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Abstract. Gastric cancer is the fifth most common malig-
nancy and the third highest cause of cancer‑associated 
mortality worldwide. Therefore, research on the pathogen-
esis of gastric cancer is of utmost importance. It has been 
reported that aberrant activation of the Wnt/β‑catenin 
signaling pathway is involved in the occurrence and devel-
opment of gastric cancer. In the present study, it was found 
that pizotifen could inhibit the viability of gastric cancer cell 
lines MNK45 and AGS cells in a dose‑dependent manner. 
Pizotifen treatment suppressed cell migration and invasion 
in MNK45 and AGS cells, whilst also inducing apoptosis. 
Western blot analysis demonstrated that pizotifen blocked 
the expression of Wnt3a, β‑catenin and N‑cadherin, whilst 
increasing E‑cadherin expression. In addition, BML‑284, a 
pharmacological Wnt signaling activator, partially reversed 
the changes in the expression levels of β‑catenin, N‑cadherin 
and E‑cadherin in MNK45 and AGS cells induced by pizo-
tifen. Collectively, these findings suggested that pizotifen 
demonstrates potential as a novel anti‑cancer drug for the 
treatment of gastric cancer by inhibiting the Wnt/β‑catenin 
pathway.

Introduction

Gastric cancer is currently the third highest cause of cancer 
mortality among all malignancies worldwide (1). In recent 
years, the overall incidence and mortality of gastric cancer has 
been decreasing due to control of risk factors and the devel-
opment of gastric cancer screening (2). However, the burden 
of gastric cancer remains critical due to the large population 
base and an increasingly aging population (3). In China, the 
incidence of gastric cancer and associated deaths accounts for 

~50% of all gastric cancer cases in the world (4). This may be 
due to the higher proportion of advanced gastric cancer cases 
upon diagnosis. Therefore, investigations into the pathogenesis 
of gastric cancer may reveal biomarkers that can be used for 
early diagnosis and treatment.

The Wnt signaling pathway, named after the wingless 
and Int‑1 genes (5), performs a variety of different functions, 
including wide involvement in embryonic development, tissue 
homeostasis and cell carcinogenesis (6). It is typically divided 
into the canonical and non‑canonical signaling pathways, of 
which the canonical pathway (Wnt/β‑catenin) is the more 
well‑known pathway and is highly conserved throughout the 
evolutionary process (7). Previous studies have demonstrated 
that the Wnt/β‑catenin signaling pathway serves a key role in 
regulating cell proliferation, maintenance of stem cell char-
acteristics and homeostasis of normal gastric mucosa (8‑10). 
In particular, it has been reported that activation of the 
Wnt/β‑catenin signaling cascade is found in >30% of gastric 
cancer cases (11,12). Indeed, evidence is accumulating showing 
that Wnt3a, one member of the Wnt family, has the ability to 
either promote or inhibit cancer progression via the canonical 
Wnt/β‑catenin signaling pathway, depending on the type of 
cancer (13).

β‑catenin is a multifunctional protein, which was initially 
found to bind to E‑cadherin‑binding protein and participate 
in cell adhesion (14). E‑cadherin is not only a key member of 
Wnt signaling pathway, but also a critical epithelial marker of 
epithelial‑mesenchymal transition (EMT) (15). EMT refers to 
the process whereby epithelial cells transform into mesenchymal 
phenotype cells, resulting in enhanced cell motility and invasive-
ness. EMT is one of the key initiation events for tumor metastasis 
and has a crucial role in the invasion and metastasis of cancers, 
including gastric cancer (16‑18). Therefore, increasing research 
has considered EMT as an effective therapeutic target in cancer 
treatment (19). Research over the past decade has mainly focused 
on searching for novel anticancer agents and reassessing known 
drugs that have been used in other diseases to uncover any poten-
tial anti‑tumor effects (20). One of those, pizotifen, also known 
as 4‑(1‑methyl‑4‑piperidylidine)‑9,10‑dihydro‑4H‑benzo‑(4,5)
‑cyclohepta(1,2)‑thiophene, is a potent serotonin or 5‑hydroxy-
tryptamine (HT)2 receptor antagonist (21). Pizotifen is primarily 
indicated for the prevention of vascular headaches (22). It has 
been previously reported that serotonin 5‑HT2A receptor antago-
nists, such as ritanserin, can inhibit cell viability and promote cell 
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apoptosis in colorectal cancer cells (23). However, the effect of 
pizotifen on cancer growth and metastasis remains unknown.

