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N o G e W

Abstract: Owing to its high recurrence rate, gastric cancer (GC) is the leading cause of tumor-
related deaths worldwide. Besides surgical treatment, chemotherapy is the most commonly used
treatment against GC. However, the adverse events associated with chemotherapy use limit its
effectiveness in GC treatment. In this study, we investigated the effects of using combinations of
low-dose 5-fluorouracil (5-FU; 0.001 and 0.01 mM) with different concentrations of escitalopram
oxalate (0.01, 0.02, 0.06, and 0.2 mM) to evaluate whether the assessed combination would have
synergistic effects on SNU-1 cell survival. 5-FU (0.01 mM) + escitalopram oxalate (0.02 mM) and
5-FU (0.01 mM) + escitalopram oxalate (0.06 mM) administered over 24 h showed synergistic effects
on the inhibition of SNU-1 cell proliferation. Moreover, 5-FU (0.001 mM) + escitalopram oxalate
(0.02 or 0.06 mM) and 5-FU (0.01 mM) + escitalopram oxalate (0.02, 0.06, or 0.2 mM) administered
over 48 h showed synergistic effects on the inhibition of SNU-1 cell proliferation. Compared with
controls, SNU-1 cells treated with 5-FU (0.01 mM) + escitalopram oxalate (0.02 mM) exhibited
significantly increased levels of annexin V staining, reactive oxygen species, cleaved poly (ADP-
ribose) polymerase, and caspase-3 proteins. Furthermore, 5-FU (12 mg/kg) + escitalopram oxalate
(12.5 mg/kg) significantly attenuated xenograft SNU-1 cell proliferation in nude mice. Our study is
the first to report the synergistic effects of the combinational use of low-dose 5-FU and escitalopram
oxalate on inhibiting SNU-1 cell proliferation. These findings may be indicative of an alternative
option for GC treatment.

Keywords: hepatocellular carcinoma (HCC); selective serotonin reuptake inhibitors (SSRIs);
escitalopram; autophagy; nationwide population-based cohort study

1. Introduction

Gastric cancer (GC) is the fifth most common cancer and the third leading cause
of cancer-related deaths worldwide [1]. GC is commonly diagnosed at advanced stages
because it is asymptomatic in the early stages and because reliable biomarkers for its
identification have yet to be developed [2]. Despite recent advances in chemotherapy and
surgical techniques, GC remains a life-threatening malignancy owing to its high recurrence
rate [3,4]. The postoperative recurrence rate of GC is high even after radical resection, with
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a median survival time of 12.5-13.0 months and a 2-year survival rate of 22.9-23.6% [5].
5-Fluorouracil (5-FU) is a common first-line drug against advanced GC [6]. Clinical data
have demonstrated that 5-FU administration can increase the survival rate of patients with
GC by 6% and reduce the risk of mortality by 18% [7]. However, approximately 21% of all
patients with GC develop resistance to 5-FU, considerably limiting the clinical use of 5-FU
against GC [8].

Mental disorders such as depression, bipolar disorder, schizophrenia, and dementia
create a major global burden and have considerable negative impacts on health, society,
and the economy [9]. Antidepressants and antipsychotics are commonly used to treat
mental disorders [10,11]. Antidepressants can be divided into five main classes: selective
serotonin reuptake inhibitors; serotonin-noradrenaline reuptake inhibitors (SSRls); nora-
drenaline and specific serotonergic antidepressants; tricyclic antidepressants; and serotonin
antagonists, reuptake inhibitors, and monoamine oxidase inhibitors [12]. Of these classes,
SSRIs-fluoxetine, paroxetine, sertraline, and escitalopram oxalate are the most commonly
used antidepressants [12]. Moreover, sulpiride, risperidone, olanzapine, and quetiapine are
commonly used new-generation antipsychotics [13]. The association between the use of
antidepressants and antipsychotics and the risk of cancer has attracted increasing attention
recently [14-20]. Notably, a recent study reported that the use of antipsychotics such as
thioridazine, clozapine, haloperidol, sulpiride, olanzapin, quetiapine, amisulpride, and
risperidone is independently and inversely associated with the risk of GC [17].

Several studies have reported that certain antidepressants and antipsychotics exhibit
anticancer activities. Imipramine and amitriptyline have been reported as adjuvant therapy
for glioblastoma multiforme by switching the glioma stem cells (GSCs) to non-GSC [21]. A
study of both bench work and a nationwide population-based cohort study also demon-
strated the beneficial of escitalopram oxalate on hepatocellular carcinoma (HCC) [22].
However, a single antidepressant has limited efficacy against cancer. Therefore, combina-
tion therapy with two or more therapeutic agents has been adopted and investigated in
cancer research [23]. Notably, a recent study indicated that sertraline and fluoxetine can
synergize with sorafenib and suppress the HCC cells both in vitro and in vivo through
blocking the AKT/mTOR pathway [24], indicating a synergistic effect of the combinational
use of antidepressants and chemotherapeutic drugs. In the present study, we assessed
whether the combination of escitalopram oxalate (Forest Laboratories, Inc., St. Louis, MO,
USA) and 5-FU had synergistic effects on inhibiting the survival of SNU-1 human GC cells.

2. Results
2.1. Effects of Escitalopram Oxalate and 5-FU on SNU-1 Cell Viability

To verify the effects of commonly used antipsychotics and antidepressants on GC cells,
we assessed the viability of SNU-1 cells in the presence of varying doses of quetiapine,
clozapine, risperidone, and escitalopram oxalate for 24 and 48 h (Figure 1A). Escitalopram
oxalate considerably attenuated the proliferation of SNU-1 cells (Figure 1); thus, the subse-
quent experiments were conducted using escitalopram oxalate alone or in combination with
chemotherapy (5-FU). Escitalopram oxalate and 5-FU significantly reduced the survival of
the SNU-1 cells in a dose- and time-dependent manner with the ICsy values of 0.27 and
1.16 mM at 24 h and 0.19 and 0.03 mM at 48 h, respectively. (Figure 1B).
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Figure 1. Effects of quetiapine, clozapine, risperidone, escitalopram oxalate, and 5-FU on the
survival of SNU-1 cells. (A) The viability of SNU-1 cells in the presence of quetiapine, clozapine,
risperidone, and escitalopram oxalate for 24 and 48 h. (B) The viability of SNU-1 cells in the presence
of escitalopram oxalate and 5-FU for 24 and 48 h. (C) The viability of SNU-1 cells in the presence of
the combinational use of escitalopram oxalate and 5-FU for 24 and 48 h. Statistical difference was
calculated using one-way analysis of variance followed by Tukey’s multiple-comparisons test. The
symbols * and $ indicate significant differences as compared with the control (0 mM) and escitalopram
oxalate, respectively. The experiments were performed in triplicate. 5-FU: 5—fluouracil.

