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Abstract. Pancreatic cancer cells (PCCs) are surrounded by 
an abundant stroma, which is produced by pancreatic stel-
late cells (PSCs). PSCs promote tumor cell proliferation and 
invasion. The objective of the current study was to identify 
compounds that suppress PSC activation. Gene expression 
profiles of cancer‑derived fibroblasts and normal fibroblasts 
were used, and the pathway analysis suggested altered path-
ways that were chosen for validation. It was found that the 
‘neuroactive ligand-receptor interaction’ pathway from the 
Kyoto Encyclopedia of Genes and Genomes pathway analysis 
was one of the altered pathways. Several compounds related 
with this pathway were chosen, and changes in PSC activity 
were investigated using fluorescence staining of lipid droplets, 
reverse transcription-quantitative PCR, western blotting, 
and invasion and migration assays. Among these candidates, 
duloxetine, a serotonin-noradrenaline reuptake inhibitor, was 
found to suppress PSC activation and disrupt tumor-stromal 
interaction. Thus, duloxetine may be a potential drug for 
suppressing PSC activation and pancreatic cancer growth.

Introduction

Pancreatic cancer is one of the most lethal cancers, with a 
5-year survival rate of <9%. While its incidence is increasing, 
its mortality rate has remained unchanged (1). Patient response 
to existing therapy is limited (2). Therefore, to overcome these 
issues, there is an increasing and urgent need to discover new 
treatment options.

In clinical practice, the traditional drug discovery process 
is expensive and takes over a decade (3). Thus, repositioning 
clinically evaluated drugs can be a strategy for the rapid 
detection and application of new alternative therapeutic 
approaches (4).

Pancreatic stellate cells (PSCs) are myofibroblast-like 
cells and are located in the pancreatic stroma (5). PSCs have 
the ability to produce components of the extracellular matrix 
(ECM) and make the stroma stiff. During pancreatic damage 
due to inflammation and metabolic stress, PSCs are activated 
by growth factors/cytokines released from neighboring 
cells (6). Activated PSCs support the proliferation of cancer 
cells, as shown by some studies assessing the relationship 
between cancer cells and PSCs (7). Therefore, inactivating 
PSCs could potentially be a novel approach for pancreatic 
cancer treatment.

The aim of this study was to determine a promising 
compound for inactivating PSCs. To achieve this, gene 
expression profiles of cancer‑associated fibroblasts (CAF) and 
normal fibroblasts were analyzed, and neuroactive ligand-
receptor interaction pathway related to the cancer-associated 
PSCs was identified. We focused on duloxetine, a serotonin‑
noradrenaline reuptake inhibitor, as a potential compound for 
suppressing the activity of PSCs.

Materials and methods

Cells and culture conditions. SUIT-2 [Japan Health Science 
Research Resources Bank (JCRB), Osaka, Japan] was 
purchased and maintained in Dulbecco's modified Eagle's 
medium (DMEM) (Sigma-Aldrich Co.), supplemented with 
10% fetal bovine serum (FBS). Human PSCs were generated 
in our laboratory from two fresh surgical specimens of pancre-
atic ductal adenocarcinoma (PDAC), using the outgrowth 
method (8), and were maintained in DMEM with 10% FBS. 
Human Pancreatic Stellate Cells (HPaSteC cells, cat. no. 3830; 
ScienCell Research Laboratories) were maintained in Stellate 
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Cell Medium (cat. no. 5301; ScienCell Research Laboratories), 
according to the manufacturer's instructions. All cells were 
free of mycoplasma contamination. The cells were authen-
ticated using short tandem repeat (STR) profiling. Cells at 
passages 3-8 were used for assays.

