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Indometacin inhibits the proliferation and activation
of human pancreatic stellate cells through
the downregulation of COX-2

LIANKANG SUN', KE CHEN!, ZHENGDONG JIANG', XIN CHEN!, JIGUANG MA?Z,
QINGYONG MA' and WANXING DUAN!

Departments of lHepatobiliary Surgery and 2Anesthesiology, First Affiliated Hospital,
Xi'an Jiaotong University, Xi'an 710061, P.R. China

Received August 13, 2017; Accepted February 6, 2018

DOI: 10.3892/0r.2018.6321

Abstract. Increasing evidence indicates that pancreatic stel-
late cells (PSCs) are responsible for the stromal reaction in
pancreatic ductal adenocarcinoma (PDAC). The interaction
between activated PSCs and PDAC cells and the resultant
stromal reaction facilitate cancer progression. Previous find-
ings suggested that cyclooxygenase-2 (COX-2) may have a
profound role in regulating the proliferation and activation
of PSCs in response to pancreatic cancer. Indometacin, a
well-known anti-inflammatory drug and a non-selective
inhibitor of COX-2, has been shown to exert anticancer effects
in various types of cancer, including PDAC. However, whether
indometacin affects PSC activation remains unclear. Using
RT-gPCR and western blot analysis, we determined that COX-2
expression was elevated in tandem with the activation of PSCs.
Treatment with indometacin suppressed the viability and the
migration ability of PSCs in a dose-dependent manner. In
addition, the immunoblotting and immunofluorescence results
showed that a-SMA expression was markedly decreased by
indometacin. A further study indicated that COX-2 expres-
sion was decreased in PSCs after indometacin intervention.
In conclusion, these data indicate that indometacin serves as
an effective drug against PSC activation via the targeting of
COX-2.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal
malignancy whose overall five-year survival rate remains at
less than 7%, and PDAC remains the fourth highest cause
of cancer-related mortality worldwide (1). One of the most
conspicuous histopathologic features of PDAC is a highly
desmoplastic reaction, which is characterized by activated
pancreatic stellate cells (PSCs) and a major accumulation of
extracellular matrix (ECM) (2,3). Accumulating evidence
indicates that the desmoplastic stroma enhances stiffness,
hyaluronic acid content and intratumoral hydrostatic pres-
sures, and produces solid-stress pressure derived from solid
tissue components, which may result in the compression of
tumor vessels, thus causing heterogeneous tumor perfusion
in pancreatic cancer (4,5). Consequently, this desmoplastic
stroma is believed to contribute to hypoxia and to hinder the
effective intratumoral drug delivery and therapeutic efficacy,
leading to poorer treatment outcomes (6).