2.2. Synergistic Effects of Escitalopram Oxalate + 5-FU on SNU-1 Cell Viability

We used low-dose 5-FU (0.001 and 0.01 mM) in combination with varying concen-
trations of escitalopram oxalate to assess the synergistic effects of this combination on
SNU-1 cell proliferation (Figure 1C). The viability of SNU-1 cells treated with varying
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concentrations of escitalopram oxalate (0.02, 0.06, and 0.2 mM) + 5-FU (0.001 mM) for both
24 and 48 h did not differ significantly from those treated with escitalopram oxalate alone
(Figure 1C). Notably, the viability of SNU-1 cells treated with varying concentrations of
escitalopram oxalate (0.02, 0.06, and 0.2 mM) + 5-FU (0.01 mM) for 24 and 48 h decreased
significantly compared with those treated with escitalopram oxalate alone (Figure 1C).
Moreover, we calculated combination index (CI) values by using CompuSyn (CompuSyn
Inc., Paramus, NJ, USA) to confirm the pharmacological interactions between escitalopram
oxalate and 5-FU (Figure 2). The administration of 5-FU (0.01 mM) + escitalopram oxalate
(0.02 and 0.06 mM) for 24 h exhibited synergistic effects (CI < 1) on the inhibition of SNU-1
cell viability (Figure 2A). Moreover, the administration of 5-FU (0.001 mM) + escitalo-
pram oxalate (0.02 mM and 0.06 mM) for 48 h and 5-FU (0.01 mM) + escitalopram oxalate
(0.02 mM, 0.06 mM, and 0.2 mM) for 48 h exhibited synergistic effects (CI < 1) on the
inhibition of SNU-1 cell viability (Figure 2B).
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Figure 2. Evaluation of the CI. The CI values of 5-FU and escitalopram oxalate on the SNU-1 cells
for (A) 24 and (B) 48 h. The symbol * indicates synergistic effects. CI: combination index; 5-FU:
5-fluouracil. The drug combinations 1-6 are shown in the tables.

2.3. Effects of Escitalopram Oxalate + 5-FU on SNU-1 Cell Apoptosis

Flow cytometry based on PI and annexin V/PI double staining analysis was performed
to detect the cell cycle stages and the percentage of apoptosis induced by escitalopram
oxalate and 5-FU. Compared with those in the control cells and cells treated with escitalo-
pram oxalate or 5-FU alone, the sub-G1 portion in the SNU-1 cells increased significantly
upon treatment with escitalopram oxalate (0.2 mM) + 5-FU (0.01 mM) (Figure 3A). The
quantified results are illustrated in Figure 3B. To further confirm the presence of apoptosis,
annexin V/PI staining and Immunoblotting were performed. Compared with the control
cells and cells treated with escitalopram oxalate or 5-FU alone, the SNU-1 cells treated with
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escitalopram oxalate (0.2 mM) + 5-FU (0.01 mM) exhibited significant apoptosis (Figure 3C).
The quantification results are presented in Figure 3D. Accordingly, a significantly elevated
ROS level was detected in SNU-1 cells treated with escitalopram oxalate (0.2 mM) + 5-FU
(0.01 mM) (Figure 3E). Significantly increased cleaved poly (ADP-ribose) polymerase
(PARP) was observed in the SNU-1 cells treated with escitalopram oxalate (0.2 mM), 5-FU
(0.01 mM) and escitalopram oxalate (0.2 mM) + 5-FU (0.01 mM), respectively (Figure 3F).
The amount of cleaved caspase-3 was also significantly increased in the SNU-1 cells treated
with escitalopram oxalate (0.2 mM) + 5-FU (0.01 mM). The quantification of Immunoblot-
ting is shown in the right panel of Figure 3F.
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Figure 3. Effects of the combinational use of escitalopram oxalate and 5-FU on sub-G1 portion, apopto-
sis, ROS level and apoptotic proteins in SNU-1 cells. The SNU-1 cells were treated with escitalopram
oxalate (0.2 mM) and 5-FU (0.01 mM) alone or in combination for 48 h. (A) Representative images of
the cell cycle and (B) sub-Gl1 portion of the SNU-1 cells. (C) Representative images of annexin V/PI
staining and (D) percentage of apoptotic cells. (E) Fluorescence intensity of ROS and (F) expressions
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of poly (ADP-ribose) polymerase and caspase-3 proteins. Right panel indicates the quantified results
of Immunoblotting. Bars indicate mean £ SD from 3 repeated experiments. Statistical difference was
calculated using one-way analysis of variance followed by Tukey’s multiple-comparisons test. The
symbol * indicates significant differences as compared with the control (5-FU 0 mM and escitalopram
oxalate 0 mM). 5-FU: 5-fluouracil.