Human PDAC organoid were established as described 
previously (9,10). A PDAC sample from a 75-year-old male 
who underwent pancreatoduodenectomy in 2015 at Kyushu 
University was collected. Surgical specimens of PDAC were 
minced and digested with a Tumor Dissociation Kit (human, 
cat. no. 130-095-929; Miltenyi Biotec). Then, the tissue 
was embedded in growth factor‑reduced (GFR) Matrigel 
(cat. no. 356231; BD Bioscience) and cultured in a human 
complete medium at 37˚C for 14 days. The human complete 
medium used was Advanced DMEM/F12 (cat. no. 12634‑010; 
Invitrogen), supplemented with 1M HEPES (Invitrogen), 
GlutaMax (cat. no. 35050-061; Invitrogen), penicillin/strepto-
mycin (cat. no. 15140122; Invitrogen), B27 (cat. no. 17504044; 
Invitrogen), N-acetyl-L-cysteine (cat. no. A9165; Sigma-Aldrich 
Co.), Wnt-3a (cat. no. 5036-WN-010; R&D Systems), 
R-Spondin 1 (cat. no. 120-38; Peprotech), Noggin (cat. no. 120-10C; 
Invitrogen), epidermal growth factor (EGF, cat. no. AF‑100‑15; 
Peprotech), fibroblast growth factor (FGF, cat. no. 100‑26; 
Peprotech), Nicotinamide (cat. no. N0636; Sigma-Aldrich Co.), 
Y-27263 (cat. no. Y0503; Sigma-Aldrich Co.), and A83-01 
(cat. no. 2939/10; R&D Systems). Organoid area measurements 
were performed using KEYENCE BZ-X analyzer.

Identification of differentially expressed genes from public 
microarray data. Public gene expression profiles for 
GSE53524 were obtained from Gene Expression Omnibus 
(GEO, http://www.ncbi.nlm.nih.gov/geo). Data was analyzed, 
and a set of genes differentially expressed in CAFs and normal 
fibroblasts were identified. P‑values <0.05 for microarray data 
were selected. Pathway enrichment analysis of targets was 
performed using the DAVID v6.8 (https://david.ncifcrf.gov/). 
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was performed for identified 
up- and down-regulated genes. P<0.05 was considered to 
indicate statistical significance.

Drugs. Duloxetine hydrochloride (cat. no. 040-34071, Wako 
Pure Chemicals) was dissolved in dimethyl sulfoxide (DMSO) 
at a final concentration of 10 mM and stored at ‑20˚C. 
Paroxetine hydrochloride (cat. no. 168-24431, Wako Pure 
Chemicals), desloratadine (cat. no. D3787, TCI Chemicals), 
promethazine, amitriptyline hydrochloride (cat. no. 013-12882, 
Wako Pure Chemicals), and chlorpromazine hydrochloride 
(cat. no. 033-10581, Wako Pure Chemicals) were dissolved in 
DMSO at a concentration of 10 mM and stored at ‑20˚C.

Lipid accumulation assay. BODIPY® staining was used for 
fixed cells as described previously (11). PSCs were seeded 
on glass‑bottomed multi‑well plates (P06G‑1.5‑14‑F, MatTek 
Corporation) at 1x105 cells/well. After 24 h of incubation, the 
medium was aspirated and fresh DMEM containing 10% FBS 
was added. For the drug treatment group, each drug was 
dissolved in the same DMEM at a concentration of 10 µM. We 
have previously reported that chloroquine inhibits PSC activa-
tion (11). We conducted a drug screening for PSCs to select other 

candidate drugs that inhibit PSC activation (12). Chloroquine 
had been shown to inhibit PSC activity at a concentration of 
10 µM, and since this concentration was used as the standard 
for our previous screening, we used this concentration as well. 
After 48 h of incubation, cells were washed with PBS and 
fixed with 4% paraformaldehyde phosphate buffer solution 
and stained with 1 mg/ml 4,4‑Difluoro‑1,3,5,7,8‑Pentamethyl‑
4-Bora-3a,4a-Diaza-s-Indacene (BODIPY® 493/503, 
cat. no. D-3922; Life Technologies) and Hoechst 33342 solu-
tion (1 mg/ml, cat. no. H342; Dojindo) for 30 min in the dark 
and at room temperature. Cells were washed with phosphate-
buffered saline, and images were captured using a fluorescent 
microscope.

For live cells, lipid accumulation was stained by Lipidye® 
according to the manufacturer's instructions. Cells were seeded in 
glass-bottomed multi-well plates at a density of 1x105 cells/well. 
After 24 h of incubation, the medium was aspirated, and a fresh 
medium with the indicated concentrations of drugs or DMSO 
was added. After culturing for each period, cells were stained 
with 1 mg/ml 1,3-Diphenyl-2-[4-(N,N-diphenylamino)phenyl] 
benzo[b] phosphole-P-oxide (Lipidye®, 405/520) and 1 mg/ml 
Hoechst 33342 for 2 h in the dark at 37˚C. Images were captured 
using a fluorescence microscope.