In the present study, it was found that pizotifen inhibited 
the viability, migration and invasion of gastric cancer whilst 
inducing cell apoptosis. The Wnt/β‑catenin‑epithelial‑mesen
chymal transition (EMT) signaling pathway may be involved 
in this process. These results suggested that pizotifen could 
potentially be a new therapeutic agent for the treatment of 
gastric cancer and warrants further assessment in future 
clinical studies.

Materials and methods

Reagents and antibodies. Pizotifen was purchased 
from MedChemExpress and its molecular structure is 
shown in Fig.  1A. The primary antibodies against Wnt3a 
(cat.  no.  ab28472; dilution, 1:1,000), active‑caspase‑3 
(cat.  no.  ab2302; dilution, 1:1,000) were purchased from 
Abcam, and the primary antibodies against Cyclin  D‑1 
(cat. no. 60186‑1‑lg; dilution, 1:1,000), Bax (cat. no. 50599‑2‑lg; 
dilution, 1:1,000), Bcl‑2 (cat.  no.  12789‑1‑AP; dilution, 
1:1,000) and β‑tubulin (cat. no. 10094‑1‑AP; dilution, 1:1,000) 
were purchased from ProteinTech Group, Inc. Primary anti-
bodies against β‑catenin (cat. no. 9562; dilution, 1:1,000), 
E‑cadherin (cat. no. 14472; dilution, 1:1,000) and N‑cadherin 
(cat. no. 4061; dilution, 1:1,000) were purchased from Cell 
Signaling Technology, Inc. Both secondary antibodies (horse-
radish peroxidase conjugated anti‑rabbit, cat. no. SA00001‑15; 
anti‑mouse, cat. no. SA00001‑1; both dilutions, 1:5,000) were 
purchased from ProteinTech Group, Inc. BML‑284, a selective 
Wnt activator, was purchased from MedChemExpress. Unless 
specifically indicated, all other reagents were obtained from 
Sigma‑Aldrich (Merck KGaA).

Cell culture and treatment. Human gastric cancer cell lines 
MNK45 and AGS were obtained from the Type Culture 
Collection of the Chinese Academy of Sciences. The cell 
lines were cultured in DMEM containing 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.), penicillin (100  U/ml), 
and streptomycin (100 mg/ml), and were maintained in a 
humidified atmosphere (95%) at 37˚C under 5% CO2. Cells 
in the logarithmic growth phase were treated with different 
concentrations of pizotifen (10, 20 and 40 µM) or BML‑284 
(10  µM) alone or co‑treated with pizotifen (20  µM) and 
BML‑284 (10 µM). The cells were treated for varying time 
periods, including 0, 24, 48 and 72 h, 0.1% DMSO was used 
as negative control.

Cell viability assay. The Cell Counting Kit‑8 (CCK‑8) assay 
was performed according to the manufacturer's protocol 
(Beijing Solarbio Science & Technology Co., Ltd.). Cells were 
seeded into 96‑well plates at a density of 1x103 cells/well 
and cultured overnight to allow for adherence. Cultures were 
subsequently treated with different concentrations of pizo-
tifen (10, 20 and 40  µM). DMSO  (0.1%) was used as the 
negative control. The cells were then cultured for 3 days and 
measurements were obtained every 24 h. When the cells were 
measured, CCK‑8 solution (10 µl/well) was added to each well 
and incubated for an additional 1.5 h at 37˚C. The final optical 
density was measured at a wavelength of 450 nm to estimate 

cell viability in the different treatment groups. Each experi-
ment was performed in triplicate.