2.4. Effects of Escitalopram Oxalate + 5-FU on the Growth of Xenograft SNU-1 Cell Tumors in
Nude Mice

To further examine the effects of escitalopram oxalate + 5-FU in vivo, xenograft SNU-
1 cell tumors were generated in BALB/c nude mice. Notably, the mice treated with
escitalopram oxalate (12.5 mg/kg) + 5-FU (12.5 mg/kg) showed a significantly reduced
xenograft tumor volume compared with the controls and the mice treated with escitalopram
oxalate (12.5 mg/kg) or 5-FU (12.5 mg/kg) alone (Figure 4A,B). An apparent increase in the
number of TUNEL-positive cells was observed in the xenograft tumor sections obtained
from the mice treated with escitalopram oxalate (12.5 mg/kg) + 5-FU (12.5 mg/kg) as
compared with those in the sections obtained from the controls and from the mice treated
with escitalopram oxalate (12.5 mg/kg) or 5-FU (12.5 mg/kg) alone (Figure 4C).
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Figure 4. Effects of escitalopram oxalate + 5-FU on xenograft tumor growth in nude mice. (A) Volume
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of the xenograft SNU-1 tumor over a time-course pattern. (B) Representative images of the tumors
excised from the mice at the experiment endpoints. (C) TUNEL staining of the xenograft tumors tissue
sections obtained from different groups of mice. Statistical difference was calculated using one-way
analysis of variance followed by Tukey’s multiple-comparisons test. The symbols *, $, and # indicate
significant differences as compared with the control (0 mg/kg), 5-FU (12 mg/kg), and escitalopram
oxalate (12.5 mg/kg), respectively. 5-FU: 5-fluouracil; TUNEL: Terminal deoxynucleotidyl transferase
dUTP nick-end labeling.

3. Discussion

Although chemotherapy may diminish or attenuate cancer cell growth and reduce can-
cer recurrence, physical discomfort and drug toxicity remain the major issues of chemother-
apy. A mounting body of evidence has indicated that the combinational use of multiple
drugs is superior to monotherapy in the treatment of several cancers. This phenomenon
is now known as synergistic interactions [21]. Compared with additive combinations,
synergistic drug combinations afford more favorable therapeutic effects at lower drug
doses [25]. In this study, we investigated the synergistic effects of 5-FU + escitalopram
oxalate at lower doses on SNU-1 cell inhibition, the significant induction of apoptosis in
SNU-1 cells, and the attenuation of xenograft SNU-1 tumors in nude mice.

5-FU is an antimetabolite that blocks the action of thymidylate synthase and incor-
porates its metabolites into RNA and DNA [26]. As the most frequently used chemo-
therapeutic, 5-FU has long been utilized in regimens of neoadjuvant chemotherapy for
various cancers [27]. However, several clinical trials have reported that regimens com-
prising 5-FU have a relatively high toxicity profile [28]. The most common toxic effects of
capecitabine, an oral prodrug of 5-FU, include diarrhea, nausea, vomiting, stomatitis, and
hand-foot syndrome [29]. DCF (docetaxel, cisplatin, and 5-fluorouracil), a chemotherapeu-
tic regimen that comprises docetaxel, cisplatin, and 5-FU, causes adverse events, especially
neutropenia, in patients with advanced GC [30,31]. Moreover, a recent study indicated
that 5-FU upregulates exosomal PD-L1 levels and leads to systemic immunosuppression
in patients with advanced GC following multiple chemotherapy cycles [32] In addition to
these adverse effects, the rapid emergence of resistance to 5-FU-based chemotherapy is
another major clinical problem associated with the use of 5-FU [33,34]. Therefore, to solve
the abovementioned adverse effects of 5-FU, identifying methods for reducing the dose
of 5-FU while increasing cancer cells’ sensitivity to 5-FU to effectively achieve anticancer
effects is imperative. Notably, the present study indicated that the use of low-dose 5-FU
+ escitalopram oxalate exerts synergistic cytotoxic effects on GC SNU-1 cells by induc-
ing apoptosis. Our findings provide a possible solution to the adverse effects of 5-FU in
GC treatment.

Escitalopram oxalate is an SSRI and is known as an antidepressant [35]. Evidence
indicates that escitalopram oxalate exhibits favorable tolerability and fewer toxic effects as
compared with monoamine oxidase inhibitors and tricyclic antidepressants [36,37] Notably,
cohort studies have reported that escitalopram oxalate is associated with reduced risk of
various cancers, including bladder cancer, hepatocellular cancer, and kidney cancer [38-40]
as well as the overall improvement in the survival of patients with GC [17]. Moreover,
studies have reported that escitalopram oxalate inhibits non—small-cell lung cancer and
brain tumor cells through apoptosis or autophagy [41,42]. These findings highlight the
anticancer potential of escitalopram oxalate. Although a previous report indicated that
the daily administration of 600 mg of escitalopram oxalate does not cause any adverse
symptoms [42], some controversial cases of escitalopram oxalate overdose have been
reported. For instance, a case report presented both QRS complex widening and QTc
interval prolongation in a patient after an escitalopram oxalate overdose [43]. Therefore, a
more favorable treatment approach is one that can achieve curative effects using a reduced
dose of escitalopram oxalate. In the current study, the use of 0.01 or 0.001 mM 5-FU +
low-dose escitalopram oxalate (0.02 or 0.06 mM) was found to have synergistic effects on
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SNU-1 cell inhibition, indicating the greater feasibility and superiority of escitalopram
oxalate in GC treatment.

Very little information is known about the effects of escitalopram oxalate on drug-
resistance. Interestingly, a recent study of bacterial drug-resistance reported that the combi-
national use of escitalopram oxalate with ciprofloxacin or sulfamethoxazole-trimethoprim
had a significant synergistic effect on inhibiting multidrug-resistant (MDR) bacteria as
compared with these antibiotics alone [44], indicating a potential of escitalopram oxalate
on overcoming the drug-resistance issue. Since only one gastric cancer cell line, SNU-1,
was assayed in this study, a 5-FU-resistant human gastric cancer cell line such as SNU-620-
5FU [45] should be adopted to investigate the effects of combinational use of escitalopram
oxalate and 5-FU on 5-FU-resistant human gastric cancer cells.

Although this study proved the combinational use of low-dose 5-FU and escitalopram
oxalate on inhibiting SNU-1 cell proliferation, the underlying mechanism is still poorly
understood. Notably, a study by using miRWalk analysis reported plasma miRs as potential
markers for major depressive disorder (MDD) patients treated with Escitalopram, which
could understand the Escitalopram mode of action and for its side effects [46]. Another in
silico transcriptomic-wide association study was also performed to predict the transcrip-
tomic profile of citalopram remitters [47]. Moreover, a very recent metabolomics study
using LC-MS indicated indoleamine 2,3-dioxygenase 1 (IDO1) as a therapeutic target for
pancreatic cancer-associated depression [48]. These findings suggest that genomic and
proteomic approaches might have great potentials in understanding the mechanism and
clinical benefit of combinational use of 5-FU and escitalopram oxalate on treatment of GC.