PSCs are nestin-positive and lipid-storing cells in the
pancreas that have been shown to have a profound role in normal
ECM turnover (7,8). In healthy states, non-activated PSCs
contain abundant cytoplasmic lipid droplets, which are rich in
vitamin A, and produce very low levels of ECM (9). When
stimulated by inflammation or injury of the pancreas, quiescent
PSCs, which contain abundant lipid droplets, trans-differen-
tiate into ‘activated’ myofibroblast-like cells characterized by
an increased expression of a-smooth muscle actin (a-SMA) as
well as by the enhanced synthesis of matrix components, such
as fibronectins and collagens. PSCs are also thought to play a
vital role in the pathobiology of pancreatic cancer. In PDAC, a
reciprocal supportive role between pancreatic cancer cells and
activated PSCs is increasingly being investigated: Pancreatic
cancer cells secrete pro-mitogenic and pro-fibrogenic factors,
including sonic hedgehog (SHH), transforming growth
factor-p (TGF-f), and platelet-derived growth factor (PDGF),
which promote PSC activation (9,10). Reciprocally, activated
PSCs facilitate PDAC progression by providing materials and
energy, thereby creating a favorable microenvironment for
pancreatic cancer cells (11). The above mentioned findings
indicated that PSCs, the predominant fibroblastic cell type in
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the PDAC microenvironment, may be a potential therapeutic
target. However, mechanisms to target PSCs that can reverse
their activation and block their reciprocal role in pancreatic
cancer remain poorly understood. Prostaglandin-endoperoxide
synthase, generally known as cyclooxygenase (COX), is
the rate-limiting enzyme that catalyzes the conversion of
arachidonic acid (AA) to prostaglandin E2, which occurs via
microsomal PGE2 synthases (12). Cyclooxygenase has three
isoforms known as COX-1, COX-2 and COX-3 (a splice variant
of COX-1). Previous studies have proven that COX-2 is highly
expressed in chronic pancreatitis, pancreatic intraepithelial
neoplasia (PanIN) and pancreatic adenocarcinoma (13-18). In
a transgenic mouse model of PDAC, it has been demonstrated
that the inflammation induced by a high-fat diet promotes
the expression of COX-2, elevates the activity of Kras and
leads to the development of fibrosis during the progression
from PanIN to PDAC (19). Immortalized human pancreatic
stellate cells (HPSCs) express COX-2 as well and synthesize
PGE2. Through its EP4 receptor, PGE2 stimulates the prolif-
eration and migration of HPSCs and enhances the synthesis
of ECM and MMP genes (20). Indometacin, a well-known
anti-inflammatory drug and a non-selective inhibitor of
cyclooxygenase-2 (COX-2), has previously been shown to
have anticancer activities against many types of neoplastic
diseases (21-24). The mechanism by which these anticancer
activities occur may be through suppression of cell growth and
induction of apoptosis (16). Our previous findings also showed
that indometacin can reverse the invasion and proliferation
that is induced by high levels of glucose though the regulation
of E-cadherin in pancreatic cancer cells (25). However, despite
the strong correlation between the expression of COX-2 and
pancreatic fibrosis, the mechanism involved in the inhibitory
role of indometacin in COX-2-mediated effects on PSCs
remains unclear.

In the present study, we hypothesized that indometacin, as
an anti-inflammatory drug, can inhibit PSC proliferation and
migration and suppress its activation through the inhibition
of COX-2, thus potentially blocking bidirectional interaction
between PDAC cells and PSCs. To test this hypothesis in the
present study, we used human PSCs obtained and purified from
the surgically resected tumor tissue of patients suffering from
pancreatic cancer, and we determined the effect of indometacin
on the proliferation, migration and activation of human PSCs,
in addition to the underlying mechanism.

Materials and methods

Ethics approval and patient consent. All the experimental
protocols were authorized by the Ethics Committee of the
First Affiliated Hospital of Medical College, Xi'an Jiaotong
University (Xi'an, China). The protocols also complied with
the Declaration of Helsinki. Written informed consent was
obtained from all the study participants. Only adults were
included in this study.

Cell culture and reagents. Human PSCs were separated from
surgically resected tumor tissue using the outgrowth method.
The tumor tissues were collected from the Department of
Hepatobiliary Surgery at the First Affiliated Hospital of
Xi'an Jiaotong University. The isolated PSCs were cultured
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according to methods described in previous studies (26,27)
and grown in F12/DMEM enriched with 10% fetal bovine
serum, penicillin G (100 U/ml), and streptomycin (100 pg/ml)
in a humidified atmosphere of 5% CO, at 37°C. The purity of
the PSCs was estimated by morphology, Oil red O staining of
intracellular fat droplets, and immunofluorescence of a-smooth
muscle actin (Fig. 1). Cell culture media were obtained from
Gibco-BRL (Grand Island, NY, USA). Indometacin, dimethyl
sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) were obtained from
Sigma Chemicals (St. Louis, MO, USA). The stock solu-
tion of indometacin was dissolved in DMSO at 50 g/l. The
antibodies used in this study included anti-COX-2 (Cell
Signaling Technology, Danvers, MA, USA), anti-a-SMA
(Sigma, St. Louis, MO, USA), and anti-B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Cell viability assay. Human PSCs obtained from pancreatic
cancer patients were seeded at 5x10° cells per well into 96-well
plates and treated with indometacin at a concentration gradient
(0, 10, 20, 50, 100 and 200 mg/1) for 48 h. Subsequently, the
MTT assay was applied to assess the cell viability, and the
absorbance of 490 nm by a multiwall microplate reader
(Bio-Rad, Richmond, CA, USA) was used for the assessment.