Cell viability assay. Cell Titer-Glo Luminescent Cell 
Viability Assay (Promega Corp.) was used for assaying. 
PSCs (1x103 cells/well) were seeded in 96-well polystyrene 
cell culture microplates (cat. no. 655083, Greiner Bio-One 
International) and incubated at 37˚C in a humidified atmo-
sphere with 10% CO2. After 24 h, the medium was aspirated 
and fresh DMEM containing 10% FBS and the candidate drugs 
at each concentration were added. Fluorescence was measured 
after 48 h. The emission value was measured as a control using 
a microplate reader (Infinite F200; Tecan), according to the 
manufacturer's instructions. Cell viability was evaluated as the 
ratio to the control.

Reverse transcription-quantitative polymerase chain reaction. 
For duloxetine treatment, we used the concentration of 10 µM. 
Total RNA was extracted from PSCs using a High Pure RNA 
Isolation kit (cat. no. 11828665001, Roche), according to the 
manufacturer's instructions. Reverse transcription-quantita-
tive polymerase chain reaction (RT-qPCR) was performed 
using STBR Green RT-PCR kit (cat. no. 170-8892; Bio-Rad 
Laboratories) and the CFX96 Real‑Time PCR System 
(Bio-Rad Laboratories). Primers were purchased from Takara 
(Shiga, Japan). The primer sequences are listed in Table SI. 
The reactions were incubated at 50˚C for 10 min, 95˚C for 
1 min, 95˚C for 10 sec, 60˚C for 30 sec for 39 cycles, 60˚C 
for 5 sec, and 95˚C for 5 sec. The quantity of messenger RNA 
(mRNA) was calculated using the 2-ΔΔCq method (13). mRNA 
expression was normalized using glyceraldehyde-3-phosphate 
dehydrogenase.

Western blotting. Cells were incubated for 48 h with each 
concentration of duloxetine (0, 1, 5 and 10 µM). Proteins 
were extracted using PRO-PREP Protein Extraction Solution 
(cat. no. 17081, iNtRON Biotechnology), according to the 
manufacturer's instructions. The protein concentration 
was measured using a NanoDrop 1000 Spectrophotometer 
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(version 3.8.1; Thermo Fisher Scientific). After 48 h of incu-
bation, cells were washed, and the medium was changed 
to DMEM with 0% FBS and was cultured overnight. 
Culture supernatants were collected in a centrifuge tube 
(cat. no. UFC900324, AmiconUltra; Merck Millipore) and 
centrifuged at 7,500 rpm for 30 min. Halt protease and phos-
phatase inhibitors (cat. no. 78442; Thermo Fisher Scientific) 
were added at a 1:1,000 dilution into the concentrated super-
natants. Collected proteins (20 µg per lane from whole cell 
lysate) were fractionated on 4-15% Mini-PROTEAN TGX 
Precast Gels (cat. no. 456-1084; Bio-Rad Laboratories) and 
transferred to Trans‑Blot Turbo Mini PVDF Transfer Packs 
(cat. no. 170-4156, Bio-Rad Laboratories) using a Trans-Blot 
Turbo Transfer Starter System (Bio-Rad Laboratories). 
The membrane was incubated at 4˚C overnight with 
anti-Akt (Rabbit mAb, 1:1,000, cat. no. 4691; Cell Signaling 
Technology), anti-pAkt (Rabbit mAb, 1:1,000, cat. no. 4060; 
Cell Signaling Technology), anti-αSMA (Mouse mAb, 
1:2,000, cat. no. M0851; Dako), anti-αtubulin (Rabbit pAb, 
1:2,000, cat. no.  bs-50500R; Bioss), anti-Erk (Rabbit mAb, 
1:1,000, cat. no. 4695; Cell Signaling Technology), anti-pErk 
(Rabbit mAb, 1:1,000, cat. no. 4370S; Cell Signaling Technology), 
anti‑fibronectin (Rabbit pAb, 1:1,000, cat. no. ab2413; Abcam), 
anti-COL1A1 (Rabbit pAb, 1:1,000, cat. no. 84336S; Cell 
Signaling Technology), anti-IL-6 (Mouse mAb, 1:1,000, 
ab9324; Abcam), anti-periostin (POSTN; Rabbit pAb, 1:1,000, 
cat. no. ab14041; Abcam), anti-PP2A (Rabbit mAb, 1:1,000, 
cat. no. ab32104; Abcam) or mouse anti-β-actin (Mouse mAb, 
1:10,000, cat. no. 81178; Santa Cruz Biotechnology) antibodies. 
Membranes were then probed with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology). 
Immunoblots were detected by enhanced chemiluminescence 
using the ChemiDoc XRS System (Bio-Rad Laboratories) 
and were analyzed using Quantity One Software (Bio-Rad 
Laboratories). Each experiment was repeated three times.