Some limitations of the present study should be mentioned. First, drug resistance
is still a critical issue that limits the clinical utility of 5-FU [49]. Although the current
study reported the synergistic effects of 5-FU + low-dose escitalopram oxalate on GC
cell inhibition, the efficacy of such drug combinations on 5-FU-resistant GC cells remains
unclear. Therefore, further research is warranted to assess whether 5-FU + escitalopram
oxalate exhibits synergistic effects on GC cell inhibition. Second, pharmacological synergy
is adequately defined in preclinical experiments, especially in cell line studies; however,
relevant data are insufficient for conducting cancer clinical trials. Accordingly, further
research is necessary to obtain a clearer understanding of the variability in drug response
and novel biomarkers. This implies the need for preclinical research on diverse cancer
models rather than focusing on drug synergy [23]. Third, the current study included only
subcutaneous xenograft tumor experiments and thus could not identify the hallmarks of
human gastric tumors, including tumor development, metastatic activity, and response to
therapy. Therefore, as described elsewhere [50], an orthotopic GC animal model may need
to be adopted for verifying the precise effects of the use of 5-FU + escitalopram oxalate.

4. Materials and Methods
4.1. Chemicals

The chemicals used in this study were of analytical grade and were obtained from
Sigma—-Aldrich (St. Louis, MO, USA). Escitalopram oxalate and 5-FU were provided by
Chiayi Chang Gung Memorial Hospital, Taiwan.

4.2. Cell Viability Assay

SNU-1, the GC cell line, was purchased from the Bioresource Collection and Research
Center and maintained in Roswell Park Memorial Institute Medium 1640 (Gibco, Brooklyn,
NY, USA) containing 10% fetal bovine serum at 37 °C in 5% CO;. The 2,3-bis (2-methoxy
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanlide inner (XTT) assay was used to de-
termine the viability of SNU-1 cells. The cells were cultured in 96-well culture plates
(5 x 103 /well) overnight at 37 °C and then subjected to varying concentrations of esci-
talopram oxalate and 5-FU administered alone or in combination for another 24 and 48 h.
After the incubation process was completed, the medium was removed, and fresh culture
medium was added. Subsequently, a total of 50 ul XTT was added to each well of the
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96-well culture plates and then incubated for another 4 h (Biological industries, Haemek,
Israel). Finally, the absorbance was detected at a wavelength of 630-690 nm by using a
microplate reader (EnSpire Series Multilabel Plate Readers, PerkinElmer Inc., MA, USA).

4.3. Evaluation of Combination Index

The synergistic effects of the different combinations of escitalopram oxalate and 5-FU
on SNU-1 cell survival were evaluated using the combination index (CI) proposed by
Chou [51]. A CI value between 0 and 1 indicates synergism (more than additive effects).
Moreover, a fraction affected (Fa) value of <0.5 indicates lower growth inhibition and is
considered irrelevant. By contrast, a Fa value of >0.5 indicates a significant effect of the
drug on the tested cancer cells.

4.4. Detection of Sub-G1 Portion

Flow cytometry was conducted to detect the sub-G1 portion of the SNU-1 cells. The
cells were incubated with escitalopram oxalate (0.2 mM) or 5-FU (0.01 mM) alone or in
combination for 48 h and then rinsed with phosphate-buffered saline (PBS), after which
they were fixed in 70% alcohol for 12 h at 4 °C. Next, 10 pL of propidium iodide (PI) staining
solution was added, and the mixtures were then incubated on ice under dark conditions.
The cells were then filtered through a 40-pum nylon screen and subjected to flow cytometry
using the FACSCanto II system (BD Biosciences; San Jose, CA, USA).

4.5. Detection of Apoptosis

The annexin V assay was used to assess cell apoptosis. A total of 1 x 10® SNU-1
cells were incubated with escitalopram oxalate (0.2 mM) or 5-FU (0.01 mM) alone or in
combination for 48 h. The cells were then centrifuged and re-suspended in 100 pL of
annexin-binding solution. Next, 5 uL of annexin V-fluorescein isothiocyanate and 1 uL of
PI solution were added. After being incubated under dark conditions at room temperature
for 15 min, the stained cells were subjected to flow cytometry using the FACSCanto II
system (BD Biosciences; San Jose, CA, USA).

4.6. Detection of ROS Level

Reactive oxygen species (ROS) levels were determined using the fluorogenic probe
2,7-dichlorofluorescin diacetate (Cayman Chemical, Ann Arbor, MI, USA). The SNU-1 cells
were incubated in culture medium containing varying doses of 5-FU or escitalopram oxalate
at 37 °C for 16 h. The cells were then treated with 50 uM 2,7-dichlorofluorescin diacetate
and incubated at 37 °C for 30 min. Next, the fluorescence intensity at emission wavelengths
of 502 and 523 nm was measured using a microplate reader (EnSpire Series Multilabel Plate
Readers, PerkinElmer Inc., MA, USA) after the replacement of the incubation reagent with
cell-based assay buffer.

4.7. Immunoblotting

Immunoblotting was performed as described elsewhere [22]. The presence of apoptosis-
related proteins was detected with antibodies against PARP (Proteintech, Rosemont, IL,
USA) and caspase-3 (Proteintech, Rosemont, IL, USA). Antibodies against 3-actin (Sigma-
Aldrich, St. Louis, MO, USA) were used as an internal control. Briefly, the cells with dif-
ferent treatment were harvested by centrifugation and lysed in lysis buffer (PRO-PREP™,
iNtRON Biotechnology Inc., Gyeonggi-do, Korea). The protein lysates were transferred to
PVDF membranes (1000 Alfred Nobel Dr Hercules, CA, USA) after separating onto a 12%
SDS-PAGE gel. The membranes were then socked in 5% non-fat milk for 6 h with gentle
agitation and subsequently reacted with antibodies at 4 °C overnight. After incubating with
horseradish peroxidase (HRP)-conjugated antibodies, the presence of immune-complexes
was measured with a chemiluminescent substrate kit (EMD Millipore, Burlington, MA,
USA) and a chemiluminescence imaging device (GE ImageQuant TL 8.1; GE Healthcare Life



Int. J. Mol. Sci. 2022, 23, 16179

10 0f 13

Sciences, Pittsburgh, PA, USA). Additionally, a Multi-Gauge Software (Fujifilm Corporation,
Tokyo, Japan) was used to quantify the blots.