Wound healing assay. Cells were first seeded into six‑well 
plates at a density of 5x105 cells/well and incubated over-
night at 37˚C. The following day, when cells had reached 
~95‑100%confluency, wounds were generated using pipette 
tips. After being scratched with the pipettes, the cells were 
cultured in serum‑free medium supplemented with 10 or 
20 µM pizotifen or DMSO for 24 h. The wounds were photo-
graphed using a light microscope (magnification, x40) and 
analyzed using ImageJ software v1.8.0 (National Institutes 
of Health). The percentage wound closure was calculated 
using the mathematical equation: Percentage wound 
closure (%) = (A0‑At)/A0 x 100%, where A0 is the initial wound 
area, and At is the wound area at 0, 24 h post‑treatment.

Western blot analysis. Total protein was extracted from the cell 
cultures according to instructions from radioimmunoprecipita-
tion assay Lysis Buffer (CWBIO Tech). Protein concentration 
was quantified using an Enhanced Bicinchoninic Acid Protein 
Assay kit. A total of 20 µg protein from each sample were 
separated by 10% SDS‑PAGE and then transferred to PVDF 
membranes (Bio‑Rad Laboratories, Inc.). The membranes were 
incubated in blocking buffer [5% non‑fat milk dissolved in 
TBS with Tween‑20 (TBST)] at room temperature for 1‑h and 
then probed at 4˚C overnight with primary antibodies (dilu-
tion, 1:1,000). The membranes were subsequently rinsed with 
TBST and incubated with horseradish peroxidase‑conjugated 
secondary antibodies (1:5,000) for 1‑h at room temperature. 
The blots were visualized using the enhanced chemilumi-
nescence detection kit (Beyotime Institute of Biotechnology) 
and analyzed using the Quantity One 1‑D software v4.6.7 
(Bio‑Rad Laboratories, Inc.). Each experiment was repeated 
at least three times.

Apoptosis assay. Cells (5x105) pretreated with 20 µM pizo-
tifen or 0.1% DMSO were double‑stained with fluorescein 
isothiocyanate‑conjugated Annexin V (25 mg/ml) and prop-
idium iodide (PI; 50 mg/ml) at 4˚C for 15 min according to 
the manufacturer's protocol (4A Biotech Co., Ltd.), and then 
washed and analyzed using a BD FACSCalibur flow cytom-
etry system (BD Biosciences). The obtained data was analyzed 
using FlowJo software v7.6.1 (FlowJo LLC).

Transwell assays. For the Transwell migration assay, 
5x103 cells pretreated with pizotifen or BML‑284 were seeded 
into the upper sections of the non‑coated 96‑well inserts (pore 
size, 8 µm; Corning, Inc.). For the invasion assay, Matrigel 
(BD Biosciences) was thawed at 4˚C and diluted in serum‑free 
medium at a ratio of 1:6, then added to the upper chamber of the 
Transwell chamber and maintained at 37˚C for 4‑6 h. A total of 
1x105 cells were seeded into the top chamber of 24‑well inserts 
with 8 µm pore size and Matrigel‑coated membranes. In both 
assays, cells were diluted in medium without FBS and seeded 
into the top chamber, whereas medium containing 10% FBS 
were introduced into the lower chamber in order to establish a 
chemoattractant gradient. Cells were incubated for 24 h, fixed 
with 4% paraformaldehyde at room temperature for 30 min, 
and stained with 0.1% crystal violet solution (Sigma‑Aldrich; 
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Merck KGaA) at room temperature for 20 min. Then, 5 micro-
scopic fields were used to count and photograph the stained 
cells under a light microscope (magnification, x100).

Statistical analysis. Experimental data are presented as the 
mean ± SD. All statistical analysis was performed using 
SPSS 13.5 (SPSS, Inc.). Student's t‑test and one‑way ANOVA 
followed by Tukey's posthoc analysis were performed. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Pizotifen inhibits the viability of gastric cancer MNK45 and 
AGS cells. A CCK8 assay was carried out to determine the 
effect of pizotifen on the viability of gastric cancer cell lines 
MNK45 and AGS. As shown in Fig. 1B, pizotifen treatment of 
48h or 72 h significantly inhibited the viability of MNK45 cells 
in a dose‑dependent manner (P<0.05). Similarly, pizotifen also 
inhibited the viability of AGS cells (Fig. 1C).