Transwell-migration assay. Assays were performed to assess
human PSC migration by Transwell chambers (Millipore,
Billerica, MA, USA) in accordance with the protocol described
previously (28). Briefly, human PSCs were serum-starved for
6-8 h, and then indometacin was used to pretreat the cells for
24 h. Subsequently, PSCs (1x10°) were digested, resuspended
in serum-free medium and seeded into an upper chamber of a
Transwell plate. The PSCs were given 24 h to migrate into the
lower chamber containing a 10% serum gradient. After 24 h,
the non-migratory cells on the upper side were scraped using a
cotton swab, and the membrane of the chamber was then fixed
with 4% paraformaldehyde and stained with 0.1% crystal violet.
The number of migrated cells on each membrane in 10 random
fields was counted, imaged and recorded at a magnification of
x100. The values reported here are the averages of triplicate
experiments.

Reverse transcriptase-quantitative PCR (RT-qPCR). After
completion of the specified intervention, total ribonucleic
acid (total RNA) was extracted from these cells using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's protocol. The extracted total RNA was then
reverse-transcribed into cDNA using a PrimeScript RT reagent
kit (Takara Biotechnology, Dalian, China). An iQ5 multicolor
real-time PCR detection system (Bio-Rad, Hercules, CA,
USA) and a SYBR-Green PCR kit (Takara Biotechnology)
were used for qPCR according to the manufacturer's protocols.
The following PCR program was used: Denaturation at 95°C
for 30 sec, followed by 40 cycles consisting of denaturation at
95°C for 5 sec, annealing at 60°C for 30 sec, and extension at
72°C for 30 sec. The specificity of the amplified PCR products
was evaluated by melting curve analysis, and the compara-
tive C(q) method, with GAPDH as the normalization control,
was used to assess the expression level of each target gene,
as previously described (29). The primer sequences used for
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Figure 1. Expression of COX-2 in human pancreatic stellate cells (hPSCs). (A) Western blot analysis verified that the protein expression level of COX-2 was
increased during PSC activation. a-SMA was used as a marker of PSC activation, and f3-actin was used as an internal loading control. (B) Representative
images showing COX-2, a-SMA expression in quiescent/activated PSC by using immunofluorescence and lipid droplets by using Oil red staining. Scale bar,
50 pm; the magnification of Oil red staining is x200 and that of immunofluorescence staining is x400.

RT-gPCR were: For COX-2 sense, 5S"TTCAAATGAGATTGT
GGGAAAATTGCT-3' and antisense, 5'-GTGCATCAACAC
AGGCGCCTCTTC-3"; and for (-actin sense, 5'-ATCGTG
CGTGACATTAAGGAGAAG-3' and antisense, 5'-AGGAAG
GCTGGAAGAGTG-3.

Western blot analysis. Total protein was extracted from 1x10°
PSCs grown under the above experimental conditions using
RIPA lysis buffer (Beyotime, Guangzhou, China). The BCA
protein assay kit (Pierce Biotechnology, Rockford, IL, USA)
was used to test the concentration of the proteins based on
the manufacturer's instructions. The details of the western
blot assay were previously described (30). The expression of
specific proteins was determined using a peroxidase reaction

to visualize the chemiluminescence of immunoreactive bands,
and the images of the bands were recorded by the ChemiDoc
XRS imaging system (Bio-Rad). Quantity One image software
(version 4.6; Bio-Rad) was used for the densitometric analysis
of each band, and (-actin was used as the internal loading
control.

