of these tumors. However, the role and mecha-
nism of muscarinic antagonists in gastric cancer has not been
extensively studied.

In this study, a series of in vitro experiments investigated the
role of aclidinium bromide in gastric cancer MKN-28 cells and
its mechanism, in order to provide new drugs and theoretical
basis for the treatment of gastric cancer in the future.
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Materials and methods

Cell culture. Gastric cancer cell line MKN-28 and normal
gastric mucosa GES-1 were purchased from Chinese Academy
of Sciences Shanghai Branch cell bank. The cells were incu-
bated in RPMI-1640 (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA), 100 U/ml penicillin and 0.1 mg/ml streptomycin at 37°C
in a 5% CO, atmosphere. Until the cells grown to logarithmic
phase, they were washed 3 times by PBS, digested with trypsin
and then repeatedly beat to single cell suspension. The cells
were then grown into a 6-well plate for subsequent experi-
ments.

Western blot analysis. The treated cells were placed on ice
to extract protein with RIPA lysis buffer (Beijing CWBIO
Biotech Co., Ltd., Beijing, China) and heated at 95°C for
5 min. Protein concentration was detected using BCA Protein
Assay kit (Beijing CWBIO Biotech Co., Ltd.). The cell lysates
(20 ug protein/lane) were separated by SDS-PAGE and then
transferred onto PVDF membranes. After blocked with
5% non-fat dry milk 1 h, the membranes were then incubated
with the following primary antibodies overnight at 4°C: AKT
(1:1,000; Cell Signaling Technology, Inc., Danvers, MA,
USA), p-AKT (1:1,000; Cell Signaling Technology, Inc.), mTor
(1:1,000; Cell Signaling Technology, Inc.), p-mTor (1:1,000;
Cell Signaling Technology, Inc.), p70S6K (PTG, 1:1,000),
Bcl-2 (PTG, 1:1,000), active-Caspase3 (1:1,000; ProteinTech
Group, Inc., Chicago, IL, USA), Cyclin DI (1:1,000;
ProteinTech Group, Inc.), GAPDH (1:5,000; ProteinTech
Group, Inc.). After washing 3-5 min by TBST, secondary anti-
bodies (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
were incubated at room temperature and developed by ECL
(ProteinTech Group, Inc.) after washing membrane.

Quantity One was used to scan the gray scale values,
and GAPDH was used as the internal control, and the target
protein/internal reference was used to calculate the relative
expression of each protein.

Cell proliferation assay. Cell Counting Kit-8 (CCK-8) assay
was used to evaluate the growth of the cell lines according to
the manufacturer's protocol. Cell suspension (1,000 cells/well)
were cultured in 96-well plates for 24 h, then incubated with
different concentrations of aclidinium bromide (0, 0.1, 1, 10,
20, 50 and 100 xM) and cultured for an additionally 72 h.
For CCK-8 detection, 10 ul of CCK-8 solution was added
into the wells and the cells were incubated at 37°C for 1.5 h.
The absorbance (optical density, OD) of cells was determined
at 450 nm using a microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The following experiment drug
concentration (10 yM) was chosen from the series of the
gradient concentration. Afterward, cells were incubated with
10 uM aclidinium bromide and vehicle (DMSO, 0.1% in
culture media) for 24, 48, 72 h. Cells viabilities were measured
by CCK-8 assay and OD values were measured as above
described.

Invasion and migration assay. Cell invasion was deter-
mined by using 24-well transwell invasion chamber (EMD
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Millipore, Billerica, MA, USA). A total of 100 1 matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) were added to the upper
chambers and stood 4-6 h at 37°C in a CO, incubator. The lower
chambers were filled with serum-free media and stood 0.5 h
to hydrate basilar membrane. After incubation for 24 h, cell
suspension (1x10° cells/100 pl serum-free MEM media) were
added to the upper chambers and complete culture solution
(500 pl) were added to the lower chambers. To stay overnight,
cells were washed in PBS, fixed for 30 min in 4% paraformal-
dehyde, stained for 20 min with 0.1% crystal violet. After the
indicated treatments, five fields were randomly selected under
the microscope and representative photographs of stained cells
were taken to observation and count.

The migration assay was similar to the invasion assay,
however, the transwell chamber was not required to use
matrigel matrix and the number of cells would be 5,000.

Flow cytometry analysis of cell apoptosis. After the cells were
treated for 24 h, the medium was removed and replaced with
serum-free medium to starvation for 24 h under normal condi-
tions. Following the treatment, cells were trypsinized without
EDTA and collected in a centrifuge tube, then the cells were
centrifuged at 1,000 x g for 5 min. Afterwards cells were
resuspended in PBS pre-cooled at 4°C, centrifuged again and
carefully aspirated the supernatant. After that we added 1X
binding buffer to resuspend the cells, and regulated the cell
density of 1-5x10%/ml. 100 ul of the cells were gently mixed with
5 ul Annexin V-FITC/ PI (Beijing 4A Biotech Co., Ltd., Beijing,
China) and incubated in the dark for 5 min at room temperature.
10 ul of PI dye and 400 ul of PBS were added to the sample,
and the results were analyzed in a flow cytometer using Flowjo.