Pizotifen inhibits MNK45 and AGS  cells migration and 
invasion. Wound‑healing and Transwell assays were 
performed to investigate whether pizotifen affects the migra-
tory and invasive properties of gastric cancer cells. Since 
10 and 20 µM pizotifen both caused appropriate inhibitory 
effect on MNK45 and AGS cells, whilst 40 µM pizotifen 
caused increased cell death, 10  and  20  µM of pizotifen 
were used in the rest experiments. As shown in Fig.  2A, 
10 and 20 µM pizotifen both led to a significant decrease in 
the migratory abilities of MNK45 cells in a dose‑dependent 
manner (P<0.05). A similar inhibitory effect of pizotifen was 
observed in AGS cells (P<0.05; Fig. 2B). Moreover, the results 
of the Transwell assay further suggested that the migratory 
abilities of MNK45 and AGS cells were significantly inhib-
ited following treatment with pizotifen (P<0.05; Fig. 3A‑C). 
In addition, the invasive abilities of MNK45 and AGS cells 
treated with pizotifen were significantly reduced (P<0.05; 
Fig. 3D‑F). Furthermore, the data showed that BML‑284, a 
selective Wnt signaling activator that has been revealed to 
induce β‑catenin in vitro  (24), significantly increased the 
migration and invasion of both MNK45 and AGS cells (both 
P<0.05; Fig. 3), and partially restored the migratory and inva-
sive abilities of MNK45 and AGS cells inhibited by pizotifen 
(P<0.05; Fig. 3).

Pizotifen induces the mitochondrial‑mediated apoptosis 
of MNK45 and AGS cells. Annexin V‑FITC/PI assay was 
performed to investigate whether pizotifen inhibited the 
growth of gastric cancer cells by triggering apoptosis. As 
shown in Fig. 4A, pizotifen (20 µM) significantly enhanced 
cell apoptosis in both MNK45 and AGS cells (both P<0.01) 
compared with the NC group (Fig. 4A). To further determine 
the mechanism of pizotifen‑induced apoptosis, western blot 
analysis was performed to detect the expression of proteins 
associated with the mitochondrial apoptotic pathway in 
MNK45 and AGS  cells treated with pizotifen for 48  h 
(Fig. 4B). The data demonstrated that the expression of the 
anti‑apoptotic protein Bcl‑2 was significantly reduced in 
pizotifen‑treated cells, whereas the expression of pro‑apop-
totic proteins Bax and active caspase‑3 were significantly 
increased (P<0.05; Fig. 4B). These data indicated that pizo-
tifen may induce the apoptosis of gastric cancer cells via the 
intrinsic apoptotic pathway, specifically the Bax/Bcl‑2 and 
caspase cascade.

Pizotifen downregulates the Wnt/β‑catenin‑EMT signaling 
pathway in MNK45 and AGS cells. The ability of pizotifen 
to inhibit the Wnt/β‑catenin signaling pathway in MNK 
and AGS cells was investigated using western blot analysis. 
Pizotifen treatment significantly reduced the expression of 
Wnt3a and β‑catenin in a dose‑dependent manner in MNK45 
and AGS cells (P<0.05; Fig. 5A). In addition, the expression 
of the epithelial marker E‑cadherin was significantly upregu-
lated by pizotifen treatment in MNK45 and AGS cells, while 
the expression of the mesenchymal marker N‑cadherin was 
significantly downregulated (P<0.05; Fig 5A), suggesting that 
pizotifen regulated the expression of EMT markers proteins 
in a dose‑dependent manner. This suggested that pizotifen 
can suppress the Wnt/β‑catenin‑EMT signaling pathway in 
MNK45 and AGS cells.