4.8. Mouse Xenograft Model

Twenty male BALB/c athymic nude mice aged 5 weeks were provided by the Na-
tional Center for Experimental Animals, Taiwan, and housed in a specific pathogen-free
facility under constant environmental conditions with a 12-h light-dark cycle. All animal
experiments were approved by the Institutional Animal Care and Use Committee of Chi-
ayi Chang Gung Memorial Hospital, Taiwan (approval number: 2018080201). A total of
5 x10% SNU-1 cells /100 pL of PBS were then subcutaneously injected into the flank of the
mice. The xenograft tumor volume was approximately 80 mm3. The mice were randomly
divided into a control group (C), escitalopram oxalate group (L), 5-FU group (5-FU), and
escitalopram oxalate + 5-FU group (L + 5-FU) and were administered PBS, escitalopram
oxalate (12.5 mg/kg), 5-FU (12 mg/kg), and escitalopram oxalate (12.5 mg/kg) + 5-FU
(12 mg/kg), respectively, by oral gavage on a daily basis. The tumor volumes were calcu-
lated weekly using a caliper and the mice were sacrificed after 6 weeks of treatment.

4.9. Terminal Deoxynucleotidyl Transferase (TdT) Mediated Nick end Labeling (TUNEL) Staining

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was
performed using a commercial kit (Abcam, Cambridge, UK). The tissues were cut into
3 um-thick sections and deparaffinized, rehydrated, quenched, and reacted with proteinase
K. The TUNEL staining process was then performed using terminal deoxynucleotidyl
transferase with digoxin-labeled dUTP in accordance with the manufacturer’s instructions.

4.10. Statistical Analysis

All statistical analyses were conducted using SAS JMP 7.0 software (JMP, Cary, NC,
USA). We conducted a one-way analysis of variance followed by Tukey’s multiple-
comparisons test to calculate statistical significance. All data are presented as mean +
standard error of the mean. p < 0.05 was considered to indicate statistical significance.

5. Conclusions

In summary, we reported that a regimen containing low-dose 5-FU and escitalopram
oxalate showed a synergistic effect on inhibiting the proliferation of SNU-1 human gastric
cancer cells, in particular the combination of 0.01 mM 5-FU and 0.2 mM escitalopram
oxalate. As a result of the synergistic effects of combinational use of 0.01 mM 5-FU and
0.2 mM escitalopram oxalate, significantly increased apoptosis and elevated ROS levels
were detected in SNU-1 cells. Additionally, a significantly reduced volume of the xenograft
SNU-1 tumor was observed in nude mice. These findings proved the potentials of combi-
national use of low-dose 5-FU and escitalopram oxalate on inhibiting SNU-1 cells and may
provide an alternative option for GC treatment.

Author Contributions: Conceptualization, V.C.-H.C., ].-Y.H., B.-S.T., T.-C.H. and R.S.M.; Data cura-
tion, V.C.-H.C,, ].-Y.H., B.-S.T., T-C.H. and R.S.M.; Formal analysis, V.C.-H.C., B.-S.T. and T.-C.H.;
Funding acquisition, V.C.-H.C,, J.-Y.H., B.-S.T. and T.-C.H.; Project administration, V.C.-H.C.; Super-
vision, B.-S.T. and T.-C.H.; Writing—original draft, V.C.-H.C., J.-Y.H., B.-S.T. and T.-C.H.; Writing—
review and editing, V.C.-H.C,, J.-Y.H., B.-S.T. and T.-C.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by grants from the Chang Gung Medical Foundation (Chi-
ayi Chang Gung Memorial Hospital: CMRPG610101, CMRPG610102, and CMRPG610103) and the
National Science and Technology Council (NSTC-111-2320-B-040-016).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Chiayi Chang Gung Memorial Hospital, Taiwan (approval
number: 2018080201).

Informed Consent Statement: Not applicable.



Int. . Mol. Sci. 2022, 23, 16179 110f13

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef] [PubMed]
Lazar, D.C.; Avram, M.F,; Romosan, I.; Cornianu, M.; Taban, S.; Goldis, A. Prognostic significance of tumor immune microenvi-
ronment and immunotherapy: Novel insights and future perspectives in gastric cancer. World . Gastroenterol. 2018, 24, 3583-3616.
[CrossRef] [PubMed]

Shen, L.; Shan, Y.S.; Hu, HM,; Price, T.J.; Sirohi, B.; Yeh, K.H.; Yang, Y.H.; Sano, T.; Yang, H.K.; Zhang, X.; et al. Management of
gastric cancer in Asia: Resource-stratified guidelines. Lancet Oncol. 2013, 14, e535—-e547. [CrossRef] [PubMed]

Rawla, P.,; Barsouk, A. Epidemiology of gastric cancer: Global trends, risk factors and prevention. Prz. Gastroenterol. 2019, 14,
26-38. [CrossRef] [PubMed]

Sasako, M.; Sakuramoto, S.; Katai, H.; Kinoshita, T.; Furukawa, H.; Yamaguchi, T.; Nashimoto, A.; Fujii, M.; Nakajima, T.; Ohashi,
Y. Five-year outcomes of a randomized phase III trial comparing adjuvant chemotherapy with S-1 versus surgery alone in stage II
or III gastric cancer. J. Clin. Oncol. 2011, 29, 4387—4393. [CrossRef]

Vanhoefer, U.; Rougier, P.; Wilke, H.; Ducreux, M.P,; Lacave, A.].; Van Cutsem, E.; Planker, M.; Santos, ].G.; Piedbois, P; Paillot, B.;
et al. Final results of a randomized phase III trial of sequential high-dose methotrexate, fluorouracil, and doxorubicin versus
etoposide, leucovorin, and fluorouracil versus infusional fluorouracil and cisplatin in advanced gastric cancer: A trial of the
European Organization for Research and Treatment of Cancer Gastrointestinal Tract Cancer Cooperative Group. J. Clin. Oncol.
2000, 18, 2648-2657.