Statistical analysis. All statistical analyses were performed
using SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) software.
The comparison between two groups were performed by
Student's t-test and for >2 groups used analysis of variance
followed by Dunnett's post hoc test. Data were expressed as
mean * standard deviation, and the criteria for all statistical
significances set as P<0.05.

Results

Aclidinium bromide inhibits the proliferation of gastric
cancer MKN-28 cells. CCK-8 was conducted to investigate
the effect of aclidinium bromide on the proliferation of gastric
cancer cells. A dose response in proliferation was observed as
a decrease in MKN-28 cells from 0.1 to 100 uM of aclidinium
bromide, while the proliferation of GES-1 cells was inhibited
by aclidinium bromide beyond 50 #M (Fig. 1A). Consequently,
10 uM of aclidinium bromide was selected to perform
following experiments. In addition, MKN-28 cells prolifera-
tion was assessed by measuring the OD values at increasing
time-points. As shown in Fig. 1B, OD values of MKN-28 cells
were decreased with a time-dependent manner. At 48 and
72 h, the OD value was significant inhibited in aclidinium
bromide treated group (P<0.01). These results suggested that
aclidinium bromide impeded growth of gastric cancer cells.

Aclidinium bromide inhibits the invasion and migration
of gastric cancer MKN-28 cells. To explore the effect of
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Figure 1. Suppressive effects of aclidinium bromide on gastric cancer MKN-28 cell proliferation. (A) The OD values of MKN-28 and GES-1 cells treated with
aclidinium bromide at 0,0.1, 1, 10, 50, 100 xM. “P<0.01 vs. 0 uM group. (B) The OD values of MKN-28 cells treated with aclidinium bromide following 0, 24,
48 and 72 h. "P<0.01 vs. NC group. The data are presented as the mean + standard deviation. OD, optical density; NC, negative control; M28, MKN-28 cells.
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Figure 2. Aclidinium bromide inhibits the invasion and migration of gastric cancer MKN-28 cells. (Aa) Microscopic images of MKN-28 cells passing though
the matrigel of the transwell chamber (invasion assay). (Ab) Microscopic images of MKN-28 cells passing though the microwells of the transwell chamber
(migration assay; magnification, x100). Bar graphs presenting the number of (B) invading cells and (C) migrating cells. "P<0.05 vs. NC. Data are expressed as
the mean + standard deviation. NC, negative control.
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Figure 3. Aclidinium bromide induces the apoptosis of gastric cancer MKN-28 cells. (A) Flow cytometric plots showing the specific cell populations in
MKN-28 cells. Q2 were late apoptotic cells, Q3 were live cells and Q4 were early apoptotic cells. (B) Expression of activated Bcl-2, Bax and active caspase3
were determined by western blotting. The expression levels of (C) Bax, (D) Bcl-2 and (E) active caspase3 were determined following exposure to aclidinium
bromide for 24 h. Data were expressed as mean + standard deviation. "P<0.05 vs. NC. NC, negative control; PI, propidium iodide; FITC, fluorescein isothio-
cyanate; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.
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Figure 4. Aclidinium bromide inhibits the activation of the PI3K signaling pathway in gastric cancer MKN-28 cells. (A) Western blotting was performed to
determine the expression of (B) AKT, (C) p-AKT, (D) mTor, (E) p-mTor, (F) p70S6K and (G) Cyclin D1. Data were expressed as the mean + standard deviation.
“P<0.05 vs. NC. NC, negative control; p-, phosphorylated; AKT, protein kinase B; mTor, mechanistic target of rapamycin.

aclidinium bromide on metastasis of gastric cancer MKN-28
cells, transwell assay and matrigel invasion assay were carried
out. As shown in Fig. 2, matrigel invasion analysis showed the
number of invasive cells were significantly decreased in acli-
dinium bromide treated group (30+2) compared with that in
the NC group (64+2) (P<0.05; Fig. 2Aa and B). Furthermore,
aclidinium bromide led to the remarkable reduction of the
number of MKN-28 cells passing though the microwells of
the transwell chamber (156+4>72+2, P<0.05; Fig. 2Ab and C).
Collectively, the results showed that aclidinium bromide could
significantly inhibit the invasion and migration potential of
MKN-28 cells.

Aclidinium bromide induces apoptosis of gastric cancer
MKN-28 cells. To explore whether the role of aclidinium
bromide in MKN-28 cells was correlated with the apop-
tosis, flow cytometry after Annexin V-FITC/PI staining
and western blot assay were used. The flow cytometry
analysis showed that the apoptosis of cells treated with
aclidinium bromide was significantly increased (18.82
>5.79%, P<0.05, Fig. 3A). Next, we detected the expres-
sion of apoptosis-related protein Bcl-2, Bax, and Active
Caspase3 after aclidinium bromide treatment using western
blotting (Fig. 3B). As expected, the expression levels of

anti-apoptotic protein BCL-2 decreased (P<0.05; Fig. 3D),
and the expression of pro-apoptotic protein Bax and Active
Caspase3 increased concurrently (P<0.05; Fig. 3C and E).
Therefore, we considered that aclidinium bromide could
induce the apoptosis of MKN-28 cell.