Wnt/β‑catenin‑EMT signaling pathway may play a role in 
the anti‑invasive effect of pizotifen. To further investigate the 
mechanism of action of pizotifen in the inhibition of gastric 
cancer cell invasion, BML‑284 was used. It was found that 
the expression of β‑catenin was significantly upregulated 
in MNK45 and AGS  cells following BML‑284 treatment 
compared with the NC group (Fig. 5B). In the presence of 
pizotifen, BML‑284 treatment also partially restored β‑catenin 
expression compared with the pizotifen‑only group (Fig. 5B). 

Figure 1. Pizotifen inhibits the cell viability of gastric cancer cells. (A) The chemical structure of pizotifen. (B) MNK45 and (C) AGS cells were treated with 
different concentrations of pizotifen (0, 10, 20 or 40 µM) for 24, 48 and 72 h. Cell viability was assessed using a Cell Counting Kit‑8 assay. Data are expressed 
as the mean ± SD from three independent experiments. *P<0.05 vs. NC. NC, negative control; OD, optical density.
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In addition, BML‑284 treatment partially reversed the effects 
induced by pizotifen on E‑cadherin and N‑cadherin expression 
in MNK45 and AGS cells compared with the pizotifen‑treated 
group (Fig. 5B). Taken together, the results of the present 
study indicated that the pizotifen‑induced inhibitory effects on 
gastric cancer cell migration and invasion may be due to the 
inhibition of the Wnt/β‑catenin‑EMT signaling pathway.

Discussion

Gastric cancer is one of the most serious malignant tumors; 
its mortality rate is lower only than that of lung cancer and 
liver cancer worldwide (1). Therefore, it has become a priority 
to explore the mechanism of the occurrence and develop-
ment of gastric cancer in order to develop potential novel 
anti‑cancer agents. In the present study, it was found that 
pizotifen could inhibit the viability, migration and invasion 
of MNK45 and AGS cells, as well as inducing apoptosis. 
Pizotifen is a serotonin antagonist that is primarily indi-
cated for the prevention of recurrent migraine headaches. A 
number of studies have reported that serotonin can promote 
the growth of several types of cancer, including breast (25), 

prostate  (26), colorectal  (27), hepatocellular  (28) and 
small‑cell lung cancer (29). In addition, it has been reported 
that serotonin is involved in cancer cell migration, metastasis 
and angiogenesis (30). In some cases, antagonists of serotonin 
receptors have been successfully used to inhibit cancer cell 
growth (31,32). The present study is the first to report the 
anti‑tumor properties of pizotifen against gastric cancer cells. 
However, the effects of pizotifen on cell morphology and 
non‑cancerous cells remain unclear, which is a limitation of 
the present study. In future studies, any potential anti‑tumor 
properties of pizotifen should be further investigated in vivo 
and in clinical studies.

Aberrant activation of the Wnt signaling pathway is 
associated with the occurrence and development of tumors, 
and it has become the focus of studies seeking to therapeutic 
targets (33,34). Therefore, drug development has been mainly 
focused on inhibiting the Wnt signaling cascade, and some of 
these drugs have since entered clinical trials (35,36). Genome 
sequencing studies have revealed that the mutation of many 
components of the Wnt pathway are inherited in patients with 
gastric cancer, such as AXIN1, AXIN2 and β‑catenin (37), 
suggesting that targeting Wnt has potential in the treatment 

Figure 2. Pizotifen inhibits MNK45 and AGS cell migration. (A) MNK45 and (B) AGS cells were treated with two concentrations of pizotifen (10 and 20 µM) 
and a wound healing assay was performed to assess the migratory abilities of the two cell lines over 24 h. Scale bar, 200 µm. Data are expressed as the 
mean ± SD from three independent experiments. *P<0.05 with comparisons indicted by lines. NC, negative control.
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of gastric cancer. These data were verified in a mouse model 
of gastric cancer (38‑40). This suggests that Wnt signaling is 
likely to be a driving factor in the occurrence of gastric cancer.