Matrigel invasion and migration assays. Cell invasion and 
migration were measured by counting the number of cells 
through Transwell chambers with 8-µm pores (cat. no. 353097; 
BD Biosciences). For invasion assays, Transwell inserts were 
coated with 20 µg/well Matrigel (cat. no. 354234; Corning). 
After confirming the half‑maximal inhibitory concentration 
for PSCs, we used 10 µM for invasion and migration assay, 
because this concentration did not exceed the IC50 for PSCs. 
The procedure involved: a) control of DMEM with 10% FBS, 
b) supernatant collected from PSC, c) DMEM with 10% FBS 
containing duloxetine at 10 µM, and d) supernatant collected 
from PSC cultured with 10 µM duloxetine added in the 24-well 
culture plate (cat. no. 353504; Corning). SUIT-2 cells (4x104) 
in 250 µl DMEM containing 2% FBS were seeded in the upper 
chamber and placed in a 24-well culture plate. After 48 h of 
incubation for invasion assays or 24 h for migration assays, 
upper chambers were fixed with 70% ethanol. Cells were 
washed, stained with hematoxylin and eosin, and counted in 
five random fields at x100 magnification using a BZ‑X Analyzer 
(Keyence). Samples were evaluated in a blinded manner. The 
experiments were repeated three times.

Statistical analysis. All values are expressed as mean ± stan-
dard deviation (SD). For comparison between two groups 

only, data was analyzed with an unpaired two-tailed t-test. 
For comparison of multiple groups, comparisons were 
conducted using ANOVA, followed by Tukey‑Kramer method. 
A P-value <0.05 was considered to indicate a statistically 
significant difference.. Experiments were repeated at least 
three times. All statistical analyses were performed using 
GraphPad Prism 8.

Results

Gene expression profiles of cancer-associated PSCs. To 
identify the potential therapeutic targets of cancer-associated 
PSCs, we examined the gene expression profiles from public 
microarray data obtained from murine pancreatic CAFs and 
normal fibroblasts (GSE53524) (14). To identify the genes asso-
ciated with CAFs in comparison to normal fibroblasts, probe 
sets with a P-value <0.05 for microarray data were selected. 
We found that many up-regulated genes were associated with 
several pathways of the KEGG pathway enrichment analysis 
(Fig. 1A). The hippo‑signaling pathway and calcium‑signaling 
pathway are reported potential target pathways in PSC activa-
tion (15,16). On the other hand, neuroactive ligand-receptor 
signaling in PSCs has not been studied. Therefore, we focused 
on this pathway.

To select candidate compounds, we referred to previous 
studies and focused on the gene targets in this pathway and 
selected compounds related to the pathway (17). In addi-
tion, we previously demonstrated high-throughput drug 
screening for detecting compounds that suppress the activity 
of PSCs (12). The result from this screening showed that 
these six compounds were included as candidate drugs for 
inactivating PSC function. Therefore, we selected these 
six compounds and confirmed their role in PSC inactivation. 
The following drugs were selected and evaluated: dulox-
etine, a 5-hydroxytryptamine and noradrenaline reuptake 
inhibitor; paroxetine, a selective serotonin (5-HT) reuptake 
inhibitor; desloratadine and promethazine, first-generation 
antihistamines; amitriptyline, a tricyclic antidepressant; and 
chlorpromazine, a dopamine receptor antagonist. These 
compounds are G-protein coupled receptor (GPCR) inhibitors, 
and they showed an affinity to GPCR (Table SII). Next, to 
assess the effect of these candidates on the PSC state, lipid 
droplet accumulation assaying for detecting quiescent PSCs 
was performed, as previously reported (11). Lipid accumula-
tion in the cytoplasm was observed following treatment with 
five out of six compounds, and duloxetine showed the highest 
accumulation of lipid droplets (Fig. 1B). Therefore, duloxetine 
(Fig. 1C) was selected as a potential compound for suppressing 
the activity of PSCs.