Aclidinium bromide inhibits the phosphatidylino-
sitol-3-kinase (PI3K) signaling pathway in gastric cancer
MKN-28 cells. PI3K/AKT/mTor signaling pathway is
well-known pathway associated with cell proliferation,
survival and metabolism. It is often activated in numerous
types of tumors (18-20). In order to know whether the effect
of aclidinium bromide on cells via the signaling pathway, we
determined the effects of aclidinium bromide on activation of
protein related with PI3K signaling pathway by western bolt
assay (Fig. 4A). Accordingly, we found the phosphorylation
of AKT and mTor were significantly inhibited in MKN-28
cells treated with aclidinium bromide (Fig. 4C and E,
P<0.05). Besides, aclidinium bromide administration
attenuated activity of the downstream proteins such as p70
ribosomal protein S6 kinase (p70S6K) and Cyclin D1 related
to cell growth (P<0.05; Fig. 4F and G). Therefore, aclidinium
bromide inhibited the activation of PI3K signaling pathway
in gastric cancer MKN-28 cells.



Discussion

Recently, the ability of Ach and muscarinic receptors to
regulate tumor cell proliferation has been significantly
concerned (21). In this study we focused on the growth
inhibitory effect of aclidinium bromide on gastric cancer cells
and the possible mechanisms. In MKN-28 cells, aclidinium
bromide displayed significant inhibited proliferation, invasion
and migration ability. Next, we found aclidinium bromide
could promote apoptosis. In addition, PI3K signaling pathway
was also involved in the progression of gastric cancer cells,
by which aclidinium bromide might inhibit the migration and
proliferation of these cells.

A large number of studies have shown that many compo-
nents of cholinergic signaling including Ach are present in a
variety of non-neuronal tissues, such as lung cancer (21,22),
colon (23), breast, ovarian carcinomas (24,25) and other
common cancer cells. Interestingly, cholinergic signaling
were found to increase further in the local tumor environ-
ment, representing a potential new pathway to target tumor
growth (26). As can be seen, cholinergic antagonists may
provide a directed pathway to prevent tumor proliferation by
interrupting the upregulated autocrine signaling. As we found
in MKN-28 cells that aclidinium bromide displayed significant
inhibition of proliferation, invasion and migration activity. Cell
cycle arrest is a major mechanism preventing tumor growth.
Cesario et al (27) reported that inhibition of a7-nAChR with
a powerful high affinity antagonist a-CbT induced antitumor
activity in NSCLC and pleural mesothelioma by triggering
apoptosis. Our results from flow cytometric analysis showed
that aclidinium bromide markedly suppressed the expression
of anti-apoptotic protein BCL-2 and increased the expression
of pro-apoptotic protein BAX and Active Caspase3, which
meant that aclidinium bromide could promote apoptotic of
MKN-28 cells.

As a classical and important signaling pathway, PI3K/Akt
is often activated in many human cancer types, and is thought
to be associated with the characteristics of carcinogenesis,
including cell proliferation, apoptosis and metabolism (28,29).
ACh can rapidly increases the amount of intracellular calcium
in lung cancer cell lines, leading to the activation of M3 recep-
tors, eventually resulting in activation of Akt and MAPK (19).
Besides, this activation then inhibit cell proliferation by M3
antagonists. Coincidentally, we found that the phosphorylation
of Akt and mTOR was significantly inhibited in MKN-28c¢ ells
treated with aclidinium bromide, so we believed aclidinium
bromide inhibited the PI3K signaling pathway in gastric
cancer MKN-28 cells. In this study, we also found that activity
of p70S6K and Cyclin D1 was also inhibited and we identified
they were the downstream targets of AKT that mediated acili-
dinium-inhibition. In summary, we found that PI3K signaling
pathway may be involved in the aclidinium bromide-induced
inhibition of MKN-28 cell proliferation, invasion and migra-
tion ability, meanwhile, the apoptosis of MKN-28 cells treated
with aclidinium bromide may be achieved via the signaling
pathway.

Unfortunately, given the limited experimental tools, we
only select the MKN-28 cell line for the present study, and
other gastric cancer cell lines should be further studied.
Even so, we found that aclidinium bromide could inhibit

MOLECULAR MEDICINE REPORTS 18: 2263-2268, 2018

2267

proliferation, invasion and migration, and induce apoptosis in
gastric cancer MKN-28 cells. In addition, we further demon-
strated that aclidinium bromide caused the above effects
via the PI3K signaling pathway. This novel finding provides
a useful strategy for chemoprevention and/or treatment
of gastric cancer. Next, we will conduct a series of in vivo
experiments about this drug in patients with gastric cancer as
an area of future research.
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