Kim, D.C,; Park, K.R,; Jeong, Y.J.; Yoon, H.; Ahn, M.].; Rho, G.J.; Lee, J.; Gong, Y.D.; Han, S.Y. Resistance to the c-Met inhibitor
KRC-108 induces the epithelial transition of gastric cancer cells. Oncol. Lett. 2016, 11, 991-997. [CrossRef]

Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An evolving paradigm. Nat. Rev. Cancer
2013, 13, 714-726. [CrossRef]

Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries
and territories, 1990-2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392, 1789-1858.
[CrossRef]

Davidson, J.R. Major depressive disorder treatment guidelines in America and Europe. J. Clin. Psychiatry 2010, 71 (Suppl. S1), e04.
[CrossRef]

Noordam, R.; Aarts, N.; Verhamme, K.M.; Sturkenboom, M.C.; Stricker, B.H.; Visser, L.E. Prescription and indication trends of
antidepressant drugs in the Netherlands between 1996 and 2012: A dynamic population-based study. Eur. J. Clin. Pharmacol.
2015, 71, 369-375. [CrossRef]

Bérard, A.; Zhao, ].P; Sheehy, O. Antidepressant use during pregnancy and the risk of major congenital malformations in a cohort
of depressed pregnant women: An updated analysis of the Quebec Pregnancy Cohort. BMJ Open 2017, 7, €013372. [CrossRef]
[PubMed]

Helms, R.A.; Quan, D.]. Textbook of Therapeutics: Drug and Disease Management; Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2006.

Xu, W.; Tamim, H.; Shapiro, S.; Stang, M.R.; Collet, ].P. Use of antidepressants and risk of colorectal cancer: A nested case-control
study. Lancet Oncol. 2006, 7, 301-308. [CrossRef] [PubMed]

Chen, V.C,; Lu, M.L,; Yang, Y.H.; Weng, ].C.; Chang, C.C. Antidepressant use and hepatocellular carcinoma in patients with
hepatitis C who had received interferon therapy: A population-based cohort study. J. Affect Disord. 2019, 253, 147-153. [CrossRef]
Li, R; Li, X. Relationship between antidepressive agents and incidence risk of breast cancer: Systematic review and meta-analysis.
Future Oncol. 2021, 17, 1105-1124. [CrossRef]

Shih, W.T,; Yang, PR.; Chen, K.J.; Yang, Y.H.; Lu, M.L.; Chen, V.C; Shen, Y.C. Antidepressants use is associated with overall
survival improvement of patients with gastric cancer after surgery and adjuvant chemotherapy in Taiwan: A large population-
based cohort study. Medicine 2021, 100, €27031. [CrossRef]

Taipale, H.; Solmi, M.; Lihteenvuo, M.; Tanskanen, A.; Correll, C.U.; Tiihonen, J. Antipsychotic use and risk of breast cancer in
women with schizophrenia: A nationwide nested case-control study in Finland. Lancet Psychiatry 2021, 8, 883-891. [CrossRef]
Rahman, T.; Sahrmann, J.M.; Olsen, M. A.; Nickel, K.B.; Miller, J.P.; Ma, C.; Grucza, R.A. Risk of Breast Cancer With Prolactin
Elevating Antipsychotic Drugs: An Observational Study of US Women (Ages 18-64 Years). ]. Clin. Psychopharmacol. 2022, 42,
7-16. [CrossRef]

Li, J.; Tang, F; Si, S.; Xue, F. Association between antipsychotic agents and risk of lung cancer: A nested case-control study. Cancer
Common. 2022, 42,175-178. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.3748/wjg.v24.i32.3583
http://www.ncbi.nlm.nih.gov/pubmed/30166856
http://doi.org/10.1016/S1470-2045(13)70436-4
http://www.ncbi.nlm.nih.gov/pubmed/24176572
http://doi.org/10.5114/pg.2018.80001
http://www.ncbi.nlm.nih.gov/pubmed/30944675
http://doi.org/10.1200/JCO.2011.36.5908
http://doi.org/10.3892/ol.2015.4029
http://doi.org/10.1038/nrc3599
http://doi.org/10.1016/S0140-6736(18)32279-7
http://doi.org/10.4088/JCP.9058se1c.04gry
http://doi.org/10.1007/s00228-014-1803-x
http://doi.org/10.1136/bmjopen-2016-013372
http://www.ncbi.nlm.nih.gov/pubmed/28082367
http://doi.org/10.1016/S1470-2045(06)70622-2
http://www.ncbi.nlm.nih.gov/pubmed/16574545
http://doi.org/10.1016/j.jad.2019.04.093
http://doi.org/10.2217/fon-2020-0822
http://doi.org/10.1097/MD.0000000000027031
http://doi.org/10.1016/S2215-0366(21)00241-8
http://doi.org/10.1097/JCP.0000000000001513
http://doi.org/10.1002/cac2.12242
http://www.ncbi.nlm.nih.gov/pubmed/34984858

Int. . Mol. Sci. 2022, 23, 16179 12 0f13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Bielecka-Wajdman, A.M.; Lesiak, M.; Ludyga, T.; Sieroni, A.; Obuchowicz, E. Reversing glioma malignancy: A new look at the
role of antidepressant drugs as adjuvant therapy for glioblastoma multiforme. Cancer Chemother. Pharmacol. 2017, 79, 1249-1256.
[CrossRef]

Chen, L.J.; Hsu, T.C.; Chan, H.L.; Lin, C.F,; Huang, ].Y.; Stewart, R.; Tzang, B.S.; Chen, V.C. Protective Effect of Escitalopram on
Hepatocellular carcinoma by inducing autophagy. Int. J. Mol. Sci. 2022, 23, 9247. [CrossRef] [PubMed]

Plana, D.; Palmer, A.C. Independent Drug Action in Combination Therapy: Implications for Precision Oncology. Cancer Discov.
2022, 12, 606-624. [CrossRef] [PubMed]

Zhang, H.; Xu, H.; Tang, Q.; Bi, F. The selective serotonin reuptake inhibitors enhance the cytotoxicity of sorafenib in hepatocellular
carcinoma cells. Anticancer Drugs 2021, 32, 793-801. [CrossRef]

Cavalli, F,; Kaye, S.B.; Hansen, H.H.; Armitage, ].O.; Piccart-Gebhart, M. Textbook of Medical Oncology; CRC Press: Boca Raton, FL,
USA, 2009.