Duloxetine suppressed the activity of PSCs. These results 
led us to further investigate the effects of duloxetine on PSC 
activation. First, we investigated the half‑maximal inhibitory 
concentration of duloxetine for patient-derived PSCs and 
HPaSteC cells (hPSC). These concentrations ranged from 
19.2 to 25.2 µM (Fig. 2A). Next, we investigated whether 
duloxetine suppresses the PSC activity, according to the 
previous report (6,11). The quiescent state is a reversible 
state (18). Therefore, we used live cells and demonstrated the 
changes of lipid droplets in the cytoplasm between duloxetine 
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treatments. To determine the changes in lipid droplets in live 
PSCs, Lipidye® staining was used for immunofluorescent 
staining (19). Lipid accumulation was observed with dulox-
etine treatment. Further, after washout and replacement of the 
drug-free medium, the intracellular lipid droplets disappeared 
(Fig. 2B). Next, we determined the expression of the PSC acti-
vation markers, alpha-smooth muscle actin (αSMA), and ECM 
proteins (collagen I, fibronectin and POSTN) by RT‑qPCR 
and western blotting of whole-cell lysates. Duloxetine reduced 
the protein and mRNA expression of these markers in PSCs 

(Fig. 2C and D), suggesting that duloxetine suppressed the 
activity of PSCs. This effect was reversible, suggesting that 
duloxetine induced PSC quiescence.

Duloxetine suppressed the proliferation of patient-derived 
organoids. Next, to determine the effects of duloxetine on 
cancer cell growth, we used a PCC 2D culture and prolif-
eration of human PCC cell line was directly attenuated by 
duloxetine treatment (Fig. 3A). It has been widely suggested 
that organoid models can epitomize in vivo-like growth and 

Figure 1. Discovery of a potential pathway for the identification of novel compounds for pancreatic stellate cells via pathway analysis. (A) Kyoto Encyclopedia 
of Genes and Genomes pathway analysis of cancer‑associated fibroblasts vs. normal fibroblasts from the public database. The top 10 altered pathways are 
ranked according to their P‑values. (B) Lipid accumulation was calculated as the resultant fluorescence intensity after treatment with drugs (10 µM each) 
related to the ‘neuroactive ligand-receptor interaction’ pathway. The control group was treated with 0.025% dimethyl sulfoxide. (C) Structure of duloxetine. 
*P<0.05, ***P<0.001, ****P<0.0001 vs. control group.  
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Figure 2. Duloxetine induces PSCs into a quiescent state. (A) Cell viability of PSCs in vitro. Each IC50 value is presented in the graph. (B) Representative 
photomicrographs of LipiDye staining of PSCs taken 0, 24 and 48 h after duloxetine treatment. DAPI was used for nuclear staining. After 48 h, the medium was 
washed off, fresh Dulbecco's modified Eagle's medium with 10% FBS was added, and the culture was continued. Magnifications, x200 (upper panels) and x400 
(lower panels). Scale bar, 100 µm. (C) mRNA expression levels of αSMA and ECM proteins in PSCs. mRNA expression levels were normalized to GAPDH 
expression and are presented as the fold-change in gene expression relative to control PSCs. (D) Western blotting of αSMA and ECM proteins from whole cell 
lysate of PSCs. Values indicate densitometric ratios normalized to α-tubulin. **P<0.01, ***P<0.001, ****P<0.0001 vs. control group. PSCs, pancreatic stellate 
cells; αSMA, α-smooth muscle actin; ACTA2, actin α2 smooth muscle; ECM, extracellular matrix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
hPSC, human pancreatic stellate cells; COL1A1, α-1 type-1 collagen; POSTN, periostin. 
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differentiation of tissues as compared to 2D cultures (20). 
We found that duloxetine suppressed organoid formation and 
growth in organoids developed from the human surgical speci-
mens (Fig. 3B), suggesting that duloxetine inhibits the growth 
of tumor organoids.

Duloxetine suppressed tumor-stromal interaction. Previous 
data showed that activated PSCs affect pancreatic cancer cell 
invasion and migration (21). To confirm whether duloxetine 

suppresses tumor-stromal interaction between pancreatic 
cancer cells (PCCs) and PSCs, an invasion and migration assay 
was performed. Compared to the control group, duloxetine 
itself did not attenuate PCC invasion and migration (Fig. 4A). 
Consistent with previous reports, co-culture with PSC super-
natant stimulated PCC invasion and migration. However, this 
enhancement effect was abolished by co-culturing with a 
duloxetine‑treated PSC supernatant (Fig. 4A and B), supporting 
the hypothesis that duloxetine suppresses the activity of PSCs 
and production of growth factors and cytokines that promote 
tumor-stromal interaction.