Immunofluorescence microscopy. After a specific intervention
was completed, PSCs were washed with phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 30 min
at room temperature, washed with PBS again, and permeabi-
lized in 0.5% Triton X-100 (diluted in PBS) for 10 min. The
cells on the slides were subsequently blocked with 5% BSA
for 1 h at room temperature, and then incubated with the
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Figure 2. Effects of indometacin on the viability of hPSCs. hPSCs were were
treated with different concentrations (0, 10, 20, 50, 100, and 200 mg/l) of
indomethacin for 48 h, and cell viability was assessed using an MTT assay.
The results show that the viability of hPSCs was impaired by indometacin.
“"P<0.05 compared with the control group. The data shown are representative
of three independent experiments. The mean values and standard deviations
in the graphs are calculated from three experiments with a total of 5 samples
per treatment group.

primary antibody [COX-2 (D5HS5); Cell Signaling Technology,
Danvers, MA, USA, rabbit monoclonal antibody, dilution at
1:100, cat. no. 12282; a-SMA; Sigma, St. Louis, MO, USA;
mouse monoclonal antibody, dilution at 1:200, cat. no. A5228]
at 4°C overnight. Following incubation with the secondary
antibody [Alexa Fluor 488-conjugated goat anti-rabbit IgG
(green), dilution at 1:200; Alexa Fluor 488-conjugated
goat anti-mouse IgG (green), dilution at 1:200; Alexa Fluor
594-conjugated goat anti-mouse IgG (red), dilution at 1:200]
from Jackson Immunoresearch Laboratories (West Grove,
PA, USA) for 1 h at room temperature, the cell nuclei were
stained with 4'-6-diamidino-2-phenylindole (DAPI) and
then sealed on the glass slides. A Zeiss Instruments confocal
microscope (Carl Zeiss Microscopy; LLC, Thornwood,
NY, USA) was used to capture images and record the cells
on the slides using appropriate excitation and emission
spectra at a magnification of x400.

Oil red O staining. Oil red O staining was applied to visualize
intracellular lipid content in PSCs. Briefly, PSCs on the slides
were washed with phosphate-buffered saline (PBS) and fixed
in 4% paraformaldehyde for 1 h at room temperature. After
washing the PSCs with isopropanol, pre-warmed 0.25% oil
red O working solution was used to stain intracellular lipid
content for 15 min in a 60°C oven. After being washed with
PBS twice, the cells were re-stained with hematoxylin for
15 sec and sealed with glycerin on glass slides. Finally, a light
microscope (Nikon Eclipse Ti-S; Nikon Corporation, Tokyo,
Japan) at a magnification of x200 was used to photograph the
cells stained with oil red O.

Statistical analysis. The data shown in this study were
representative of three independent experiments, for each
experiment, at least 3 samples were used in each treatment
group. Data are presented as the means + standard deviation.
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Differences between groups were evaluated using one-way
analysis of variance (ANOVA) and post hoc analysis of signifi-
cant effects was performed using Dunnett's test. P<0.05 was
considered statistically significant.

Results

COX-2 levels are elevated during PSC activation when
cultured in vitro. We extracted protein from PSCs at various
stages (after 0, 1, 3 or 7 days of culture) of activation for
western blot analysis. As shown in Fig. 1A, during the process
of activation of PSCs that were cultured in vitro, the expres-
sion of COX-2 and a-SMA simultaneously increased with the
increasing culture time, while the cytoplasmic lipid droplets
in PSCs were substantially decreased, as determined by oil
red O staining (Fig. 1B). The immunofluorescence staining
in Fig. 1B revealed cytoplasmic staining for COX-2 in cells
that were also aSMA-positive. The fluorescence intensity of
COX-2 and a-SMA in activated PSCs was higher than that in
quiescent PSCs. These results showed that COX-2 levels are
elevated during PSC activation when cultured in vitro.

Indometacin restrains the proliferation of human PSCs. To
explore the effect of indometacin on PSCs, we first investi-
gated the effect of indometacin on the proliferation of these
cells using an MTT assay. PSCs were taken from patients
with pancreatic cancer were treated with a series of gradually
increasing concentrations of indometacin (0 as a control, then
10, 20, 50, 100, or 200 mg/l) for 48 h. Our results showed
that indometacin decreased the growth rate of human PSCs
in a dose-dependent manner (Fig. 2). The statistical analysis
showed that indometacin started to inhibit the proliferation of
all human PSCs at a concentration of 50 mg/l, and the cell
growth rate was significantly decreased at a concentration
of 200 mg/l. According to the data from the MTT assays,
we chose the concentrations of 50 and 100 mg/1 for further
experiments.