It was demonstrated in the present study that pizotifen 
could significantly downregulate the expression of Wnt3a 
and β‑catenin in MNK45 and AGS  cells. β‑catenin is a 

Figure 3. Pizotifen inhibits MNK45 and AGS cell migration and invasion. MNK45 and AGS cells were treated with two different concentrations of pizotifen 
(10 or 20 µM) or BML‑284 (10 µM) for 24 h. A Transwell assay was carried out to assess the migratory and invasive abilities of MNK45 and AGS cells. 
(A) Representative images of MNK45 and AGS cell migration under each treatment condition. (B) Quantified data of MNK cell migration under each 
treatment condition. (C) Quantified data of AGS cell migration under each treatment condition. (D) Representative images of MNK45 and AGS cell invasion 
under each treatment condition. (E) Quantified data of MNK cell invasion under each treatment condition. (F) Quantified data of AGS cell invasion under 
each treatment condition. Scale bar, 200 µm. Data are expressed as the mean ± SD from three independent experiments. *P<0.05 with comparisons indicted 
by lines. NC, negative control.
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multifunctional protein, which was initially found to bind to 
E‑cadherin‑binding protein and participate in cell adhesion (14). 
E‑cadherin has been reported to be a key member of the Wnt 

signaling pathway, with transcriptional regulatory activity (15). 
It is hypothesized that the disruption of E‑cadherin/β‑catenin 
complexes is involved in the malignant transformation of 

Figure 4. Pizotifen induces mitochondrial‑mediated apoptosis of MNK45 and AGS cells. (A) MNK45 and AGS cells were treated with 20 µM pizotifen for 
24 h, and apoptosis was assessed using an Annexin V‑FITC/propidium iodide assay coupled with flow cytometry. (B) Western blot analysis was performed to 
measure the expression of apoptosis‑related proteins in MNK45 and AGS cells following pizotifen treatment for 48 h. Data are expressed as the mean ± SD 
from three independent experiments. *P<0.05, **P<0.01 vs. NC. NC, negative control; PI, propidium iodide.

Figure 5. Pizotifen downregulates the Wnt/β‑catenin‑EMT signaling pathway in MNK45 and AGS cells. (A) Western blot analysis was performed to detect the 
expression of proteins associated with the Wnt/β‑catenin‑EMT signaling pathway in MNK45 and AGS cells following pizotifen treatment (0, 10 or 20 µM). 
(B) The expression of proteins associated with the Wnt/β‑catenin‑EMT signaling pathway in MNK45 and AGS cells following pizotifen (20 µM) and/or 
BML‑284 (10 µM) treatment was assessed by western blotting. Data are expressed as the mean ± SD from three independent experiments. *P<0.05 vs. NC; 
#P<0.05 vs. pizotifen (20 µM); ΔP<0.05 vs. BML‑284+pizotifen (20 µM). NC, negative control; EMT, epithelial‑mesenchymal transition.
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epithelial tumors (41). E‑cadherin and N‑cadherin are key 
markers for the EMT process, both of which serve essential 
roles in tumor metastasis. It was previously demonstrated 
that the downregulation of E‑cadherin in gastric cancer could 
reduce the expression of the cadherin/catenin complex to 
increase cancer cell invasiveness (42). In the present study, it 
was found that pizotifen treatment in gastric cancer cell lines 
upregulated the expression of E‑cadherin and downregulated 
the expression of N‑cadherin and β‑catenin, an effect that was 
reversed by concomitant treatment with BML‑284, a selective 
Wnt signaling activator. It was also observed in the present 
study that MNK45 and AGS cell migration and invasion, 
which were inhibited by pizotifen, were restored by simulta-
neous BML‑284 treatment. Taken together, these observations 
suggested that inhibition of the Wnt/β‑catenin‑EMT signaling 
pathway may be responsible for the anti‑invasion properties of 
pizotifen.

In summary, the present study showed that pizotifen 
could inhibit the growth, migration and invasion of gastric 
cancer cells and induce cell apoptosis. The anti‑cancer 
activity of pizotifen may be achieved by blocking the 
Wnt/β‑catenin‑EMT signaling pathway. Based on these 
findings, pizotifen could potentially be used in a novel 
therapeutic approach for the treatment of gastric cancer, a 
notion which warrants further clinical evaluation. However, 
the precise mechanism of action of pizotifen will be explored 
further in a future study.
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