To further confirm the mechanism of duloxetine action, we 
used western blotting to determine the major secreted proteins 
and cytokines that attenuate tumor-stromal interaction from 
the PSC supernatant and whole cell lysates. Growth factors and 
pro‑inflammatory cytokines released from adjacent cells cause 
PSC activation (22). Activated PSCs maintain their activated 
state by autocrine stimulation of cytokines, leading to prolif-
eration, migration, and overproduction of the ECM (23). The 
duloxetine-treated PSC supernatant had fewer ECM protein 
amounts than those in the control (Fig. 4C). mRNA expression 
of connective tissue growth factor (CTGF), hepatocyte growth 
factor (HGF), interleukin‑1β (IL-1β), and interleukin-6 (IL-6) 
in PSCs decreased significantly with duloxetine treatment 
(Fig. 4D). These findings suggested that duloxetine suppressed 
PSC activation and reduced the quantity of the proteins and 
mRNA expression that contribute to stromal stiffness and 
tumor-stromal interactions.

Duloxetine suppressed the activation of Akt-ERK pathway via 
PP2A activation. Protein phosphatase 2A (PP2A) is known as 
a tumor suppressor and is involved in the regulation of many 
cellular functions, including extracellular signal-regulated 
kinase (ERK) signaling (24). A previous study revealed that 
PP2A contributes to cellular quiescence (24,25). To confirm 
that duloxetine affects PP2A and suppresses PSC activation, 
the protein expression was confirmed. In the western blot anal-
ysis, the PP2A expression level was increased by duloxetine 
treatment (Fig. 4E). Also, duloxetine treatment decreased in 
Akt and ERK phosphorylation (Fig. 4E). These data suggested 
that duloxetine reversed PP2A activation, which led PSCs into 
a quiescent state.

Discussion

In this study, the pathway analysis using a public microarray 
data of CAFs showed aberration hubs in the ‘neuroactive 
ligand-receptor interaction’ pathway. This led to the identi-
fication of a promising compound, duloxetine. Duloxetine 
suppressed PSC activation and disrupted tumor-stromal inter-
action. Together, these experiments elucidated the potential 
role of duloxetine as an alternative drug for pancreatic cancer 
treatment.

From the microarray analysis, other pathways identified 
in the top 10 list were previously reported as targets of cell 
proliferation and adhesion. We focused on the neuroac-
tive ligand-receptor interaction pathway because it is the 
only pathway whose relationship with PSC activation has 
not been reported. Lipid accumulation was detected in 
cells treated with all compounds related to this pathway; 