Indometacin inhibits the migration of human PSCs. Next, we
studied the effect of indometacin on the migration of human
PSCs using Transwell-migration assays. As shown in Fig. 3,
treatment with 50 mg/l indometacin markedly decreased the
migration ability of human PSCs compared to the untreated
cells in the control group, and almost no cells migrated with an
indometacin concentration of 100 mg/1. The statistical analysis
showed that there was a significant difference in the migration
ability between the untreated control cells and PSCs treated
with indometacin. These results suggested that indometacin
inhibits the migration capacity of human PSCs obtained from
pancreatic cancer patients in vitro.

Indometacin inhibits human PSCs activation. To determine
the effect of indometacin on PSC activation, we treated
human PSCs with indometacin in vitro. The serum-free
starvation-synchronized PSCs were treated with indometacin
(50 or 100 mg/1) for 24 h. Subsequently, PSC activation was veri-
fied by the detection of a-SMA level using western blot analysis
and immunofluorescence staining. As shown in Fig. 4A and B,
the western blot results indicated that indometacin decreased
the expression of a-SMA in a dose-dependent manner. The
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Figure 3. Effects of indometacin on the migration of hPSCs. Transwell-migration assays were performed to detect the effect of indometacin on the migration
ability of hPSCs. The migrated cells were quantified by counting the number of cells in 10 random fields. “P<0.05; Columns, mean; bars, SD. The data are
representative of at least three independent experiments. The mean values and standard deviations in the graphs are calculated from three experiments with a

total of 3 samples per treatment group. Scale bar, 50 xm; magnification, x100.

a-SMA level was significantly lower in cells treated with
100 mg/l indometacin than in untreated cells in the control
group. Similarly, immunofluorescence labeling showed that
treatment with 100 mg/l indometacin markedly decreased the
a-SMA level (Fig. 4C).

Indometacin suppresses PSC activation through the
downregulation of COX-2 expression. To determine whether
indometacin affected PSC activation via inhibition of the
expression of COX-2, human PSCs were treated with indo-
metacin (at concentrations of 0, 10, 20, 50, 100 or 200 mg/I)
for 24 h. Total cell RNA was extracted to evaluate the mRNA
levels of COX-2 by RT-qPCR. Similarly, the cells were
treated with indometacin (at concentrations of 0, 10, 20, 50 or
100 mg/l) for 48 h, and COX-2 protein expression was deter-
mined by western blot analysis in human PSCs. The findings
are shown in Fig. 5SA-C. Indometacin treatment decreased
COX-2 expression at the mRNA and protein levels in a
dose-dependent manner. To further investigate indometacin
suppression of PSC activation via the inhibition of COX-2,

immunofluorescent double staining was used to synchronously
visualize COX-2 expression and PSC activation. As shown in
Fig. 5D, the immunofluorescence results show that the level of
PSC activation and the expression of COX-2 were simultane-
ously decreased at an indometacin concentration of 100 mg/I.
These results demonstrated that indometacin suppresses PSC
activation to some extent through the downregulation of
COX-2 expression.

Discussion

As Dvorak noted, cancers are similar to wounds that do not
heal (2), and accumulating evidence has shown that a reactive
stroma microenvironment exerts a supportive role on PDAC
progression (31,32). PSCs are the main components of this
reactive stroma. In the initiation and development of pancreatic
cancer, stellate cells in a quiescent state undergo phenotypic
changes that transdifferentiate them from vitamin-A-rich
cells into ‘activated’ PSCs that overexpress a-SMA and that
synthesize large amounts of extracellular matrix components,
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Figure 4. Indometacin inhibits the activation of hPSCs. (A) Western blot analysis was performed to detect the a-SMA expression in hPSCs after cells were
treated with indometacin (0, 100 and 200 mg/]) for 48 h. (B) Gray scanning analysis was conducted by Quantity One image software to quantify the relative
expression of a-SMA with regard to B-actin in (A). "P<0.05, “P<0.01 compared with the control group. The data are representative of at least three independent
experiments. (C) The a-SMA expression in hPSCs was detected by immunofluorescence analysis after 100 mg/l indometacin intervention. Scale bar, 50 ym;

magnification, x400.