Longley, D.B.; Harkin, D.P,; Johnston, P.G. 5-fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3,
330-338. [CrossRef]

Sjoquist, K.M.; Burmeister, B.H.; Smithers, B.M.; Zalcberg, J.R.; Simes, R.J.; Barbour, A.; Gebski, V. Survival after neoadjuvant
chemotherapy or chemoradiotherapy for resectable oesophageal carcinoma: An updated meta-analysis. Lancet Oncol. 2011, 12,
681-692. [CrossRef]

Onitilo, A.A.; Stankowski-Drengler, T.]J.; Shiyanbola, O.; Engel, J.; Tanimu, S.; Fagbemi, S.O.; Li, Y.H. Modified Docetaxel,
Cisplatin, and Fluorouracil (mDCF) as a Neoadjuvant Chemotherapy for Non-metastatic Esophageal Cancer (nMEC). Clin. Med.
Res. 2021, 19, 64-71. [CrossRef]

Mikhail, S.E.; Sun, J.E.; Marshall, J.L. Safety of capecitabine: A review. Expert. Opin. Drug. Saf. 2010, 9, 831-841. [CrossRef]
[PubMed]

Van Cutsem, E.; Moiseyenko, V.M.; Tjulandin, S.; Majlis, A.; Constenla, M.; Boni, C.; Rodrigues, A.; Fodor, M.; Chao, Y.; Voznyi,
E.; et al. Phase III study of docetaxel and cisplatin plus fluorouracil compared with cisplatin and fluorouracil as first-line therapy
for advanced gastric cancer: A report of the V325 Study Group. J. Clin. Oncol. 2006, 24, 4991-4997. [CrossRef]

Miyazaki, T.; Sohda, M.; Tanaka, N.; Suzuki, S.; Ieta, K.; Sakai, M.; Sano, A.; Yokobori, T.; Inose, T.; Nakajima, M.; et al. Phase I/1I
study of docetaxel, cisplatin, and 5-fluorouracil combination chemoradiotherapy in patients with advanced esophageal cancer.
Cancer Chemother. Pharmacol. 2015, 75, 449-455. [CrossRef]

Zhang, M.; Fan, Y.; Che, X.; Hou, K.; Zhang, C.; Li, C.; Wen, T.; Wang, S.; Cheng, Y.; Liu, Y,; et al. 5-FU-Induced Upregulation of
Exosomal PD-L1 Causes Immunosuppression in Advanced Gastric Cancer Patients. Front Oncol. 2020, 10, 492. [CrossRef]
Zhao, ].G.; Ren, K.M.; Tang, ]. Overcoming 5-Fu resistance in human non-small cell lung cancer cells by the combination of 5-Fu
and cisplatin through the inhibition of glucose metabolism. Tumour Biol. 2014, 35, 12305-12315. [CrossRef] [PubMed]

Wang, T.; Fahrmann, J.E; Lee, H.; Li, Y.J.; Tripathi, S.C.; Yue, C.; Zhang, C.; Lifshitz, V.; Song, J.; Yuan, Y.; et al. JAK/STAT3-
Regulated Fatty Acid 3-Oxidation Is Critical for Breast Cancer Stem Cell Self-Renewal and Chemoresistance. Cell Metab. 2018, 27,
136-150.€5. [CrossRef] [PubMed]

Baumann, P.; Zullino, D.F,; Eap, C.B. Enantiomers’ potential in psychopharmacology-a critical analysis with special emphasis on
the antidepressant escitalopram. Eur. Neuropsychopharmacol. 2002, 12, 433—444. [CrossRef]

Kirino, E. Escitalopram for the management of major depressive disorder: A review of its efficacy, safety, and patient acceptability.
Patient Prefer. Adherence 2012, 6, 853-861. [CrossRef] [PubMed]

Bruggeman, C.; O'Day, C.S. Selective Serotonin Reuptake Inhibitor Toxicity. In StatPearls; StatPearls Publishing: Orlando, FL,
USA, 2022.

Liu, Y.-C.; Chen, V.C.-H.; Lu, M.-L.; Lee, M.-].; McIntyre, R.S.; Majeed, A.; Lee, Y.; Chen, Y.-L. The association between selective
serotonin reuptake inhibitors (SSRIs) use and the risk of bladder cancer: A nationwide population-based cohort study. Cancers
2020, 12, 1184. [CrossRef]

Chen, V.C.; Lee, M.].; Yang, Y.H.; Lu, M.L.; Chiu, W.C.; Dewey, M.E. Selective serotonin reuptake inhibitors use and hepatocellular
carcinoma in patients with alcohol use disorder. Drug Alcohol Depend. 2021, 219, 108495. [CrossRef]

Lee, M.].; Huang, C.W.; Chen, Y.L. Association between selective serotonin reuptake inhibitors and kidney cancer risk: A
nationwide population-based cohort study. Int. J. Cancer 2021, 148, 1331-1337. [CrossRef]

Yuan, I.; Horng, C.T.; Chen, V.C.; Chen, C.H.; Chen, L.J.; Hsu, T.C.; Tzang, B.S. Escitalopram oxalate inhibits proliferation and
migration and induces apoptosis in non-small cell lung cancer cells. Oncol. Lett. 2018, 15, 3376-3382. [CrossRef]

Chen, V.C; Hsieh, Y.H.; Chen, L].; Hsu, T.C.; Tzang, B.S. Escitalopram oxalate induces apoptosis in U-87MG cells and autophagy
in GBM8401 cells. J. Cell. Mol. Med. 2018, 22, 1167-1178. [CrossRef]

Schreffler, S.M.; Marraffa, ] M.; Stork, C.M.; Mackey, J. Sodium channel blockade with QRS widening after an escitalopram
overdose. Pediatr. Emerg. Care 2013, 29, 998-1001. [CrossRef]