Figure 3. Duloxetine suppresses pancreatic cancer cell line and organoid 
growth. (A) Proliferation assay for SUIT-2 cells in vitro. (B) Representative 
photomicrograph of an organoid derived from a human surgical specimen. 
Each organoid was treated with duloxetine at various concentrations 
(10, 15 and 20 µM). Graph shows the quantification of grown organoids in five 
random fields at x100 magnification. Scale bar, 100 µm. *P<0.05, ****P<0.0001 
vs. 0 µM group. 
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Figure 4. Duloxetine suppresses tumor‑stromal interactions by attenuating secretomes from PSCs. (A) Representative photomicrographs of invading and 
migrating SUIT‑2 cells in monoculture and indirect coculture with drugs or supernatants following hematoxylin and eosin staining. Magnification, x100. Scale 
bar, 100 µm. (B) Graphs show the number of invading and migrating SUIT-2 cells. (C) Western blotting of extracellular matrix proteins in PSC supernatant 
and drug-treated PSC supernatant. (D) Relative mRNA expression of growth factors and cytokines associated with tumor-stromal interactions in PSCs treated 
with duloxetine. The expression levels of each gene were normalized to GAPDH. (E) Western blotting of PP2A and related proteins in whole cell lysates of 
PSCs treated with duloxetine at various concentrations (1, 5 and 10 µM). Values indicate densitometric ratios normalized to α-tubulin. *P<0.05, **P<0.01, 
****P<0.0001 vs. control group. PSCs, pancreatic stellate cells; PSN-SN, PSC supernatant; Dulo-SN, supernatant from PSCs treated with duloxetine; PP2A, 
protein phosphatase 2A; COL1A1, α‑1 type‑1 collagen; POSTN, periostin; CTGF, connective tissue growth factor; HGF, hepatocyte growth factor; IL‑1β, 
interleukin-1β; IL-6, interleukin-6; p, phosphorylated. 
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therefore, we selected duloxetine, which showed the highest 
lipid accumulation. Most of the drugs' targets related to this 
pathway are G protein-coupled receptors (GPCRs). GPCRs 
are located on the cell surface and are related to tumor cell 
proliferation and invasion in various types of tumors (26,27). 
More than 30% of approved drugs exert their therapeutic 
effects by acting on GPCRs (28). Therefore, they are recog-
nized as potential targets of anti-cancer drugs (29). There are 
some reports that show the relationship between PSC activa-
tion and GPCRs. Cortes et al observed that G protein-coupled 
estrogen receptor, a GPER, is a mechanosensor of PSCs 
and can remodel stromal tissue, thereby preventing tissue 
stiffness (30). Other research indicated that GPR68, a 
proton‑sensing GPCR, was expressed in CAFs and acted as 
a mediator of the tumor microenvironment (31). These prior 
studies support targeting one of the GPCRs as a promising 
approach for suppressing PSC activation. However, this study 
did not clarify whether the suppression of activation is medi-
ated by GPCRs and what structural differences exist in the 
GPCRs that exert therapeutic effects. Given that GPCRs are 
widely expressed across tissues and their role is mediated 
through various signaling pathways (32), further experiments 
are required to elucidate the mechanism of GPCR in PSC 
function.

The PSC supernatant enhanced the invasion and migration 
of PCCs as previously reported. These findings are due to 
enhanced tumor-stromal interactions (22). PCC invasion and 
migration were interrupted to a further extent by co-culturing 
with the supernatant from duloxetine-treated PSCs and not 
with duloxetine itself. This suggested that cytokines or proteins 
secreted by PSCs were suppressed by duloxetine. During 
activation, PSCs receive various stimuli from adjacent cells, 
and activated PSCs are potent to secrete inflammatory cyto-
kines and ECM proteins (33). We calculated ECM proteins 
and cytokines secreted by activated PSCs and observed that 
these secretions were decreased by duloxetine. Together, we 
concluded that duloxetine not only has a toxic effect on PSCs, 
but can induce inactive PSC.

Treatment strategies for reshaping the tumor stroma have 
been widely discussed and investigated in the past decades. In 
clinical settings, expression of pro-tumorigenic markers and 
ECM components is correlated with a worse prognosis (34). In 
this study, PSCs treated with duloxetine produced less ECM 
components, including collagen and POSTN that constitute 
the tumor-supportive microenvironment (35). Therefore, 
converting pro-tumor PSCs into tumor-suppressing cells 
may be an ideal approach for treating pancreatic tumors. It 
has also been revealed that different fibroblast subtypes have 
different roles in tumorigenesis and treatment response (36). 
In our study, PSCs derived from different patient specimens 
showed different responses to duloxetine. However, we 
performed experiments with a limited number of PSCs and 
organoids from one PDAC patient sample. Further study 
is needed to investigate the response based on the clinical 
feature and changes in specific fibroblast subtype with 
duloxetine treatment.

The relationship between antidepressants and cancer has 
been discussed for over a decade. There is no strong evidence of 
a relationship between them; however, the relationship between 
antidepressants and carcinogenesis of colorectal cancer has 

been reported (37). Other cancers showed a tumor-suppressive 
effect by exhibiting antidepressant-like properties in a mouse 
experiment (38,39). Duloxetine has already been used in 
patients with chronic pains or painful chemotherapy-induced 
peripheral neuropathy (40,41); therefore, it is well-tolerated for 
clinical use. Kajiwara et al recently demonstrated that dulox-
etine treatment improved cancer-associated pain in a PDAC 
mouse model (42). They stated that duloxetine inhibited the 
proliferation of PCCs and CAFs, which was consistent with our 
report. Based on our results, duloxetine is a potential drug for 
reducing the adverse effects of chemotherapy and enhancing 
the effect of chemotherapy by targeting stromal remodeling.
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