such as fibronectin and collagens; these components form
a stroma-rich and hypoxic microenvironment (6). Then,
intratumoral hypoxia fuels tumor progression by inducing
angiogenesis, genomic instability, a switch to anaerobic
metabolism, induction of a cancer ‘stem cell’ phenotype,
EMT, metastasis, inflammation, fibrosis, immunosuppression,

and resistance to apoptosis/autophagy and chemotherapy (33).
Previous findings have shown that eradicating tumor stroma
by targeted deletion leads to undifferentiated, aggressive
pancreatic cancer, suggesting that tumor-associated fibroblasts
may play an inhibitory role rather than a tumor-promoting
role (28,30). A possible reason for this phenomenon is that
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(D) Immunofluorescence shows that a-SMA and COX-2 expression was decreased by indometacin in hPSCs. Scale bar, 50 ym; magnification, x400.

these cells likely exist to eliminate some key stromal compo-
nents that are necessary for maintaining tissue homeostasis.
However, the study of Sherman et al offers a new strategy to
cure pancreatic cancer (34). Sherman et al (34) revealed that
the vitamin D receptor (VDR) plays an important role in the
activation of pancreatic stellate cells and that VDR activation
by VDR ligand calcipotriol leads to stromal reprogramming,
which includes reversing reactive stroma back to a quiescent
state, thus reducing fibrosis-related inflammatory markers,
decreasing energy supply for the tumor, restoring normal
function, promoting chemotherapeutic efficacy and enhancing
potential immune responses to pancreatic cancer. All-trans
retinoic acid (ATRA) can also reverse activated PSCs into
a resting state, thereby inhibiting the proliferation of cancer
cells and (3-catenin nuclear translocation, increasing tumor
cell apoptosis and changing tumor morphology (35). As such,

reversing activated PSCs back to the quiescent, vitamin-A-rich
and lipid droplet-positive stromal cells that exist in healthy
tissue is a new paradigm for treating pancreatic cancer.
Overexpression of COX-2 has been observed in 46 to 70%
of pancreatic tumors (13,36,37) and is mainly overexpressed
in pancreatic carcinoma cells (38). Previous research also
suggests that in chronic pancreatitis, COX-2 is of great signifi-
cance in the initiation and promotion of pancreatic stellate
cell activation (39). However, only a few studies have shown
that COX-2 is expressed in pancreatic stellate cells, and those
studies found no detectable COX-2 expression in the stroma of
pancreatic cancer (40,41). In the present study, double staining
immunofluorescence revealed that the expression of COX-2
and a-SMA in PSCs taken from tumor tissue was elevated
with increasing culture time, which is in agreement with the
findings of Charo ef al (20), who showed that PSCs cultured
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in vitro express COX-2 and produce PGE2. PGE2, via its EP4
receptor, promotes a series of behavioral cellular changes,
including increased proliferation, migration, and activation of
PSCs and the synthesis of the collagen I matrix. In contrast to
the findings of Charo et al (20), other authors found that PGE2
exerts inhibitory effects on the proliferation and fibrogenesis
of PSCs through its receptor EP2, a process that is mediated by
the cAMP pathway (41).

Drug ‘repurposing’ can be used to identify novel applica-
tions for drugs that have already been approved by the US FDA
for another purpose. As drug repurposing can reduce the length
and cost of research and avoid clinical trials, it is more afford-
able and achievable than novel drug discovery (42). Indometacin
is a non-steroidal anti-inflammatory drug (NSAID) and is also
a non-selective inhibitor of COX-2. Recently, treatment with
indometacin has been shown to have effects against PDAC,
while its effects on PSCs are largely unclear (25). Although
the stroma plays an important role in PDAC progression, how
stromal activity and downstream signaling are regulated at a
molecular level has not been completely clarified. Reversing
activated PSCs back to a quiescent state seems to be a prom-
ising strategy, and our study provides evidence that indometacin
inhibits PSC activation and major behavior changes in PSCs.
These changes include suppression of the activation, prolifera-
tion and migration of PSCs, and the underlying mechanism of
this process may be through the inhibition COX-2. However,
whether indometacin can reverse activated PSCs back to a
quiescent state as well as the definite mechanism by which this
occurs remains to be confirmed.
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