Rosa, T.ED.; Machado, C.S.; Serafin, M.B.; Bottega, A.; Coelho, S.S.; Foletto, V.S.; Rampelotto, R.F.; Lorenzoni, V.V.; Mainardji,
A.; Horner, R. Repurposing of escitalopram oxalate and clonazepam in combination with ciprofloxacin and sulfamethoxazole-
trimethoprim for treatment of multidrug-resistant microorganisms and evaluation of the cleavage capacity of plasmid DNA.
Can. |. Microbiol. 2021, 67, 599-612. [CrossRef] [PubMed]


http://doi.org/10.1007/s00280-017-3329-2
http://doi.org/10.3390/ijms23169247
http://www.ncbi.nlm.nih.gov/pubmed/36012510
http://doi.org/10.1158/2159-8290.CD-21-0212
http://www.ncbi.nlm.nih.gov/pubmed/34983746
http://doi.org/10.1097/CAD.0000000000001067
http://doi.org/10.1038/nrc1074
http://doi.org/10.1016/S1470-2045(11)70142-5
http://doi.org/10.3121/cmr.2021.1573
http://doi.org/10.1517/14740338.2010.511610
http://www.ncbi.nlm.nih.gov/pubmed/20722491
http://doi.org/10.1200/JCO.2006.06.8429
http://doi.org/10.1007/s00280-014-2659-6
http://doi.org/10.3389/fonc.2020.00492
http://doi.org/10.1007/s13277-014-2543-3
http://www.ncbi.nlm.nih.gov/pubmed/25260882
http://doi.org/10.1016/j.cmet.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29249690
http://doi.org/10.1016/S0924-977X(02)00051-2
http://doi.org/10.2147/PPA.S22495
http://www.ncbi.nlm.nih.gov/pubmed/23271894
http://doi.org/10.3390/cancers12051184
http://doi.org/10.1016/j.drugalcdep.2020.108495
http://doi.org/10.1002/ijc.33307
http://doi.org/10.3892/ol.2017.7687
http://doi.org/10.1111/jcmm.13372
http://doi.org/10.1097/PEC.0b013e3182a314b7
http://doi.org/10.1139/cjm-2020-0546
http://www.ncbi.nlm.nih.gov/pubmed/33481681

Int. . Mol. Sci. 2022, 23, 16179 13 0f 13

45.

46.

47.

48.

49.

50.

51.

Kim, N.H.; Kim, S.N.; Oh, J.S,; Lee, S.; Kim, Y.K. Anti-mitotic potential of 7-diethylamino-3(2’-benzoxazolyl)-coumarin in 5-
fluorouracil-resistant human gastric cancer cell line SNU620/5-FU. Biochem. Biophys. Res. Commun. 2012, 418, 616-621. [CrossRef]
[PubMed]

Enatescu, V.R,; Papava, I; Enatescu, I.; Antonescu, M.; Anghel, A.; Seclaman, E.; Sirbu, 1.O.; Marian, C. Circulating plasma micro
RNAs in patients with major depressive disorder treated with antidepressants: A pilot study. Psychiatry Investig. 2016, 13, 549-557.
[CrossRef] [PubMed]

Shoaib, M.; Giacopuzzi, E.; Pain, O.; Fabbri, C.; Magri, C.; Minelli, A.; Lewis, C.M.; Gennarelli, M. Investigating an in silico
approach for prioritizing antidepressant drug prescription based on drug-induced expression profiles and predicted gene
expression. Pharm. J. 2021, 21, 85-93. [CrossRef]

Hue, ]J.J.; Graor, H.; Zarei, M.; Katayama, E.S.; Ji, K.; Hajihassani, O.; Loftus, A.W.; Vaziri-Gohar, A.; Winter, ].M. IDO1 is a
therapeutic target for pancreatic cancer-associated depression. Mol. Cancer Ther. 2022, 21, 1810-1822. [CrossRef]

Blondy, S.; David, V. 5-Fluorouracil resistance mechanisms in colorectal cancer: From classical pathways to promising processes.
Cancer Sci. 2020, 111, 3142-3154. [CrossRef]

Fatehullah, A.; Terakado, Y.; Sagiraju, S.; Tan, T.L.; Sheng, T.; Tan, S.H.; Murakami, K.; Swathi, Y.; Ang, N.; Rajarethinam, R. A
tumour-resident Lgr5(+) stem-cell-like pool drives the establishment and progression of advanced gastric cancers. Nat. Cell. Biol.
2021, 23, 1299-1313. [CrossRef]

Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharmacol. Rev. 2006, 58, 621-681. [CrossRef]


http://doi.org/10.1016/j.bbrc.2012.01.049
http://www.ncbi.nlm.nih.gov/pubmed/22301191
http://doi.org/10.4306/pi.2016.13.5.549
http://www.ncbi.nlm.nih.gov/pubmed/27757134
http://doi.org/10.1038/s41397-020-00186-5
http://doi.org/10.1158/1535-7163.MCT-22-0055
http://doi.org/10.1111/cas.14532
http://doi.org/10.1038/s41556-021-00793-9
http://doi.org/10.1124/pr.58.3.10

	Introduction 
	Results 
	Effects of Escitalopram Oxalate and 5-FU on SNU-1 Cell Viability 
	Synergistic Effects of Escitalopram Oxalate + 5-FU on SNU-1 Cell Viability 
	Effects of Escitalopram Oxalate + 5-FU on SNU-1 Cell Apoptosis 
	Effects of Escitalopram Oxalate + 5-FU on the Growth of Xenograft SNU-1 Cell Tumors in Nude Mice 

	Discussion 
	Materials and Methods 
	Chemicals 
	Cell Viability Assay 
	Evaluation of Combination Index 
	Detection of Sub-G1 Portion 
	Detection of Apoptosis 
	Detection of ROS Level 
	Immunoblotting 
	Mouse Xenograft Model 
	Terminal Deoxynucleotidyl Transferase (TdT) Mediated Nick end Labeling (TUNEL) Staining 
	Statistical Analysis 

	Conclusions 
	References

